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Abstract

Background.—Contemporary human populations are exposed to elevated concentrations of 

organophosphate esters (OPEs) and phthalates. Some metabolites have been linked with altered 

thyroid function, however, inconsistencies exist across thyroid function biomarkers. Research on 

OPEs is sparse, particularly during pregnancy, when maintaining normal thyroid function is 

critical to maternal and fetal health.

Aim.—To characterize pregnancy exposure to OPE and phthalates in relation to maternal thyroid 

function, using a cross-sectional investigation of pregnant women nested within the Norwegian 

Mother, Father, and Child Cohort.
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Methods.—We included 473 pregnant women, who were euthyroid and provided bio-samples at 

17 weeks’ gestation (2004–2008). Four OPE and six phthalate metabolites were measured from 

urine; six thyroid function biomarkers were estimated from blood. The relationships between 

thyroid function biomarkers and log-transformed concentrations of OPE and phthalate metabolites 

were characterized using two approaches that both accounted for confounding by co-exposures: 

co-pollutant adjusted general linear model(GLM) and Bayesian Kernal Machine Regression 

(BKMR).

Results.—We restricted our analysis to common-detect OPEs and phthalates (>94%): diphenyl 

phosphate (DPHP), di-n-butyl phosphate (DNBP), and all phthalate metabolites. In GLM, 

pregnant women with di-iso-nonyl phthalate (DiNP) concentrations in the 75th percentile had a 

0.37 ng/μg lower total triiodothyronine (TT3): total thyroxine (TT4) ratio (95% credible interval: 

[−0.59, −0.15]) as compared to those in the 25th percentile, possibly due to small but diverging 

influence on TT3 (−1.99 ng/dL [−4.52, 0.53]) and TT4 (0.13 μg/dL [−0.01, 0.26]). Similar trends 

were observed for DNBP and inverse associations were observed for DPHP, monoethyl phthalate, 

mono-iso-butyl phthalate, and mono-n-butyl phthalate. Most associations observed in co-

pollutants adjusted GLMs were attenuated towards the null in BKMR, except for the case of DiNP 

and TT3:TT4 ratio (−0.48 [−0.96, 0.003]).

Conclusions.—Maternal thyroid function varied modestly with DiNP, whereas results for DPHP 

varied by the type of statistical models.
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Introduction

Organophosphate esters (OPEs) are widely used as plasticizers or flame retardants, with a 

steady increase in their production since the early 2000s (van der Veen and de Boer, 2012). 

Such temporal trends are partly due to OPEs’ recognition as replacements for a class of 

chemicals undergoing phase-out (EPA, 2013; EU, 2003), i.e., polybrominated diphenyl 

ethers (PBDEs). The desirable property of OPEs is that they are rapidly metabolized and do 
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not bioaccumulate; however, they also do not form covalent bonds and therefore easily leach 

or volatilize into the surrounding environment. Consequently, metabolites of several 

common-use OPEs have been detected frequently in human populations (Castorina et al., 

2017; Feng et al., 2016; Hoffman et al., 2017b; Ingle et al., 2019; Kosarac et al., 2016; 

Ospina et al., 2018; Romano et al., 2017; Wang et al., 2019b; Zota et al., 2014). Particularly 

for diphenyl phosphate (DPHP), a metabolite of one of the most commonly-used OPEs, 

increasing human exposure has been reported over time (Hoffman et al., 2017a). Widespread 

exposure to OPEs raises concerns since recent studies suggest thyroid disruption properties 

(Hill et al., 2018; Kim et al., 2015; Liu et al., 2019; Wang et al., 2013; Zhang et al., 2016).

Epidemiological investigations on OPEs and thyroid function are relatively sparse. Some 

OPEs have been associated with thyroid function in sub-fertile men (Meeker et al., 2013; 

Meeker and Stapleton, 2010) and office workers (Preston et al., 2017), particularly DPHP 

and total triiodothyronine (TT3), though null findings have also been reported (Gravel et al., 

2020; Wang et al., 2019a). Further limited is our understanding in pregnant women, with 

only 1 recent publication on pregnant women that observed potential thyroid disruption by 

DPHP but not with triiodothyronine (Yao et al., 2020). More research is needed to better 

understand the impact of OPE exposure during pregnancy since thyroid physiology 

drastically changes with the start of pregnancy (Glinoer et al., 1990; Moleti et al., 2014), and 

maintaining normal thyroid function in pregnant women are critical to maternal and fetal 

health (Allan et al., 2000; Andersen et al., 2014; Chan and Kilby, 2000; Gilbert et al., 2012; 

Karakosta et al., 2012; Päkkilä et al., 2014; Stagnaro-Green et al., 2011).

Characterizing the impact of OPEs is complicated by the correlated nature of exposure to 

multiple environmental agents since humans are simultaneously exposed to a mixture of 

chemicals. Phthalates, which share common source products as OPEs (Bornehag et al., 

2005; Ionas et al., 2014; Liang and Xu, 2014; Yang et al., 2020) and are widespread 

(Wittassek and Angerer, 2008), has also been associated with changes in thyroid 

homeostasis (Gao et al., 2017; Huang et al., 2007a; Huang et al., 2007b; Huang et al., 2016; 

Johns et al., 2016; Johns et al., 2015; Kim et al., 2019; Kuo et al., 2015; Meeker and 

Ferguson, 2011; Romano et al., 2018; Villanger et al., 2020; Yao et al., 2016). Specifically, 

in a previous investigation of pregnant women in the Norwegian Mother, Father, and Child 

Cohort (MoBa), a factor dominated by mono-iso-butyl phthalate (MiBP), mono-n-butyl 

phthalate (MnBP), and monobenzyl phthalate (MBzP), and another factor dominated by di-

iso-nonyl phthalate (DiNP) were associated with measures of triiodothyronine (Villanger et 

al., 2020). However, the specific phthalate metabolite within the factor, that is strongly 

associated with thyroid function, remains unclear. Moreover, few studies of phthalates have 

attempted to account for correlated chemical exposures during pregnancy in relation to 

thyroid function, apart from within-class correlations among phthalates (Romano et al., 

2018; Villanger et al., 2020). Attempts to isolate effects of correlated exposures across 

chemical classes have also been limited in the investigations of OPEs and thyroid function, 

where other flame retardants but not other plasticizers, have been considered (Gravel et al., 

2020; Preston et al., 2017).
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We sought to characterize the relationships between pregnancy exposure to OPEs and 

phthalates and maternal thyroid function in pregnant women, applying mixtures approach to 

a cross-sectional subset of the MoBa.

Methods

Study population

MoBa is an ongoing prospective population-based cohort study of Norwegian-speaking 

women, conducted by the Norwegian Institute of Public Health (Magnus et al., 2016; 

Magnus et al., 2006). Between 1999–2008, pregnant women across Norway were recruited 

at their routine prenatal ultrasound visit (≈17 gestational weeks; GW) and contributed urine 

and blood samples upon providing a written consent (Rønningen et al., 2006). A total of 

114,500 children, 95,200 mothers, and 75,200 fathers are enrolled.

The current study utilized a subset of MoBa enrollees who met the eligibility criteria: gave 

birth to a singleton without Down’s syndrome and cerebral palsy between April 2004 – 

January 2008 and resided within proximity to Oslo. A total of 33,050 pregnant women were 

eligible, and 555 mothers with available urine and blood specimen who completed the 36-

month postnatal questionnaire were sampled, frequency-matched to an external population 

by birth year (Engel et al., 2018). A total of 539 mothers who had measured concentrations 

of thyroid function biomarkers and urinary OPE and phthalate metabolites were eligible for 

the current study.

Measurement of OPE and phthalate metabolites in urine

Maternal urine samples were collected at 17 GW and shipped unrefrigerated to a central 

ISO-certified lab in Oslo overnight (Biobank), where the samples were stored at −80°C 

(Paltiel et al., 2014). OPE and phthalate metabolites were analyzed at the Norwegian 

Institute of Public Health, in randomly-assigned batches that contained quality control (QC) 

samples.

Four OPE metabolites, i.e., DPHP, di-n-butyl phosphate (DNBP), bis(2-butoxyethyl) 

hydrogen phosphate (BBOEP), and bis(1,3-dichloro-2-propyl) phosphate (BDCIPP), were 

measured in the urine samples using ultra performance liquid chromatography (UPLC) 

coupled with quadrupole-time-of-flight (QTOF) by a modified method published previously 

(Cequier et al., 2014). The modification was applied in the sample preparation procedure 

and was adapted from an earlier published method (Cequier et al., 2016). In brief, labeled 

internal standards, 300 μL of water, and 40 μL of formic acid were added to 300 μL of the 

urine sample. The OPE metabolites were extracted using Strata-X-AW 96-well plates 

(Phenomenenx, U.S.A.), which were conditioned first with 0.5 mL of MeOH and 

subsequently with 0.5 mL of H2O, both containing 1% formic acid. Samples were loaded, 

eluted by gravity, and washed with 0.5 mL of MeOH to remove neutral interferences. The 

OPE metabolites were then eluted with 0.5 mL of acetone containing 5% triethylamine. 

Fifty microliters of water were added and the samples were evaporated with a gentle stream 

of nitrogen (10 L/hour) for 1 hour. Ten microliters were injected into the UPLC system as 

described elsewhere (Cequier et al., 2014). UPLC was performed using Acquity® C18 BEH 
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c1olumn (50mm× 2.1 mm× 1.7 μm) from Waters Corp. (Milford, MA, U.S.A.). The 

metabolites were identified and quantified with tandem mass spectrometry using a Xevo® 

G2-S QTOF from Waters Corp. (Milford, MA, U.S.A.). All assays were conducted in 

batches, each of which contained 36–39 urine samples along with 8 in-house QC samples (3 

spiked at 5 ng/mL, 3 spiked at 15 ng/mL, and 2 blanks) and 10–11 laboratory-blinded QC 

aliquots from a homogenized urine pool. The limit of detection (LOD) ranged from 0.3 μg/L 

(DPHP) to 0.17 μg/L (BDCIPP) and the limit of quantification (LOQ) from 0.1 μg/L 

(DPHP) to 0.5 μg/L (BDCIPP). Whereas the LOD quantifies the minimal analyte value that 

can be reliably distinguished from noise, the LOQ incorporates predefined goals for 

detection at a given level of analytic accuracy, thereby typically reflecting a higher minimal 

standard (Armbruster and Pry, 2008). For the in-house spiked QC samples, the average of 

batch-specific coefficients of variations (CVs) were low for DPHP, DNBP, and BBOEP 

(<10% at 15ng/mL; <13% at 5ng/mL), while slightly higher for BDCIPP (14.7% at 

15ng/mL; 16.4% at 5ng/mL). Laboratory-blinded pooled QC urine samples exhibited more 

variability, which is likely due to low OPE concentrations. Average concentrations of pooled 

urine QC samples (DPHP: 0.30μg/mL; DNBP: 0.10ng/mL; BBOEP: 0.08ng/mL; BDCIPP: 

0.26ng/mL) were many orders of magnitude lower than the spiked concentrations and only 

slightly above LOD(Supplementary Table 1.)

The analytic approach and quality control procedures for the measurement of phthalate 

metabolites have been previously reported (Engel et al., 2018; Villanger et al., 2020). 

Briefly, we used on-line column switching liquid chromatography coupled with tandem 

mass spectrometry (Sabaredzovic et al., 2015) for the measurement of MiBP, MnBP, MBzP, 

monoethyl phthalate (MEP), mono-2-ethylhexyl phthalate (MEHP), mono-2-ethyl-5-

hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-oxoyhexyl phthalate (MEOHP), 

mono-2-ethyl-5-carboxypentyl phthalate (MECPP), mono-2-methylcarboxyhexyl phthalate 

(MMCHP), mono-4-methyl-7-hydroxyoctyl phthalate (OH-MiNP), mono-4-

methyl-7oxooctyl phthalate (oxo-MiNP), and mono-4-methyl-7-carboxyheptyl phthalate 

(cx-MiNP). The secondary metabolites of di(2-ethylhexyl)phthalate (DEHP) and DiNP were 

converted to molar concentrations and summed to estimate the total DEHP (∑DEHP) and 

DiNP (∑DiNP) exposure, respectively.

To account for urinary dilution in each sample, we measured specific gravity, as defined by 

the ratio of the density of urine to water, using a pocket refractometer (PAL-10S) from 

Atago. Each individual’s concentrations of OPE metabolites were standardized for specific 

gravity using the equation below. Phthalate metabolite concentrations were standardized to 

specific gravity and batch-effect using our previously described approach (Engel et al., 

2018).

Measurement of thyroid function biomarkers

Pregnant women provided blood samples at the same date they provided urine samples, 

approximately 17 GW. The collected blood samples were shipped unrefrigerated to the 

Biobank overnight for processing and storage at −80°C. Our previous quality control study 

assessed the impact of processing delays on thyroid function biomarkers and found it had a 

minimal impact (Villanger et al., 2017). TT3, triiodothyronine uptake, total thyroxine (TT4), 
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thyroid stimulating hormone (TSH), and thyroid peroxidase autoantibodies (TPOAb) were 

measured from plasma using electrochemiluminescent immunoassays on the Roche Cobas 

e602 analyzer (Salt Lake City, Utah, USA). The inter-and intra-assay CVs were below 7% 

for TPOAb; <5% for TSH, triiodothyronine uptake, TT3, and TT4.

Although TT3 and TT4 are reflective of the thyroid hormones in the blood, the majority of 

which are bound to plasma proteins, the hormones circulating in the free or unbound state 

are also important endpoints due to their relevance to fetal neurodevelopment. However, the 

direct measurement of the free thyroid hormones in plasma is likely to inaccurately reflect 

pregnancy concentrations due to large changes in the levels of plasma binding proteins and 

total thyroid hormones, both of which are highly variable in pregnant women (Lee et al., 

2009; Thienpont et al., 2013). Alternatively, indices of free triiodothyronine and thyroxine 

(FT3i; FT4i) can be calculated with triiodothyronine uptake (equation 1). Triiodothyronine 

uptake was measured using previously described approach using electrochemiluminescent 

immunoassay (Villanger et al., 2017), and can measure the binding capacity of thyroxine-

binding globulin in blood (Stockigt, 2001). These indices and the gold-standard (free 

thyroxine measurement in serum) have shown spearman correlations of 0.97–0.99 in our 

previous investigation (Villanger et al., 2017). FT4i, TSH, and TPOAb were used to identify 

participants with abnormal thyroid function biomarkers concentrations, which were 

considered in the construction of the euthyroid study population as described in the analytic 

approach.

Pij* = Pij × SGGM − 1
SGj − 1 (equation 1)

: Specific gravity standardized concentration of ith OPE metabolite in jth individual’s urine

: Raw concentration of ith OPE metabolite in jth individual’s urine

GM: Geometric mean of specific gravity in the total study population

: Specific gravity of jth person.

We also calculated the ratio of TT3 toTT4 (TT3:TT4), which may reflect a mechanism of 

thyroid homeostasis that is different from hyper- or hypo-activation of the thyroid gland 

(Baral et al., 2017; Mortoglou and Candiloros, 2004).

Covariate Assessment

We obtained covariate data from the MoBa questionnaire that was mailed to participants at 

15 GW, from the food frequency questionnaire that mothers completed at ~22 GW, and from 

data linkage with the Medical Birth Registry of Norway (MBRN). From the 15 GW 

questionnaire, we obtained maternal characteristics reported by mothers: preexisting thyroid 

disease, thyroid medication, education, depression before or during pregnancy, smoking 

during the first or second trimester of pregnancy, and alcohol intake during pregnancy.
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Maternal iodine and selenium intakes during pregnancy were estimated from a food 

frequency questionnaire that covers maternal dietary intake since becoming pregnant, which 

was completed by pregnant women at 22 GW (Brantsaeter et al., 2007). Briefly, pregnant 

women responded to a semi-quantitative questionnaire that is intended to characterize diet 

during the first four months of pregnancy via 255 food items and additional dietary 

supplements. The dietary iodine and selenium intakes calculated from the food frequency 

questionnaire (g/day) were moderately correlated with those from four-day weighed food 

diaries (ρ for iodine: 0.46; ρ for selenium: 0.28) or 24-hour urine (ρ for iodine: 0.38) 

(Brantsæter et al., 2008; Brantsaeter et al., 2007).

Maternal age at delivery, preexisting thyroid disease, and parity were obtained by linkage 

with MBRN. We also obtained the year and month of biosample collection.

Ethics Data collection for MoBa was approved by the Norwegian Data

The establishment of MoBa and initial data collection was based on a license from the 

Norwegian Data Protection Agency and approval from The Regional Committees for 

Medical and Health Research Ethics. The MoBa cohort is now based on regulations related 

to the Norwegian Health Registry Act. The current study was approved by the Norwegian 

Data Inspectorate and the Norwegian Committee for Medical and Health Research Ethics 

(REC). The current study was approved by the Norwegian REC and the Institutional Review 

Board at the University of North Carolina Chapel Hill.

Analytic approach

Our primary analysis was restricted to the euthyroid population, which excluded women 

with 1) self-reported pre-existing thyroid disease diagnosis (N=25); 2) self-reported taking 

thyroid medication (N=15); or 3) measured biomarkers of TSH, TPOAb, and FT4i 

concentrations that could imply thyroid dysfunction (N=15; TSH<0.19 and/or FT4i>14.03; 

FT4i<7.73; TSH>4.06 and TPOAb>9). This restriction resulted in a euthyroid study 

population of 489 women out of 539 eligible pregnant women. We undertook a complete 

case analysis of 473 euthyroid women with complete data since missingness was minimal 

(N=16; 3%) and limited to maternal smoking during pregnancy (n = 6), age (n =2), 

education (n =7), parity (n =2), dietary iodine (n = 6), and dietary selenium (n =6). Given the 

infrequent detection of some OPE metabolites in the current study population, we retained 

only the highly-detected OPE metabolites (>94%) and substituted concentrations below 

LOD with LOD/√2 (Hornung and Reed, 1990).

A directed acyclic graph was constructed and minimally sufficient adjustment sets were 

identified. These adjustment sets included year, maternal age, education, parity, dietary 

iodine, dietary selenium, depression, smoking, and the urinary concentrations of phthalate 

metabolites. We applied two different approaches to consider confounding by co-exposure 

while adjusting for all covariates in the minimally sufficient adjustment set. First, we 

modeled the relationship between log-transformed OPE and phthalate metabolites and 

thyroid function biomarkers using co-pollutants adjusted general linear model (GLM). All 

results are presented as the absolute difference in thyroid function biomarkers per 

interquartile range increase in logged-exposure and their 95% confidence intervals. We 
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additionally conducted Bayesian Kernal Machine Regression (BKMR; R package ‗bkmr’), 

which allows flexible modeling of dose-response in the presence of multiple correlated 

exposures (Bobb, 2017). From the BKMR models, we extracted using the default 

(―approximate‖) and ―exact‖ method the absolute difference in thyroid function 

biomarkers expected with increasing an OPE or phthalate metabolite from its 25th to the 75th 

percentile while keeping all other metabolites constant at their 25th percentile and adjusting 

for confounders. We also present their corresponding 95% credible intervals as well as the 

posterior inclusion probabilities (PIPs).

Sensitivity analyses were conducted to examine the robustness of the findings. First, we 

examined the relationships between OPE metabolites and thyroid function biomarkers in the 

total population with complete data (i.e., inclusive of non-euthyroid participants; N=522). 

We also explored the impact of exposure transformation and alternative definitions of OPE-

phthalate mixtures in BKMR. Batch-effect was examined using a leave-one-out approach, 

where the main analysis was repeated with successive removal of one batch at a time.

All analyses were performed with R v.4.0.0, using version 9 of the MoBa quality assured 

dataset.

Results

Descriptive characteristics of the study population

The majority of women were in their 30s, completed college or more, did not report 

depression before or during pregnancy, did not report smoking during pregnancy, and had 

low dietary intakes of iodine and selenium (Table 1).

DPHP (96%>LOD), DNBP (94%>LOD), and BBOEP (51%>LOD) were detected in more 

than half of the urine samples (Table 2). The DPHP concentrations exceeded the LOQ in 

most cases (93%), while only 18% of the detectable BBOEP concentrations were above 

LOQ. The correlations across OPE metabolites and between OPE and phthalate metabolites 

were low i < 0.30 , although moderately high correlations were shown across some 

phthalate metabolites ( i = 0.64 ; Supplementary Fig. 2)

Potential thyroid function disruption of OPE and phthalates from mixtures models

In co-pollutants adjusted GLM and BKMR models that both considered confounding by co-

occurring metabolites and covariates, we observed an inverse association between ∑DiNP 

and TT3:TT4 ratio. Specifically, pregnant women with ∑DiNP concentration in the 75th 

percentile had a 0.37 ng/μg [−0.59, −0.15] lower TT3:TT4 ratio compared to those in the 

25th percentile when using GLM; while the association was slightly larger using BKMR 

(exact: −0.48 ng/μg [−0.96, 0.003]; approx: −0.57 ng/μg [−0.90, −0.24]; PIP: 0.869; Table 3; 

Supplementary Fig. 3). In GLM models that separately considered TT3 or TT4 

concentrations as dependent variables, higher ∑DiNP was associated with imprecise and 

small but diverging difference in thyroid hormones (TT3: −1.99 ng/dL [−4.52, 0.53]; TT4: 

0.13 μg/dL [−0.01, 0.26]; Table 3). These directions of association were also found in 

BKMR models, however, the estimates were near-null (exact TT3: −0.16 ng/dL [−1.74, 

1.41]; exact TT4: 0.01 μg/dL [−0.08, 0.09]; Table 3) and PIP were low (TT3: 0.009; TT4: 
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0.010; Supplementary Fig. 3). Similar trends, although smaller and more imprecise, were 

observed for MEP and MnBP in GLM models, which were attenuated to near-null in 

BKMR. A different pattern of association was observed for MBzP using GLM, where 

imprecise and small positive associations were observed with individual thyroid hormone 

biomarkers but the associations with TT3:TT4 ratio were near null (Table 3). In BKMR, we 

observed no notable relationships with any other phthalate metabolites and thyroid function 

biomarkers (Table 3).

Among the OPE metabolites, we observed that DPHP showed similar patterns of 

associations across thyroid function biomarkers as DiNP in GLM, although the directions of 

association were inverse. Specifically, pregnant women with DPHP concentration in the 75th 

percentile had a 0.34 ng/μg [0.08, 0.60] higher TT3:TT4 ratio as compared to those in the 

25th percentile; while imprecise and small but diverging differences were observed with the 

individual thyroid hormones (TT3: 1.32 ng/dL [−1.68, 4.32]; TT4: - 0.14 μg/dL [−0.30, 

0.02]; Table 3). However, all associations were attenuated to near-null with BKMR (DPHP 

and TT3:TT4 ratio: exact: 0.06 ng/μg [−0.27, 0.39]; approx: 0.32 ng/μg [0.04, 0.61]; PIP: 

0.135; Table 3; Supplementary Fig. 3). Similar but weaker and inverse associations were 

observed for DNBP when using GLM, which was also attenuated to near-null in BKMR 

(Table 3).

Sensitivity analysis

When the primary analyses were repeated inclusive of 49 non-euthyroid women (n=522), we 

found inferentially similar associations (Supplementary Table 2). We observed that the shape 

and magnitude of the dose-response function for some phthalate metabolites and TT3:TT4 

ratio were somewhat sensitive to exposure transformation methods (Supplementary Fig. 3). 

The interpretation of results remained consistent when alternative definitions of mixtures 

were used (Supplementary Fig. 4) or in the investigation of batch-effect by successive 

removal of analytic batches (data not shown).

Discussion

We characterized the relationships between urinary OPE and phthalate metabolites and 

maternal thyroid function among pregnant, euthyroid women, using two approaches to 

account for confounding by co-exposure. Using co-pollutants adjusted GLM, we observed 

that higher DPHP during pregnancy was associated with small but diverging differences in 

individual thyroid hormones and a higher TT3:TT4 ratio; while inverse but stronger 

associations were observed for ∑DiNP. We also found slightly higher concentrations of 

thyroid hormones with higher MBzP. However, when BKMR was employed, most 

associations attenuated towards the null, except for ∑DiNP and TT3:TT4 ratio. Interestingly, 

despite the relatively low correlations between phthalate and OPE metabolites, we observed 

substantial attenuation of associations for the majority of metabolites when using BKMR.

Subtle but diverging differences in individual thyroid hormones and substantial differences 

in the TT3:TT4 ratio could be suggestive of a thyroid disruption mechanism that is distinct 

from hyper- or hypo-active stimulation of the thyroid gland. TT3, the active form of thyroid 

hormones, is produced at an approximate rate of 40 nmoles per day in euthyroid adults; of 
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which only 5nmoles are directly secreted from the thyroid gland, and the remainder is 

derived from peripheral conversion of TT4 (Fish et al., 1987). The higher TT3:TT4 ratio 

observed with elevated DPHP in GLM could be a consequence of more peripheral 

conversion (Haddow et al., 2016; Knight et al., 2016), or increased production of 

triiodothyronine by the thyroid gland, which can be observed in iodine-deficient (de Escobar 

et al., 2007; Lazarus, 2000) or hyperthyroid individuals (Laurberg et al., 2007). Since over 

70% of our study participants had low dietary iodine intake (<150 μg/day), preferential 

secretion of triiodothyronine and peripheral conversion of thyroxine to triiodothyronine are 

both plausible explanations for our results. Mechanisms underlying peripheral conversion 

have been reported in experimental settings, which involves the up-regulation of deiodinase 

type2 (dio2) gene expression or abundant delivery of thyroxine to target tissues (Hill et al., 

2018; Liu et al., 2019). For example, up-regulated dio2 has been observed in the thyroid 

gland, brain, and liver of adult female zebrafish after 14-day exposure to triphenyl phosphate 

(TPHP), which is one of the parent compounds for DPHP (Liu et al., 2019). DPHP and its 

parent compounds have also been reported to enhance the binding of T4 to transthyretin, a 

transport protein that delivers T4 to target cells (Hill et al., 2018). Further, there may exist 

multiple additional target points for OPEs and phthalates to affect the hypothalamic-

pituitary-thyroid axis (Schmutzler et al., 2007), which regulates the thyroid gland through 

complex feedback loops (Dietrich et al., 2012).

To date, epidemiological investigation of DPHP and DNBP on thyroid disruption among 

pregnant women has only been conducted in one recent study in China (Yao et al., 2020). 

Among 360 pregnant women who participated in antenatal care in China (2016), they 

reported that an interquartile range higher concentrations of DPHP and DNBP were 

associated with elevated TSH. Although we observed similar directions of associations, the 

estimates were near-null and very imprecise in our study. Rather, we observed potential links 

between DPHP and TT3:TT4 ratio using the conventional statistical models, which has not 

been investigated in the previous study. Such heterogeneous findings could be due to 

differences in covariate measurements, study population, and analytic approach. Neither 

studies utilized the gold standard for measuring unbound thyroid hormones, however, we 

measured total thyroid hormones as well as alternatively estimated FT3i and FT4i using a 

previously validated measure against the gold-standard (Villanger et al., 2017). Also, the 

majority of our study participants provided biosamples in 16–17 GWs, which allowed us to 

investigate potential acute impacts of OPE exposures at approximately 17 GW on maternal 

thyroid function. The participants’ GWs were much wider in the study by Yao (18%≤ 12 

GW; 54% 13–28 GW; 29%>29 GW). Other differences include the criteria for euthyroid 

population construction and the measurement of iodide (dietary vs biomarker-based), which 

is an important predictor for thyroid function. Lastly, the statistical approach also varied 

between the two studies, where we applied mixtures methods to account for co-pollutant 

confounding.

Additional studies of non-pregnant populations examined sub-fertile men (Meeker et al., 

2013; Meeker and Stapleton, 2010), office workers (Preston et al., 2017), rural community 

residents (Wang et al., 2019a), and electronic waste recycling workers (Gravel et al., 2020), 

of which only a subset included female participants (Gravel et al., 2020; Preston et al., 2017; 

Wang et al., 2019a). Most studies reported higher TT3 and some also reported imprecise but 

Choi et al. Page 10

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



slightly higher free or total T4 (Gravel et al., 2020; Meeker et al., 2013; Meeker and 

Stapleton, 2010; Preston et al., 2017). We also observed imprecise but slightly higher TT3 in 

GLM, however, we additionally observed a slightly lower TT4 in GLM and no notable 

relationship in BKMR. Given the imprecise and modest estimates that were variably 

observed across studies, we cannot rule out an overall null association between thyroid 

function and DPHP. However, it should be noted that our study approach differed in 

potentially important ways from prior studies. We excluded non-euthyroid individuals since 

their measured thyroid may have been affected by medical interventions, we included a 

comprehensive set of thyroid function biomarkers including free indices and the TT3:TT4 

ratio; and we accounted for confounding by phthalate exposures, another class of thyroid-

active compounds. Differences in analytic methods may in part explain heterogeneity in 

results across studies, together with the biological differences in the populations as attributed 

to biological sex and pregnancy. Since pregnancy induces changes to thyroid physiology 

(Glinoer et al., 1990; Moleti et al., 2014), it is possible that OPE’s impact on thyroid 

function is different in pregnant populations as compared to non-pregnant populations.

Our study is unique in that we applied mixtures perspective to investigate two families of 

rapidly metabolized, thyroid-active chemicals on thyroid homeostasis measured at 17 weeks 

of pregnancy. Further, the application of BKMR was able to reduce the dimension of 

correlated exposures and identify the major drivers of any associations. We also observed 

potential thyroid disruption by specifically ∑DiNP and MBzP using BKMR and/or GLM, 

which is in line with our previous investigation of phthalates that was conducted using a 

larger sub-population within MoBa (Villanger et al., 2020). In the previous study, TT3 was 

positively associated with a latent factor dominated by DEHP and DINP while negative 

associations were observed with a latent factor dominated by MiBP, MnBP, and MBzP. The 

associations observed for MBzP imply overactive thyroid function and are also consistent 

with experimental evidence of thyroid hyperfunction (Breous et al., 2005). It is possible that 

associations observed for DiNP could be attributable to their T3 antagonist activities 

resulting from competitively binding to the thyroid receptor (Ghisari and Bonefeld-

Jorgensen, 2009); however, we caution that these families of toxicants have short half-lives, 

and toxicological and epidemiological research on DiNP remain sparse.

Several other studies have also investigated the relationship between phthalate exposure and 

thyroid function during pregnancy, however, the results remain inconclusive (Cathey et al., 

2019; Huang et al., 2007b; Huang et al., 2016; Johns et al., 2016; Johns et al., 2015; Romano 

et al., 2018). Notable differences in thyroxine or TSH had been reported in relation to MEP, 

MBP, or MCPP, although the influential metabolite was not always consistent across studies. 

This is in contrast to our study, where we did not observe notable differences in TSH; rather 

imbalance between TT3 and TT4 was observed in relation to ∑DiNP in both GLM and 

BKMR while elevated TT3 and TT4 were observed with higher MBzP in GLM. Similar to 

our study, MBzP was positively associated with TT4 in serum in studies in Puerto Rico 

(Cathey et al., 2019; Johns et al., 2015), Boston (Johns et al., 2016), Cincinnati (Romano et 

al., 2018), and Taiwan (Huang et al., 2007b), but not in a study in Taiwan where MBzP was 

mostly non-detectable (Huang et al., 2016). The relationship was particularly strong in 

cross-sectional investigations using urine collected at 16–20 GW (Johns et al., 2016; Johns 
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et al., 2015; Romano et al., 2018), which is in line with our findings and suggests that the 

strength of associations may be specific to GW.

Our study has several strengths. We examined the impact of OPE exposure on thyroid 

function in a vulnerable population with limited research, specifically pregnant women, 

whose affected thyroid function can influence not only maternal health but also fetal 

development (Allan et al., 2000; Andersen et al., 2014; Chan and Kilby, 2000; Gilbert et al., 

2012; Karakosta et al., 2012; Päkkilä et al., 2014; Stagnaro-Green et al., 2011). By nesting 

our study within a large pre-existing pregnancy cohort, MoBa, we were able to take 

advantage of important determinants of thyroid health, including validated measures of 

habitual iodine intake, and conduct analyses that were limited to euthyroid individuals. The 

MoBa participants also had various thyroid function biomarkers that were previously 

validated for pregnant women (Villanger et al., 2017), which enabled us to rigorously 

characterize the relationship between gestational thyroid function and OPE metabolites. We 

included OPE metabolites that have not been previously investigated in epidemiological 

settings, despite their ubiquity, and flexibly modeled the exposure-response relationships 

utilizing BKMR, which allows for non-linear associations and utilizes variable selection to 

accommodate correlated exposures. Although phthalates are recognized as an independent 

risk factor for thyroid health and may share the exposure pathway with OPEs due to their 

similar usage as plasticizers, they have not been considered as confounders in previous 

investigations. Lastly, this is the largest study of its kind and is the first to be conducted in a 

European population, spanning an earlier period of years (2003–2007) compared to most 

previous studies (Gravel et al., 2020; Preston et al., 2017; Wang et al., 2019a; Yao et al., 

2020), which allowed us to examine the health impact of OPEs exposure in low-exposure 

settings.

Our study also had some limitations. First, DPHP lacks specificity as a biomarker of OPE 

exposure since it aggregates exposures to multiple parent OPEs, including resorcinol bis-

diphenyl phosphate (Ballesteros-Gomez et al., 2015), ethylhexyl diphenyl phosphate (Van 

den Eede et al., 2016), and TPHP (Su et al., 2015; Van den Eede et al., 2016). If only a 

subset of DPHP parent compounds exhibits thyroid disrupting properties, the associations 

estimated with DPHP may not accurately reflect that of the thyroid active compound. 

However, both DPHP as well as TPHP, have been reported to exhibit thyroid-disrupting 

properties in vitro (Hill et al., 2018), in which case using DPHP as an integrated biomarker 

can be helpful to identify relevant associations. A consequence of OPE exposure on thyroid 

function would be noteworthy because maternal thyroid function is particularly important in 

the first trimester when the fetus is entirely reliant on maternal supply (Burrow et al., 1994). 

Failure to maintain normal thyroid function can affect fetal brain development and increase 

the risk of pregnancy complications (Allan et al., 2000; Andersen et al., 2014; Berbel et al., 

2009; Chan and Kilby, 2000; Gilbert et al., 2012; Karakosta et al., 2012; Päkkilä et al., 2014; 

Stagnaro-Green et al., 2011). Another limitation is that MoBa only collected one urine and 

blood sample during pregnancy, at the same visit which occurred in mid-pregnancy. Since 

thyroid physiology is highly variable throughout pregnancy, we are unable to identify 

potential thyroid-disruption at different periods of pregnancy (Glinoer et al., 1990; Moleti et 

al., 2014) or lagged-effects of exposure. In addition, phthalates and OPEs exhibit low to 

moderate reliability over months to a year due to their short half-lives (Carignan et al., 2017; 
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Hoffman et al., 2014; Ingle et al., 2019; Meeker et al., 2013; Preston et al., 2017; Romano et 

al., 2017), which limits the extent of generalizing our results beyond the 17-week gestational 

window. However, we have a narrow range of gestational weeks at biosample measurement 

and the variability of OPE and phthalate metabolites are relatively stable over several hours 

to days (Carignan et al., 2017; Cequier et al., 2015; Hoffman et al., 2014; Wang et al., 

2019b). Further, both the exposure and outcome biomarkers have short half-lives. Therefore, 

the co-incident measurements of exposure and outcome may yet be relevant to the 

investigation of acute thyroid function disruption of OPE and phthalate exposures during 

mid-gestation exposure Dietary measures were obtained from a food frequency 

questionnaire that was collected at approximately 22 weeks’ gestation, which asked women 

to reflect back on diet over the course of pregnancy. While dietary intake has been shown to 

be relatively stable over the course of pregnancy (Crozier et al., 2009; Cuco et al., 2006), we 

cannot exclude the possibility of some misclassification as a result of dietary recall. Lastly, 

we did not adjust for PBDEs, another family of thyroid-active chemicals. Although PBDEs 

have also been detected in MoBa pregnant women (Caspersen et al., 2016; Haug et al., 

2018), the concentrations are at least an order of magnitude lower than that in the United 

States (Buttke et al., 2013) and previous studies of PBDEs in Norway did not find 

associations with neonatal thyroid function (Eggesbo et al., 2011) nor ADHD (Lenters et al., 

2019). Therefore, it is possible that PBDE exposure in this study population may not exceed 

the threshold to exhibit adverse health effects.

Conclusion

In this cross-sectional investigation, exposure to ∑DiNP in mid-pregnancy was associated 

with imbalances between T3 and T4. Similar but opposite directions of associations were 

observed for DPHP, although the estimates and the level of uncertainty varied by statistical 

models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

REFERENCES

Allan W, Haddow J, Palomaki G, Williams J, Mitchell M, Hermos R, et al. Maternal thyroid deficiency 
and pregnancy complications: implications for population screening. Journal of medical screening 
2000; 7: 127–130. [PubMed: 11126160] 

Andersen SL, Laurberg P, Wu C, Olsen J. Attention deficit hyperactivity disorder and autism spectrum 
disorder in children born to mothers with thyroid dysfunction: a D anish nationwide cohort study. 
BJOG: An International Journal of Obstetrics & Gynaecology 2014; 121: 1365–1374. [PubMed: 
24605987] 

Armbruster DA, Pry T. Limit of blank, limit of detection and limit of quantitation. The clinical 
biochemist reviews 2008; 29: S49. [PubMed: 18852857] 

Ballesteros-Gomez A, Van den Eede N, Covaci A. In vitro human metabolism of the flame retardant 
resorcinol bis(diphenylphosphate) (RDP). Environ Sci Technol 2015; 49: 3897–904. [PubMed: 
25692932] 

Baral S, Shrestha PK, Pant V. Serum Free T3 to Free T4 Ratio as a Useful Indicator for Differentiating 
Destruction Induced Thyrotoxicosis from Graves’ Disease. J Clin Diagn Res 2017; 11: OC12–
OC14.

Choi et al. Page 13

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Berbel P, Mestre JL, Santamaria A, Palazón I, Franco A, Graells M, et al. Delayed neurobehavioral 
development in children born to pregnant women with mild hypothyroxinemia during the first 
month of gestation: the importance of early iodine supplementation. Thyroid 2009; 19: 511–519. 
[PubMed: 19348584] 

Bobb J. bkmr: Bayesian Kernel Machine Regression 2017.

Bornehag CG, Lundgren B, Weschler CJ, Sigsgaard T, Hagerhed-Engman L, Sundell J. Phthalates in 
indoor dust and their association with building characteristics. Environ Health Perspect 2005; 113: 
1399–404. [PubMed: 16203254] 

Brantsæter AL, Haugen M, Alexander J, Meltzer HM. Validity of a new food frequency questionnaire 
for pregnant women in the Norwegian Mother and Child Cohort Study (MoBa). Maternal & child 
nutrition 2008; 4: 28–43. [PubMed: 18171405] 

Brantsaeter AL, Haugen M, Hagve TA, Aksnes L, Rasmussen SE, Julshamn K, et al. Self-reported 
dietary supplement use is confirmed by biological markers in the Norwegian Mother and Child 
Cohort Study (MoBa). Ann Nutr Metab 2007; 51: 146–54. [PubMed: 17536192] 

Breous E, Wenzel A, Loos U. The promoter of the human sodium/iodide symporter responds to certain 
phthalate plasticisers. Mol Cell Endocrinol 2005; 244: 75–8. [PubMed: 16257484] 

Burrow GN, Fisher DA, Larsen PR. Maternal and fetal thyroid function. New England Journal of 
Medicine 1994; 331: 1072–1078.

Buttke DE, Wolkin A, Stapleton HM, Miranda ML. Associations between serum levels of 
polybrominated diphenyl ether (PBDE) flame retardants and environmental and behavioral factors 
in pregnant women. Journal of exposure science & environmental epidemiology 2013; 23: 176–
182. [PubMed: 22760441] 

Carignan CC, Minguez-Alarcon L, Butt CM, Williams PL, Meeker JD, Stapleton HM, et al. Urinary 
Concentrations of Organophosphate Flame Retardant Metabolites and Pregnancy Outcomes 
among Women Undergoing in Vitro Fertilization. Environ Health Perspect 2017; 125: 087018. 
[PubMed: 28858831] 

Caspersen IH, Kvalem HE, Haugen M, Brantsaeter AL, Meltzer HM, Alexander J, et al. Determinants 
of plasma PCB, brominated flame retardants, and organochlorine pesticides in pregnant women 
and 3 year old children in The Norwegian Mother and Child Cohort Study. Environ Res 2016; 146: 
136–44. [PubMed: 26749444] 

Castorina R, Bradman A, Stapleton HM, Butt C, Avery D, Harley KG, et al. Current-use flame 
retardants: Maternal exposure and neurodevelopment in children of the CHAMACOS cohort. 
Chemosphere 2017; 189: 574–580. [PubMed: 28963974] 

Cathey AL, Watkins D, Rosario ZY, Vélez C, Alshawabkeh AN, Cordero JF, et al. Associations of 
phthalates and phthalate replacements with CRH and other hormones among pregnant women in 
puerto rico. Journal of the Endocrine Society 2019; 3: 1127–1149. [PubMed: 31093596] 

Cequier E, Marce RM, Becher G, Thomsen C. A high-throughput method for determination of 
metabolites of organophosphate flame retardants in urine by ultra performance liquid 
chromatography-high resolution mass spectrometry. Anal Chim Acta 2014; 845: 98–104. 
[PubMed: 25201278] 

Cequier E, Sakhi AK, Haug LS, Thomsen C. Development of an ion-pair liquid chromatography–high 
resolution mass spectrometry method for determination of organophosphate pesticide metabolites 
in large-scale biomonitoring studies. Journal of Chromatography A 2016; 1454: 32–41. [PubMed: 
27264744] 

Cequier E, Sakhi AK, Marce RM, Becher G, Thomsen C. Human exposure pathways to 
organophosphate triesters - a biomonitoring study of mother-child pairs. Environ Int 2015; 75: 
159–65. [PubMed: 25461425] 

Chan S, Kilby M. Thyroid hormone and central nervous system development. Journal of 
Endocrinology 2000; 165: 1–8.

Crozier SR, Robinson SM, Godfrey KM, Cooper C, Inskip HM. Women’s dietary patterns change little 
from before to during pregnancy. The Journal of nutrition 2009; 139: 1956–1963. [PubMed: 
19710161] 

Choi et al. Page 14

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cuco G, Fernandez-Ballart J, Sala J, Viladrich C, Iranzo R, Vila J, et al. Dietary patterns and 
associated lifestyles in preconception, pregnancy and postpartum. European journal of clinical 
nutrition 2006; 60: 364–371. [PubMed: 16340954] 

de Escobar GM, Obregon MJ, del Rey FE. Iodine deficiency and brain development in the first half of 
pregnancy. Public Health Nutr 2007; 10: 1554–70. [PubMed: 18053280] 

Dietrich JW, Landgrafe G, Fotiadou EH. TSH and thyrotropic agonists: key actors in thyroid 
homeostasis. Journal of thyroid research 2012; 2012.

Eggesbo M, Thomsen C, Jorgensen JV, Becher G, Odland JO, Longnecker MP. Associations between 
brominated flame retardants in human milk and thyroid-stimulating hormone (TSH) in neonates. 
Environ Res 2011; 111: 737–43. [PubMed: 21601188] 

Engel SM, Villanger GD, Nethery RC, Thomsen C, Sakhi AK, Drover SS, et al. Prenatal Phthalates, 
Maternal Thyroid Function, and Risk of Attention-Deficit Hyperactivity Disorder in the 
Norwegian Mother and Child Cohort. Environmental health perspectives 2018; 126: 057004–
057004. [PubMed: 29790729] 

EPA. Polybrominated diphenyl ethers (PBDEs) action plan, 2013.

EU. Directive 2002/95/EC of the European Parliament and of the Council of 27 January 2003 on the 
restriction of the use of certain hazardous substances in electrical and electronic equipment. 
Official Journal of the European Union 2003; 13: L37.

Feng L, Ouyang F, Liu L, Wang X, Wang X, Li YJ, et al. Levels of Urinary Metabolites of 
Organophosphate Flame Retardants, TDCIPP, and TPHP, in Pregnant Women in Shanghai. J 
Environ Public Health 2016; 2016: 9416054. [PubMed: 28115951] 

Fish LH, Schwartz HL, Cavanaugh J, Steffes MW, Bantle JP, Oppenheimer JH. Replacement dose, 
metabolism, and bioavailability of levothyroxine in the treatment of hypothyroidism. Role of 
triiodothyronine in pituitary feedback in humans. N Engl J Med 1987; 316: 764–70. [PubMed: 
3821822] 

Gao H, Wu W, Xu Y, Jin Z, Bao H, Zhu P, et al. Effects of Prenatal Phthalate Exposure on Thyroid 
Hormone Concentrations Beginning at The Embryonic Stage. Sci Rep 2017; 7: 13106. [PubMed: 
29026179] 

Ghisari M, Bonefeld-Jorgensen EC. Effects of plasticizers and their mixtures on estrogen receptor and 
thyroid hormone functions. Toxicol Lett 2009; 189: 67–77. [PubMed: 19463926] 

Gilbert ME, Rovet J, Chen Z, Koibuchi N. Developmental thyroid hormone disruption: prevalence, 
environmental contaminants and neurodevelopmental consequences. Neurotoxicology 2012; 33: 
842–52. [PubMed: 22138353] 

Glinoer D, NAYER PD, Bourdoux P, Lemone M, Robyn C, STEIRTEGHEM AV, et al. Regulation of 
maternal thyroid during pregnancy. The Journal of Clinical Endocrinology & Metabolism 1990; 
71: 276–287. [PubMed: 2116437] 

Gravel S, Lavoue J, Bakhiyi B, Lavoie J, Roberge B, Patry L, et al. Multi-exposures to suspected 
endocrine disruptors in electronic waste recycling workers: Associations with thyroid and 
reproductive hormones. Int J Hyg Environ Health 2020; 225: 113445. [PubMed: 31962273] 

Haddow JE, Craig WY, Neveux LM, Palomaki GE, Lambert-Messerlian G, Malone FD, et al. Free 
Thyroxine During Early Pregnancy and Risk for Gestational Diabetes. PLoS One 2016; 11: 
e0149065. [PubMed: 26910563] 

Haug LS, Sakhi AK, Cequier E, Casas M, Maitre L, Basagana X, et al. In-utero and childhood 
chemical exposome in six European mother-child cohorts. Environ Int 2018; 121: 751–763. 
[PubMed: 30326459] 

Hill KL, Hamers T, Kamstra JH, Willmore WG, Letcher RJ. Organophosphate triesters and selected 
metabolites enhance binding of thyroxine to human transthyretin in vitro. Toxicol Lett 2018; 285: 
87–93. [PubMed: 29306024] 

Hoffman K, Butt CM, Webster TF, Preston EV, Hammel SC, Makey C, et al. Temporal trends in 
exposure to organophosphate flame retardants in the United States. Environmental science & 
technology letters 2017a; 4: 112–118. [PubMed: 28317001] 

Hoffman K, Daniels JL, Stapleton HM. Urinary metabolites of organophosphate flame retardants and 
their variability in pregnant women. Environment international 2014; 63: 169–172. [PubMed: 
24316320] 

Choi et al. Page 15

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hoffman K, Lorenzo A, Butt CM, Adair L, Herring AH, Stapleton HM, et al. Predictors of urinary 
flame retardant concentration among pregnant women. Environment international 2017b; 98: 96–
101. [PubMed: 27745946] 

Hornung RW, Reed LD. Estimation of average concentration in the presence of nondetectable values. 
Applied occupational and environmental hygiene 1990; 5: 46–51.

Huang P-C, Kuo P-L, Guo Y-L, Liao P-C, Lee C-C. Associations between urinary phthalate 
monoesters and thyroid hormones in pregnant women. Human reproduction 2007a; 22: 2715–
2722. [PubMed: 17704099] 

Huang PC, Kuo PL, Guo YL, Liao PC, Lee CC. Associations between urinary phthalate monoesters 
and thyroid hormones in pregnant women. Hum Reprod 2007b; 22: 2715–22. [PubMed: 
17704099] 

Huang PC, Tsai CH, Liang WY, Li SS, Huang HB, Kuo PL. Early Phthalates Exposure in Pregnant 
Women Is Associated with Alteration of Thyroid Hormones. PLoS One 2016; 11: e0159398. 
[PubMed: 27455052] 

Ingle ME, Watkins D, Rosario Z, Velez Vega CM, Huerta-Montanez G, Calafat AM, et al. The 
association of urinary organophosphate ester metabolites and self-reported personal care and 
household product use among pregnant women in Puerto Rico. Environ Res 2019; 179: 108756. 
[PubMed: 31574449] 

Ionas AC, Dirtu AC, Anthonissen T, Neels H, Covaci A. Downsides of the recycling process: harmful 
organic chemicals in children’s toys. Environment international 2014; 65: 54–62. [PubMed: 
24468634] 

Johns LE, Ferguson KK, McElrath TF, Mukherjee B, Meeker JD. Associations between Repeated 
Measures of Maternal Urinary Phthalate Metabolites and Thyroid Hormone Parameters during 
Pregnancy. Environ Health Perspect 2016; 124: 1808–1815. [PubMed: 27152641] 

Johns LE, Ferguson KK, Soldin OP, Cantonwine DE, Rivera-González LO, Del Toro LVA, et al. 
Urinary phthalate metabolites in relation to maternal serum thyroid and sex hormone levels during 
pregnancy: a longitudinal analysis. Reproductive Biology and Endocrinology 2015; 13: 4. 
[PubMed: 25596636] 

Karakosta P, Alegakis D, Georgiou V, Roumeliotaki T, Fthenou E, Vassilaki M, et al. Thyroid 
dysfunction and autoantibodies in early pregnancy are associated with increased risk of gestational 
diabetes and adverse birth outcomes. J Clin Endocrinol Metab 2012; 97: 4464–72. [PubMed: 
23015651] 

Kim MJ, Moon S, Oh B-C, Jung D, Choi K, Park YJ. Association Between Diethylhexyl Phthalate 
Exposure and Thyroid Function: A Meta-Analysis. Thyroid 2019; 29: 183–192. [PubMed: 
30588877] 

Kim S, Jung J, Lee I, Jung D, Youn H, Choi K. Thyroid disruption by triphenyl phosphate, an 
organophosphate flame retardant, in zebrafish (Danio rerio) embryos/larvae, and in GH3 and 
FRTL-5 cell lines. Aquatic Toxicology 2015; 160: 188–196. [PubMed: 25646720] 

Knight BA, Shields BM, Hattersley AT, Vaidya B. Maternal hypothyroxinaemia in pregnancy is 
associated with obesity and adverse maternal metabolic parameters. Eur J Endocrinol 2016; 174: 
51–7. [PubMed: 26586839] 

Kosarac I, Kubwabo C, Foster WG. Quantitative determination of nine urinary metabolites of 
organophosphate flame retardants using solid phase extraction and ultra performance liquid 
chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). Journal of 
Chromatography B 2016; 1014: 24–30.

Kuo FC, Su SW, Wu CF, Huang MC, Shiea J, Chen BH, et al. Relationship of urinary phthalate 
metabolites with serum thyroid hormones in pregnant women and their newborns: a prospective 
birth cohort in Taiwan. PLoS One 2015; 10: e0123884. [PubMed: 26042594] 

Laurberg P, Vestergaard H, Nielsen S, Christensen SE, Seefeldt T, Helleberg K, et al. Sources of 
circulating 3,5,3’-triiodothyronine in hyperthyroidism estimated after blocking of type 1 and type 
2 iodothyronine deiodinases. J Clin Endocrinol Metab 2007; 92: 2149–56. [PubMed: 17389703] 

Lazarus J. Thyroid Regulation and Dysfunction in the Pregnant Patient. In: De Groot LJ, Chrousos G, 
K. D, editors. MDText.com, Inc., South Dartmouth, 2000.

Choi et al. Page 16

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lee RH, Spencer CA, Mestman JH, Miller EA, Petrovic I, Braverman LE, et al. Free T4 
immunoassays are flawed during pregnancy. Am J Obstet Gynecol 2009; 200: 260 e1–6. [PubMed: 
19114271] 

Lenters V, Iszatt N, Forns J, Cechova E, Kocan A, Legler J, et al. Early-life exposure to persistent 
organic pollutants (OCPs, PBDEs, PCBs, PFASs) and attention-deficit/hyperactivity disorder: A 
multi-pollutant analysis of a Norwegian birth cohort. Environ Int 2019; 125: 33–42. [PubMed: 
30703609] 

Liang Y, Xu Y. Improved method for measuring and characterizing phthalate emissions from building 
materials and its application to exposure assessment. Environmental science & technology 2014; 
48: 4475–4484. [PubMed: 24654650] 

Liu X, Cai Y, Wang Y, Xu S, Ji K, Choi K. Effects of tris(1,3-dichloro-2-propyl) phosphate (TDCPP) 
and triphenyl phosphate (TPP) on sex-dependent alterations of thyroid hormones in adult 
zebrafish. Ecotoxicol Environ Saf 2019; 170: 25–32. [PubMed: 30508752] 

Magnus P, Birke C, Vejrup K, Haugan A, Alsaker E, Daltveit AK, et al. Cohort profile update: the 
Norwegian mother and child cohort study (MoBa). International journal of epidemiology 2016; 
45: 382–388. [PubMed: 27063603] 

Magnus P, Irgens LM, Haug K, Nystad W, Skjærven R, Stoltenberg C. Cohort profile: the Norwegian 
mother and child cohort study (MoBa). International journal of epidemiology 2006; 35: 1146–
1150. [PubMed: 16926217] 

Meeker JD, Cooper EM, Stapleton HM, Hauser R. Exploratory analysis of urinary metabolites of 
phosphorus-containing flame retardants in relation to markers of male reproductive health. Endocr 
Disruptors (Austin) 2013; 1: e26306. [PubMed: 24795899] 

Meeker JD, Ferguson KK. Relationship between urinary phthalate and bisphenol A concentrations and 
serum thyroid measures in US adults and adolescents from the National Health and Nutrition 
Examination Survey (NHANES) 2007–2008. Environmental health perspectives 2011; 119: 1396. 
[PubMed: 21749963] 

Meeker JD, Stapleton HM. House dust concentrations of organophosphate flame retardants in relation 
to hormone levels and semen quality parameters. Environ Health Perspect 2010; 118: 318–23. 
[PubMed: 20194068] 

Moleti M, Trimarchi F, Vermiglio F. Thyroid physiology in pregnancy. Endocrine Practice 2014; 20: 
589–596. [PubMed: 24449667] 

Mortoglou A, Candiloros H. The serum triiodothyronine to thyroxine (T3/T4) ratio in various thyroid 
disorders and after Levothyroxine replacement therapy. HORMONES-ATHENS- 2004; 3: 120–
126. [PubMed: 16982586] 

Ospina M, Jayatilaka NK, Wong L-Y, Restrepo P, Calafat AM. Exposure to organophosphate flame 
retardant chemicals in the US general population: Data from the 2013–2014 National Health and 
Nutrition Examination Survey. Environment international 2018; 110: 32–41. [PubMed: 29102155] 

Päkkilä F, Männistö T, Pouta A, Hartikainen A-L, Ruokonen A, Surcel H-M, et al. The impact of 
gestational thyroid hormone concentrations on ADHD symptoms of the child. The Journal of 
Clinical Endocrinology & Metabolism 2014; 99: E1–E8. [PubMed: 24384024] 

Paltiel L, Anita H, Skjerden T, Harbak K, Bækken S, Kristin SN, et al. The biobank of the Norwegian 
Mother and Child Cohort Study–present status. Norsk epidemiologi 2014; 24.

Preston EV, McClean MD, Henn BC, Stapleton HM, Braverman LE, Pearce EN, et al. Associations 
between urinary diphenyl phosphate and thyroid function. Environment international 2017; 101: 
158–164. [PubMed: 28162782] 

Romano ME, Eliot MN, Zoeller RT, Hoofnagle AN, Calafat AM, Karagas MR, et al. Maternal urinary 
phthalate metabolites during pregnancy and thyroid hormone concentrations in maternal and cord 
sera: The HOME Study. Int J Hyg Environ Health 2018; 221: 623–631. [PubMed: 29606598] 

Romano ME, Hawley NL, Eliot M, Calafat AM, Jayatilaka NK, Kelsey K, et al. Variability and 
predictors of urinary concentrations of organophosphate flame retardant metabolites among 
pregnant women in Rhode Island. Environ Health 2017; 16: 40. [PubMed: 28399857] 

Rønningen KS, Paltiel L, Meltzer HM, Nordhagen R, Lie KK, Hovengen R, et al. The biobank of the 
Norwegian Mother and Child Cohort Study: a resource for the next 100 years. Eur J Epidemiol 
2006; 21: 619–25. [PubMed: 17031521] 

Choi et al. Page 17

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sabaredzovic A, Sakhi AK, Brantsaeter AL, Thomsen C. Determination of 12 urinary phthalate 
metabolites in Norwegian pregnant women by core-shell high performance liquid chromatography 
with on-line solid-phase extraction, column switching and tandem mass spectrometry. J 
Chromatogr B Analyt Technol Biomed Life Sci 2015; 1002: 343–52.

Schmutzler C, Gotthardt I, Hofmann PJ, Radovic B, Kovacs G, Stemmler L, et al. Endocrine disruptors 
and the thyroid gland—a combined in vitro and in vivo analysis of potential new biomarkers. 
Environmental health perspectives 2007; 115: 77–83. [PubMed: 18174954] 

Stagnaro-Green A, Abalovich M, Alexander E, Azizi F, Mestman J, Negro R, et al. Guidelines of the 
American Thyroid Association for the diagnosis and management of thyroid disease during 
pregnancy and postpartum. Thyroid 2011; 21: 1081–125. [PubMed: 21787128] 

Stockigt JR. Free thyroid hormone measurement: a critical appraisal. Endocrinology and metabolism 
clinics of North America 2001; 30: 265–289. [PubMed: 11444163] 

Su G, Letcher RJ, Crump D, Gooden DM, Stapleton HM. In vitro metabolism of the flame retardant 
triphenyl phosphate in chicken embryonic hepatocytes and the importance of the hydroxylation 
pathway. Environmental Science & Technology Letters 2015; 2: 100–104.

Thienpont LM, Van Uytfanghe K, Poppe K, Velkeniers B. Determination of free thyroid hormones. 
Best Pract Res Clin Endocrinol Metab 2013; 27: 689–700. [PubMed: 24094639] 

Van den Eede N, Ballesteros-Gomez A, Neels H, Covaci A. Does Biotransformation of Aryl Phosphate 
Flame Retardants in Blood Cast a New Perspective on Their Debated Biomarkers? Environ Sci 
Technol 2016; 50: 12439–12445. [PubMed: 27766855] 

van der Veen I, de Boer J. Phosphorus flame retardants: properties, production, environmental 
occurrence, toxicity and analysis. Chemosphere 2012; 88: 1119–53. [PubMed: 22537891] 

Villanger GD, Drover SSM, Nethery RC, Thomsen C, Sakhi AK, Overgaard KR, et al. Associations 
between urine phthalate metabolites and thyroid function in pregnant women and the influence of 
iodine status. Environ Int 2020; 137: 105509. [PubMed: 32044443] 

Villanger GD, Learner E, Longnecker MP, Ask H, Aase H, Zoeller RT, et al. Effects of Sample 
Handling and Analytical Procedures on Thyroid Hormone Concentrations in Pregnant Women’s 
Plasma. Epidemiology 2017; 28: 365–369. [PubMed: 27984425] 

Wang Q, Liang K, Liu J, Yang L, Guo Y, Liu C, et al. Exposure of zebrafish embryos/larvae to TDCPP 
alters concentrations of thyroid hormones and transcriptions of genes involved in the 
hypothalamic-pituitary-thyroid axis. Aquat Toxicol 2013; 126: 207–13. [PubMed: 23220413] 

Wang S, Romanak KA, Hendryx M, Salamova A, Venier M. Association between Thyroid Function 
and Exposures to Brominated and Organophosphate Flame Retardants in Rural Central 
Appalachia. Environ Sci Technol 2019a.

Wang Y, Li W, Martinez-Moral MP, Sun H, Kannan K. Metabolites of organophosphate esters in urine 
from the United States: Concentrations, temporal variability, and exposure assessment. Environ Int 
2019b; 122: 213–221. [PubMed: 30449628] 

Wittassek M, Angerer J. Phthalates: metabolism and exposure. International journal of andrology 
2008; 31: 131–138. [PubMed: 18070048] 

Yang C, Harris SA, Jantunen LM, Kvasnicka J, Nguyen LV, Diamond ML. Phthalates: Relationships 
between Air, Dust, Electronic Devices, and Hands with Implications for Exposure. Environ Sci 
Technol 2020; 54: 8186–8197. [PubMed: 32539399] 

Yao HY, Han Y, Gao H, Huang K, Ge X, Xu YY, et al. Maternal phthalate exposure during the first 
trimester and serum thyroid hormones in pregnant women and their newborns. Chemosphere 2016; 
157: 42–8. [PubMed: 27208644] 

Yao Y, Li M, Pan L, Duan Y, Duan X, Li Y, et al. Exposure to organophosphate ester flame retardants 
and plasticizers during pregnancy: Thyroid endocrine disruption and mediation role of oxidative 
stress. Environ Int 2020; 146: 106215. [PubMed: 33113466] 

Zhang Q, Ji C, Yin X, Yan L, Lu M, Zhao M. Thyroid hormone-disrupting activity and ecological risk 
assessment of phosphorus-containing flame retardants by in vitro, in vivo and in silico approaches. 
Environ Pollut 2016; 210: 27–33. [PubMed: 26701863] 

Zota AR, Calafat AM, Woodruff TJ. Temporal trends in phthalate exposures: findings from the 
National Health and Nutrition Examination Survey, 2001–2010. Environ Health Perspect 2014; 
122: 235–41. [PubMed: 24425099] 

Choi et al. Page 18

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



• OPEs, phthalates, and thyroid function during mid-gestation were cross-

sectionally investigated

• Potential imbalance between total triiodothyronine (TT3) and total thyroxine 

(TT4) was observed

• In general linear regression, DPHP and DINP were associated with TT3:TT4 

ratio

• In BKMR, a lower TT3:TT4 ratio was observed with higher DINP
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Figure 1. 
Relationships between select organophosphate ester and phthalate metabolites and thyroid 

function biomarkers during mid-gestation using Bayesian Kernel Machine Regression.
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Table 1

Descriptive characteristics of the euthyroid study population (N=473).

Characteristic Category N (%)

Maternal age <20 3(1%)

20–29 176(37 %)

30–39 285 (60 %)

40≤ 9(2%)

Maternal education > College completed 148 (31 %)

College completed 207 (44 %)

< College completed 108 (23 %)

Other education 10 (2 %)

Parity Nulliparous 234 (49 %)

Multiparous 239 (51%)

Depression before/during pregnancy Yes 27 (6 %)

No 446 (94%)

Dietary iodine intake ≥150 microgram/day 134 (28 %)

<150 microgram/day 339 (72 %)

Dietary selenium intake ≥60 microgram/day 144 (40%)

<60 microgram/day 329 (70%)

Smoking reported at 17 weeks None during pregnancy 405 (86%)

Any during pregnancy 68 (14 %)

Year of sample collection 2003 11 (2 %)

2004 76 (16 %)

2005 150 (32 %)

2006 161 (34 %)

2007 75 (16 %)

Month of sample collection May - August 210 (44%)

September – November 159 (34%)

December – April 104 (22%)

Sci Total Environ. Author manuscript; available in PMC 2022 August 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Choi et al. Page 22

Table 2

Descriptive characteristics of the exposure and outcome biomarkers in the euthyroid study participants 

(N=473).

Class Biomarker GM±SD Median (25th - 75th percentile)

Thyroid Function* TSH (mU/L) 1.60 ± 1.6 1.63 (1.20 – 2.18)

TT3 (ng/dL) 163.20 ± 1.2 163 (147 – 181)

TT4 (μg/dL) 10.40 ± 1.1 10.36 (9.53 – 11.39)

TT3:TT4 ratio (ng/μg) 15.86 ± 2.3 15.81 (14.17 – 17.34)

FT3i (ng/dL) 162.17 ± 1.1 162 (147.07 – 178)

FT4i (μg/dL) 10.33 ± 1.1 10.29 (9.42 – 11.34)

T3 uptake (%) 27.82 ± 1.1 28 (27 – 29)

OPE** (SG-standardized) DPHP (μg/L) 0.52 ± 2.8 0.55 (0.29 – 0.99)

DNBP (μg/L) 0.28 ± 2.2 0.24 (0.17 – 0.40)

BBOEP (μg/L) 0.09 ± 2.4 0.08 (<LOD - 0.15)

BDCIPP (μg/L) 0.23 ± 2.8 <LOD (<LOD - 0.30)

Phthalates (SG- and batch-standardized) MEP (μg/L) 102.45 ± 4.4 101.18 (32.97 – 305.21)

MiBP (μg/L) 18.74 ± 2.5 17.07 (9.74 – 32.20)

MnBP (μg/L) 18.67 ± 2.4 17.53 (11.79 – 30.98)

MBzP (μg/L) 4.68 ± 2.5 4.26 (2.56 – 7.85)

MEHP (μg/L) 11.27 ± 2.1 10.28 (7.07 – 16.61)

MEHHP (μg/L) 14.26 ± 2.5 12.89 (8.52 – 21.13)

MEOHP (μg/L) 9.60 ± 2.4 8.78 (5.71 – 14.37)

MECPP (μg/L) 21.08 ± 2.0 18.61 (14.06 – 25.84)

MMCHP (μg/L) 21.22 ± 1.9 18.33 (14.07 – 26.89)

∑DEHP (mmol/L) 0.27 ± 2.0 0.24 (0.18 – 0.34)

OH-MiNP (μg/L) 1.07 ± 2.1 0.95 (0.69 – 1.44)

oxo-MiNP (μg/L) 1.24 ± 2.4 1.04 (0.70 – 1.78)

cx-MiNP (μg/L) 3.69 ± 1.7 3.54 (2.46 – 4.77)

∑DiNP (mmol/L) 0.02 ± 1.9 0.02 (0.01 – 0.03)

*
Arithmetic mean and standard deviation presented instead of GM ± SD.

**
DPHP LOD: 0.03 (97%>LOD); DNBP LOD: 0.07 (94%>OD); BBOEP LOD: 0.05 (52%>LOD); BDCIPP LOD: 0.17 (21%>LOD).

Notes: only OPE metabolites were measured below LOD for some participants, and therefore was substituted with LOD/√2.

Abbreviations: triiodothyronine, T3; thyroxine, T4; Thyroid stimulating hormone, TSH; Diphenyl phosphate, DPHP; Di-n-butyl phosphate, DnBP; 
Bis(2-butoxyethyl) hydrogen phosphate, BBOEP; Bis(1,3-dichloro-2-propyl) phosphate, BDCIPP; specific gravity, SG; geometric mean, GM; 
geometric standard deviation, SD; monoethyl phthalate, MEP; mono-iso-butyl phthalate, MiBP; mono-n-butyl phthalate, MnBP; monobenzyl 
phthalate, MBzP; molar sum of di(2-ethylhexyl)phthalate metabolites, ∑DEHP; molar sum of di-iso-nonyl phthalate metabolites, ∑DiNP
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Table 3

Absolute difference in thyroid hormones associated with a difference in log-transformed concentration of each 

individual metabolite from the 25th to 75th percentile in euthyroid pregnant women in MoBa 2003–2008 

(N=473), while keeping adjustment factors constant*.

Model
Organophosphate ester metabolites Phthalate metabolites

DPHP DNBP MEP MiBP MnBP MBzP ∑DEHP ∑DiNP

TT3/TT4 (ng/μg)

GLM 0.34 (0.08, 
0.60)

−0.21 
(−0.44, 
0.02)

0.15 (−0.16, 
0.47)

0.15 (−0.18, 
0.48)

0.15 (−0.14, 
0.44)

−0.08 
(−0.40, 
0.25)

0.04 (−0.17, 
0.26)

−0.37 
(−0.59, 
−0.15)

BKMR 
(exact)

0.06 (−0.27, 
0.39)

−0.01 
(−0.09, 
0.08)

0.0001 (− 
0.01, 0.01)

0.01 (−0.11, 
0.12)

0.002 (−0.06, 
0.06)

0.05 (−0.21, 
0.31)

0.01 (−0.11, 
0.13)

−0.48 
(−0.96, 
0.003)

BKMR 
(approx)

0.32 (0.04, 
0.61)

−0.16 
(−0.39, 
0.07)

0.01 (−0.08, 
0.11)

0.16 (−0.13, 
0.45)

0.07 (−0.13, 
0.28)

0.02 (−0.32, 
0.35)

0.01 (−0.23, 
0.26)

−0.57 
(−0.90, 
−0.24)

TT3 (ng/dL)

GLM 1.32 (−1.68, 
4.32)

−0.84 
(−3.44, 
1.76)

0.69 (−2.88, 
4.26)

1.63 (−2.16, 
5.43)

0.96 (−2.38, 
4.29)

2.43 (−1.28, 
6.14)

−0.47 (− 
2.94, 2.01)

−1.99 
(−4.52, 
0.53)

BKMR 
(exact)

0.02 (−0.62, 
0.67)

−0.002 (− 
0.36, 0.35)

0.0005 (− 
0.09, 0.09)

0.22 (−1.64, 
2.08)

0.05 (−0.85, 
0.95)

1.12 (−3.52, 
5.77)

0.003 (− 
0.35, 0.35)

−0.16 
(−1.74, 
1.41)

BKMR 
(approx)

0.71 (−1.80, 
3.22)

−0.49 
(−2.64, 
1.66)

0.06 (−1.26, 
1.38)

1.91 (−1.86, 
5.69)

0.44 (−2.32, 
3.20)

2.48 (−1.32, 
6.28)

−0.39 (− 
2.22, 1.45)

−1.36 
(−3.72, 
0.99)

TT4 (μg/dL)

GLM −0.14 (− 
0.30, 0.02)

0.11 (−0.03, 
0.25)

−0.07 (− 
0.26, 0.12)

0.02 (−0.18, 
0.23)

−0.03 (−0.21, 
0.15)

0.18 (−0.01, 
0.38)

−0.07 (− 
0.20, 0.06)

0.13 
(−0.01, 
0.26)

BKMR 
(exact)

−0.001 (− 
0.03, 0.03)

0.01 (−0.07, 
0.09)

−0.0001 (− 
0.01, 0.01)

−0.0001 (− 
0.02, 0.02)

−0.00003 (− 
0.01, 0.01)

0.005 (− 
0.06, 0.07)

0.0001 (− 
0.01, 0.01)

0.01 
(−0.08, 
0.09)

BKMR 
(approx)

−0.11 (− 
0.25, 0.03)

0.10 (−0.03, 
0.24)

−0.03 (− 
0.16, 0.09)

0.005 (− 
0.13, 0.14)

−0.01 (−0.10, 
0.08)

0.14 (−0.03, 
0.31)

−0.03 (− 
0.12, 0.06)

0.11 
(−0.02, 
0.23)

TSH (mU/L)

GLM 0.05 (−0.05, 
0.14)

−0.02 
(−0.10, 
0.06)

−0.02 (− 
0.13, 0.10)

0.04 (−0.08, 
0.16)

−0.02 (−0.12, 
0.09)

−0.02 
(−0.14, 
0.10)

0.02 (−0.06, 
0.10)

0.03 
(−0.05, 
0.12)

BKMR 
(exact)

0.001 (− 
0.02, 0.02)

-0.0002 (− 
0.02, 0.02)

0.00004 (− 
0.01, 0.01)

0.001 − 0.02, 
0.03)

0.003 (−0.03, 
0.04)

0.0002 (− 
0.02, 0.02)

0.002 (− 
0.02, 0.03)

−0.003 
(−0.06, 
0.05)

BKMR 
(approx)

0.03 (−0.05, 
0.12)

−0.01 
(−0.08, 
0.06)

−0.01 (− 
0.10, 0.08)

0.02 (−0.07, 
0.12)

0.001 (−0.10, 
0.09)

−0.01 
(−0.10, 
0.08)

0.01 (−0.06, 
0.08)

0.01 
(−0.07, 
0.10)

*
All models included log-transformed concentrations of 2 OPE and 6 phthalate metabolites simultaneously while adjusting for year, dietary 

selenium, dietary iodine, parity, depression, season of urine collection, education, age, and smoking during pregnancy.

BKMR estimates were calculated by contrasting the posterior outcome levels at 25th and 75th exposure percentiles; GLM estimates were 
calculated by scaling the regression coefficients by interquartile range.
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Abbreviations: triiodothyronine, T3; thyroxine, T4; Thyroid stimulating hormone, TSH; Diphenyl phosphate, DPHP; Di-n-butyl phosphate, DNBP; 
Bis(2-butoxyethyl) hydrogen phosphate, BBOEP; Bis(1,3-dichloro-2-propyl) phosphate, BDCIPP; specific gravity, SG; geometric mean, GM; 
geometric standard deviation, SD; monoethyl phthalate, MEP; mono-iso-butyl phthalate, MiBP; mono-n-butyl phthalate, MnBP; monobenzyl 
phthalate, MBzP; di(2-ethylhexyl)phthalate, ∑DEHP; di-iso-nonyl phthalate, ∑DINP; general linear model, GLM; Bayesian kernel machine 
regression, BKMR.
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