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Abstract

Urinary concentrations of phenols, parabens and triclocarban have been extensively used as 

biomarkers of exposure. However, because these compounds are quickly metabolized and excreted 

in urine, characterizing participants’ long-term average exposure from a few spot samples 

is challenging. To examine variability of urinary concentrations of these compounds during 

pregnancy, we quantified four phenols, four parabens and triclocarban in 357 first morning voids 

(FMVs) and 203 pooled samples collected during the 2nd and 3rd trimesters of 173 pregnancies. 

We computed intraclass correlation coefficients (ICCs) by sample type (FMV, pool) across two 

trimesters and by the number of composite samples in pools, ranging from 2 to 4, within the same 

trimester. Among three compounds detected in more than 50% of the samples, ICCs across two 

trimesters were higher in pools (0.29-0.68) than FMVs (0.17-0.52) and the highest ICC within the 

same trimester was observed when pooling either two or three composites. Methyl paraben and 

propyl paraben primarily exposed via cosmetic use had approximately 2 to 3 times higher ICCs 

than bisphenol A primarily exposed via diet. Our findings support that within-subject pooling of 

biospecimens can increase reproducibility of pregnant women’s exposure to these compounds and 

thus could potentially minimize exposure misclassification.

Graphical Abstract

Keywords

biospecimens; exposure misclassification; pooling; reproducibility; sample type

1. INTRODUCTION

Phenols, parabens and triclocarban (TCC) are widely used in a variety of common consumer 

and personal care products.1, 2 Bisphenols such as bisphenol A (BPA) are used in the 

manufacture of polymer plastics. TCC and triclosan (TCS) with antibacterial properties are 

used in soaps, detergents, and toothpaste.2–4 Parabens are widely used as preservatives in 

cosmetics, shampoos, and various body care products.5 Because of their widespread use 

in consumer and personal care products,6, 7 exposures to these compounds are ubiquitous 

and they have been detected in urine of the general U.S. population, including infants, 
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toddlers, and pregnant women.8–14 Phenols, parabens and TCC have also been detected in 

cord blood,15–19 suggesting that they can cross the placenta.

Gestational exposure to phenols, parabens and TCC is of interest because of their endocrine-

disrupting potential in in vitro studies20 and toxicities in laboratory animal studies.21–25 In 

addition, higher exposure to some phenols and parabens during pregnancy was associated 

with adverse health outcomes in epidemiologic studies.26–29 For example, BPA and TCS are 

well-characterized thyroid hormone disruptors and can disrupt signaling pathways that are 

critical for brain development.30 Thus, prenatal phenol exposures have been associated with 

altered thyroid hormones8, 31, 32 and child behavioral outcomes.33–36 Higher pregnancy TCS 

exposures were associated with lower child cognitive scores measured at 8 years of age.37 

Pregnancy urinary BPA concentrations were associated with externalizing behaviors in girls 

at 2 years of age but not among all children in the same age.34

Urinary concentrations of phenols, parabens and TCC have been extensively used as 

biomarkers of exposure to these compounds during pregnancy.6, 7 However, because they 

are rapidly metabolized and eliminated in urine with elimination half-lives on the order 

of hours38, 39 and exposures to these compounds tend to be episodic, concentrations of 

phenols, parabens and TCC measured in a single or few spot urine samples are only 

indicative of recent exposure.40 Several studies have reported moderate to high variability 

of urinary concentrations of these compounds during a long period of pregnancy (i.e., at 

least across two trimesters)41–52 and a short period of pregnancy (i.e., less than a few 

weeks),40, 53 indicating low to moderate reproducibility of pregnant women’s exposure to 

these compounds. Thus, poor characterization of average exposures to these compounds 

might have led to non-differential exposure misclassification in epidemiologic studies, 

resulting in decreased statistical power.

For epidemiologic studies with compounds having a short elimination half-life such as 

phenols, parabens and TCC, the approach of pooling multiple biospecimens collected from 

the same individual can reduce sample analysis cost and increase the number of subjects 

for statistical analyses.54–56 There are advantages and disadvantages when pooling multiple 

biospecimens and they differ for the three common urine collection methods (spot, 24-hour, 

and first morning void [FMV]). For example, pooling spot samples collected throughout 

the day may better represent an individual’s average exposure over a long period of 

time, but increases exposure misclassification.40 Pooling 24-hour samples (i.e., all samples 

collected over a 24-hour period) may minimize exposure misclassification but because of 

increased participant sampling burden, it is generally infeasible for large epidemiologic 

studies.57 Pooling FMV samples can increase reproducibility of exposure to short half-life 

compounds, although levels may not necessarily represent daily average exposure due to 

overnight fasting.57 To evaluate the impact of pooling biospecimens on variability of urinary 

concentrations of these compounds, two studies pooled multiple spot samples or 24-hour 

samples collected from pregnant women during a few specific weeks of pregnancy,51, 52 

with one of them reporting higher reproducibility of exposure to phenols, parabens and TCC 

in daily or weekly pooled samples compared to spot samples.51 To our knowledge, no study 

has yet examined the degree to which pooling FMV samples can improve reproducibility 

Shin et al. Page 3

Environ Sci Technol. Author manuscript; available in PMC 2022 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of pregnant women’s exposure, compared to spot samples across multiple trimesters of 

pregnancy.

In the current study, we examined variability of urinary concentrations of four phenols, four 

parabens, and TCC using multiple FMVs collected during pregnancy in the MARBLES 

(Markers of Autism Risk in Babies – Learning Early Signs) study, which enrolls pregnant 

women in California who previously delivered a child with autism spectrum disorder 

(ASD). The MARBLES study collects multiple FMVs during each trimester of pregnancy 

to identify risk factors or markers of ASD, including exposure to our target compounds, 

and to reduce exposure misclassification. Prenatal exposure to our target compounds was 

not significantly associated with increased risk of child ASD in MARBLES but showed 

a significantly increased risk of non-typical development (non-TD).9 We used 357 FMV 

samples and 203 pooled samples collected during the the 2nd and 3rd trimesters of 173 

unique pregnancies to evaluate variability of urinary concentrations of our target compounds 

within the same trimester and across trimesters and to evaluate how much within-subject 

pools can improve reproducibility of pregnant women’s exposure to our target compounds.

2. METHODS

2.1. Study population

Began in 2006 in California, MARBLES is a prospective cohort study, following pregnant 

women who previously delivered a child with ASD58 and thus are at high risk (~20%) for 

delivering another child who develops ASD.59 Participants are recruited from the lists of 

children receiving services for ASD through the California Department of Developmental 

Services, by self- or other referrals and various clinics. Details of study design, recruitment, 

sample size, exposure data, eligibility criteria for inclusion, and developmental diagnosis are 

available elsewhere.58

For the current study, we selected 164 women who provided at least two FMVs within 

the same trimester of pregnancy. Among 164 women, 7 women participated in this study 

for two different pregnancies and 1 woman participated for three different pregnancies. All 

urine samples included in this study were collected from a total of 173 unique pregnancies 

from 164 women. This study was approved by the institutional review boards for the State 

of California and the University of California Davis (UC Davis). Participants provided 

informed consent prior to collection of data.

2.2. Urine sample collection

Details of urine sample collection are described elsewhere.57, 60 Briefly, as part of an effort 

to better characterize average exposure to environmental chemicals with short elimination 

half-lives such as phenols and parabens, women in the MARBLES study were instructed 

to collect three FMVs (taken one week apart) and one 24-hour urine sample (all samples 

collected over a 24-hour period) during each trimester of pregnancy. Urine samples that were 

collected and stored in a home freezer were picked up within one month; samples that were 

collected and stored in a refrigerator were picked up the same day. These home visits were 

conducted by study staff, who transported them to UC Davis under temperature-controlled 
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conditions such as coolers. Samples were thawed, aliquoted, and stored at −80 °C at the UC 

Davis biorepository until analysis.

2.3. Sample preparation for chemical analysis

We selected 9 women who provided at least four (either FMV or 24-hour) samples for 

each of the 2nd and 3rd trimesters and analyzed their samples individually for graphical 

representation of concentration variability over the course of the 2nd and 3rd trimesters for 

two compounds with distinct exposure sources (i.e., BPA primarily exposed via diet and 

methyl paraben (MEPB) primarily exposed from the use of cosmetics or various personal 

care products). Then, to reduce sample analysis cost, for women who provided three or 

more samples within a trimester, we selected the first FMV as an individual sample and 

pooled all remaining samples for that trimester.57, 60 Although all women included in the 

current study (n = 164) provided urine samples during the 2nd and 3rd trimesters, only 60 

of them provided 87 samples during the 1st trimester and only 9 of them had multiple 

samples after pooling. In other words, approximately 85% of samples collected from the 

participating women were collected during the 2nd and 3rd trimesters. Therefore, we only 

selected samples collected during the 2nd and 3rd trimesters in the current study. After 

pooling, 577 samples from 173 pregnancies remained for chemical analysis: 357 FMVs, 

203 within-subject pools (approximately 79% of the pools were comprised of at least one 

24-hour sample), and 17 24-hour samples (from 9 women whose samples were not pooled 

for graphical representation). The number of samples included in each of the 203 pools 

varied based on the number of samples each woman collected (Figure 1).

2.4. Biomarker quantification

For biomarker quantification, we shipped the urine samples in a 1-mL aliquot to 

the Laboratory of Exposure Assessment and Development for Environmental Research 

(LEADER), Rollins School of Public Health, at Emory University. We quantified urinary 

concentrations for four phenols, four parabens and TCC using two liquid chromatographic-

tandem mass spectrometric (LC-MS/MS) injections with different columns and mobile 

phases. Details of analytical methods are described elsewhere.9 The analytes included in this 

study were: BPA, bisphenol F (BPF), bisphenol S (BPS), TCC, TCS, butyl paraben (BUPB), 

ethyl paraben (ETPB), MEPB, and propyl paraben (PRPB).

In the current study, the average relative percent difference (RPD) of repeated measures of 

quality controls (QC) was below 11% (range: 6.7%-10.9%), depending on the analyte and 

QC concentration. The laboratory also analyzed 16 blind duplicates for quality assurance. 

Replicate analyses for individual pairs of duplicate samples exhibited good agreement. 

Among 8 pairs of duplicate samples, the average RPD was 15% (range: 9% to 22%, 

depending on the analyte). The limit of detection (LOD) varied between 0.5 and 15 

nanograms per milliliter (ng/mL), depending on the analyte. For concentrations below the 

LOD, we assigned a value of the LOD divided by the square root of 2.61, 62

2.5. Correction for urinary dilution

To correct measured concentrations for urinary dilution, we measured specific gravity (SG) 

of each analyzed (individual or pooled) urine sample with a digital handheld refractometer 
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(Atago Co., Ltd., Tokyo, Japan) at UC Davis. We then corrected measured concentrations 

for urinary dilution using the following formula:63 CSG = C[(1.012 – 1)/(SG-1)], where 

CSG is the SG-corrected urinary concentration (in ng/mL), C is the measured urinary 

concentration (in ng/mL), 1.012 is the median SG of all analyzed urine samples, and SG 

is the specific gravity of each sample.

2.6. Statistical analysis

We performed all statistical analyses using R version 4.0.5 (R Foundation for Statistical 

Computing, Vienna, Austria). For all analyzed compounds, we provided summary statistics 

of SG-corrected urinary concentrations. For all other statistical analyses requiring sufficient 

detection frequency of the samples, we only included compounds detected in 60% or greater 

of the samples. To account for skewed distributions of urinary concentrations, we used 

ln-transformed SG-corrected concentrations.

To assess within-subject variability, we computed the intraclass correlation coefficient, ICC, 

defined as the ratio of between-subject variance to total variance (= within-subject variance 

+ between-subject variance). ICC theoretically ranges from 0 (no reproducibility) to 1 

(perfect reproducibility); ICC=1 means 100% of total variance is due to between-subject 

differences and ICC=0 means 100% of total variance is due to within-subject differences.64 

ICCs and 95% confidence intervals (CI) were estimated using variance component estimates 

from a one-way analysis of variance (ANOVA). We used the ‘ICCest’ function in R for 

these calculations. To evaluate how sample type (FMV or pool) affects variability of target 

compound concentrations, we computed ICCs using two samples of the same urine type 

collected across the 2nd and 3rd trimesters: (1) two FMVs (n = 214 from 107 women) and (2) 

two pools (n = 112 from 56 women). Two samples using the same collection method (FMV 

or pooled) were used in ICC calculations and were collected approximately 3 months apart 

because of different trimesters. The proportion of obese women was similar in both the FMV 

and pooled sample groups (21.3% and 23.6%, respectively). The selected pooled samples 

were comprised of: FMV only (n = 24); a varying number of FMV plus one 24-hour sample 

(n = 84); or a varying number of FMV plus two 24-hour samples (n = 4). Because the 

majority (75%) of pooled samples had a varying number of FMV plus one 24-hour sample, 

we merged three groups into one. We did not compute ICCs for 24-hour samples due to 

a small sample size (n = 17). For the 8 women who participated in the study for multiple 

pregnancies, we treated their samples from each pregnancy independently.

Each pooled sample had a varying number of composites, ranging from 2 to 4. To examine 

how much pooled samples can improve reproducibility of individual’s exposure with an 

increasing number of composites, we also computed ICCs using two samples collected 

within the same trimester for the following four combinations: (1) two FMVs (n = 106), 

(2) one FMV and one pool with 2 composites (n = 130), (3) one FMV and one pool with 

3 composites (n = 214), and (4) one FMV and one pool with 4 composites (n = 46). Two 

FMVs used in these ICC calculations were collected approximately 1 week apart. The last 

sample in the pool and the first FMV were approximately 2, 3, and 4 weeks apart depending 

on the number of composites in the pool. The number of individual and pooled samples used 

to compute ICCs varied by woman, because the number of samples each woman collected 
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within a trimester varied. Using the same dataset above, we also calculated the concentration 

ratio of an FMV to a pool (CFMV/Cpool) to examine the impact of outliers on a pooled 

concentration. Lastly, we computed ICCs separately for each of the 2nd and 3rd trimesters to 

investigate trimester-specific variability of target compound concentrations.

3. RESULTS

3.1. Population characteristics

The average age of the participating women at delivery was 34.3 years, ranging from 20.5 to 

47.1 years (Table 1). They were 55% White, 23% Hispanic, and 23% other (5% Black, 14% 

Asian, and 3% multiracial). Approximately half of the women were either overweight (27%) 

or obese (23%). More than half of the women had a bachelor’s degree or a higher degree 

(53%). Other characteristics of our study population are shown in Table 1.

3.2. Urinary concentrations of phenols, parabens and TCC

Among the nine target compounds included in this study, only three were detected above the 

LOD in 60% or greater of the samples: BPA (60%), MEPB (95%), and PRPB (73%) (Table 

2). The other six compounds were detected in less than 50% of the samples. The highest 

median of SG-corrected concentrations was observed for MEPB (39.4 ng/mL), followed 

by PRPB (7.8 ng/mL) and BPA (1.0 ng/mL). The median BPA of pools (1.2 ng/mL) was 

higher than that of FMVs (0.9 ng/mL, p-value < 0.01). There was no statistically significant 

difference (p-value > 0.40) in the medians of MEPB and PRPB between FMVs versus pools. 

When comparing geometric means (GMs) of the three compounds between our pregnant 

women and the pregnant women (20-44 years of age) reported in the 2013-2014 National 

Health and Nutrition Examination Survey (NHANES),65 GMs of our pregnant women 

were approximately 44%, 89%, and 81% lower for BPA, MEPB, and PRPB, respectively. 

Spearman’s correlation coefficients between BPA and MEPB, between BPA and PRPB, and 

between MEPB and PRPB were 0.12, 0.11, and 0.76, respectively.

3.3. Variability of urinary concentrations across the 2nd and 3rd trimesters

From the samples collected across the 2nd and 3rd trimesters, ICCs for BPA, MEPB and 

PRPB were 66%, 32%, and 26% higher, respectively, in pools (0.29-0.68) than FMVs 

(0.17-0.52) (Figure 2). Regardless of sample type, ICCs were low for BPA (0.17-0.29) 

for which diet is a primary exposure source, indicating low reproducibility (i.e., greater 

temporal variability), while ICCs were relatively high for MEPB (0.51-0.68) and PRPB 

(0.52-0.65) for which personal care products are a primary exposure source, indicating high 

reproducibility (i.e., lower temporal variability).

From longitudinal samples of 9 women who provided at least four (either FMV or 24-hour) 

samples for each of the 2nd and 3rd trimesters (Figure 3), MEPB and BPA concentrations 

varied across sample collection times. Note that Spearman’s correlation coefficients between 

MEPB and PRPB was 0.76 in this study. For MEPB, 5 women showed relatively low within-

subject variability with coefficient of variation (CV, defined as the ratio of the standard 

deviation to the mean) less than 0.65 (Figure 3A). On the other hand, 4 women showed 

relatively high within-subject variability with CV greater than 1.0 (Figure 3B). Urinary 

Shin et al. Page 7

Environ Sci Technol. Author manuscript; available in PMC 2022 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MEPB concentrations for subject 9 varied in almost three orders of magnitude during their 

sampling period. One of the 5 women who had low within-subject variability in MEPB 

(subject 1) showed high within-subject variability for BPA, with CV of 1.44 (Figure 3C). 

Three of the 4 women who had high within-subject variability in MEPB (subjects 7, 8, 9) 

showed low within-subject variability for BPA, with CV less than 0.67 (Figure 3D).

3.4. Variability of urinary concentrations within the same trimester

From the samples collected within the same trimester (2nd or 3rd), ICCs for MEPB and 

PRPB tended to be larger for women who provided three or more samples (from the second 

through fourth pairs in Figure 4) than those who provided only two samples (the first pair 

in Figure 4). For MEPB and PRPB, ICCs for one FMV and one pool with 2 composites 

(the second pair) were significantly higher than those for two FMVs (the first pair) at the 

5% level. The ICC for MEPB appeared to be highest when the pooled sample group had 

3 composites, and for PRPB it appeared to be highest when the pool had 2 composites, 

although they were not different (p-value > 0.10). Similar results were observed when 

calculating correlation coefficients (Table S2). From the same dataset as above, the medians 

of concentration ratios of an FMV to a pooled sample did not decrease or increase with an 

increasing number of samples (Figure S1).

When computing trimester-specific ICCs (Figure S2), ICCs followed similar trends to those 

when the sample pairs from both trimesters were combined (Figure 4). For MEPB and 

PRPB, ICCs for one FMV and one pool with 3 composites (the third pair) were significantly 

higher than those for two FMVs (the first pair) at the 5% level, but confidence intervals 

became large due to the reduced sample size. ICCs for one FMV and one pool with 3 

composites were consistently larger than those for two FMVs, regardless of the trimester. In 

constrast, ICCs for BPA followed no trend.

4. DISCUSSION

In this current study, we used FMVs and pooled samples collected during the 2nd and 

3rd trimesters of pregnancies in the MARBLES study and examined the degree to which 

pooling multiple FMV samples can improve reproducibility of pregnant women’s exposure 

to phenols, parabens, and TCC over spot samples. Among three compounds detected above 

the LOD in 60% or greater of the samples, we observed low reproducibility (measured 

by ICC) for BPA and relatively moderate reproducibility for MEPB and PRPB. From the 

samples collected across two trimesters, we observed higher ICCs in pools than FMVs for 

all three compounds. From the samples collected within the same trimester, we observed 

higher ICCs for MEPB and PRPB in women who provided three or more samples than those 

who provided only two samples, while there was no statistically significant difference in 

ICCs for BPA among four subsets with a varying number of samples (i.e., two FMVs, one 

FMV and one pool with 2 composites, one FMV and one pool with 3 composites, one FMV 

and one pool with 4 composites).

Our finding is consistent with previous studies reporting that variability of urinary BPA 

concentrations during a long period of pregnancy (i.e., samples collected during at least 

two trimesters) is high (mostly ICC of 0.25 or lower),43–49 regardless of urinary dilution 
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correction methods (i.e., SG or creatinine). Findings from our study and other studies 

suggest that multiple measurements are needed to improve reproducibility of BPA exposure, 

rather than a single measurement.49 Compared to our pregnant women who provided mostly 

FMVs (ICCs for MEPB and PRPB were 0.51 and 0.52, respectively, using two FMVs), 

reproducibility for MEPB and PRPB in other pregnant women who provided spot samples 

was low (ICC of 0.40 or lower),42, 45, 49, 52 similar (ICC between 0.42 and 0.61 for both 

compounds)46, 50 or high (ICC of 0.82 and 0.79, respectively).47 This finding suggests 

that the number of measurements required to accurately characterize long-term average 

exposure to MEPB and PRPB during pregnancy can vary by study populations. Although 

previous studies used either SG or creatinine to correct for urinary dilution, ICCs for MEPB 

and PRPB were almost identical between two corrected concentrations,46 indicating that 

correction methods for urinary dilution may not affect ICCs of these two compounds.

In this study, we also learned that compared to using two individual samples, pooling 

multiple urine samples can improve reproducibility of exposure to BPA, MEPB and PRPB 

across the mid- to late pregnancy. Specifically, ICCs for BPA, MEPB and PRPB were higher 

in pools (0.29, 0.68, 0.65, respectively) than FMVs (0.17, 0.51, 0.52, respectively). Two 

previous studies also pooled spot or 24-hour samples collected during a few specific weeks 

of pregnancy and estimated ICCs.51, 52 One study pooled 24-hour samples for one week 

at 13, 23, and 32 weeks of pregnancy and reported higher reproducibility of exposure to 

BPA, MEPB and PRPB (i.e., between-week ICC of 0.59, 0.81, 0.86, respectively)51 than 

the current study. The other study pooled three spot samples (i.e., morning, dinner, and 

night) for one week collected twice approximately 14 weeks apart, but reproducibility for 

BPA, MEPB and PRPB was relatively low (i.e., ICC of 0.24, 0.38, 0.36, respectively),52 

suggesting that a few spot samples collected during any time of a day may not increase 

exposure reproducibility, compared to FMVs used in the current study and 24-hour samples 

used in the other study.51

The main strength of this study is a rich dataset of urine samples collected during the 2nd 

and 3rd trimesters of pregnancies, including but not limited to: (1) 107 pairs of FMVs and 

56 pairs of pools collected across two trimesters, (2) 53 pairs of FMVs and 196 pairs of one 

FMV and one pool with a varying number of composites collected within the same trimester 

(approximately within 2, 3, and 4 weeks depending on the number of composites). The first 

subset of our samples allowed us to evaluate long-term variability of urinary concentrations 

of our target compounds. Specifically, we observed that the relative variability of BPA, 

and MEPB and PRPB concentrations across two trimesters decreased up to 66%, 32%, 

and 26%, respectively, when using pools. The second subset enabled us to determine the 

number of composites to be pooled to achieve relatively high ICCs or a certain degree of 

reproducibility. In the current study, four FMV samples were required for MEPB to reach an 

ICC of 0.63 and only three FMV samples were required for PRPB to reach an ICC of 0.77 

within a trimester. MEPB and PRPB have relatively similar and routine exposure sources, 

such as personal care products (Spearman’s rho between MEPB and PRPB = 0.76). On the 

other hand, BPA has variable exposure sources, originating primarily from diet, which tends 

to differ more from day to day than personal care products, which are often used daily or 

regularly without changes (Spearman’s rho between BPA and MEPB = 0.12, Spearman’s 

rho between BPA and PRPB = 0.11). Thus, the ICC of BPA did not increase with an 

Shin et al. Page 9

Environ Sci Technol. Author manuscript; available in PMC 2022 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increasing sample size within the same trimester; this suggests that more than 5 samples are 

required to reach an ICC of 0.5 or higher. In addition, from longitudinal samples of 9 women 

who provided at least 8 samples (FMVs or 24-hour) during the 2nd and 3rd trimesters, we 

observed that the magnitude of within-subject variability varied not only between subjects, 

but also by compounds within subject.

Some limitations should be noted for this study. First, the ICCs calculated from the 

participating women may not represent the reproducibility of pregnant women’s exposure 

sampled from the general population. Approximately 70% of the samples in this study 

were FMV collected after an average of 9 hours of sleep, prior to eating or use of any 

personal care product.66 This predominant sample collection method could explain the 

lower concentrations of the three compounds in MARBLES participants vs. NHANES 

participants, from whom spot samples were collected throughout the day. Because California 

is leading efforts to reduce exposure to our target compounds via advocacy campaigns 

or legislation, geographic variations in product use could also explain some differences 

between two populations.67–69 In addition, because our participants already had a child 

with ASD, they may have been more aware of/concerned about their use of sunscreens, 

cosmetics, and other personal care products. Thus, our results should be interpreted with 

caution.

From this study, we observed high concentration variability of BPA for which diet is 

a primary exposure source and moderate concentration variability of MEPB and PRPB 

for which personal care products are a primary exposure source. Nevertheless, we also 

learned that the urinary concentrations of MEPB and PRPB with relatively consistent 

daily exposure sources can vary considerably from day to day for some subjects. We 

observed similar trends in our previous study that urinary phthalate metabolites with 

relatively consistent exposure sources such as personal care products had higher ICCs 

than those with variable exposure sources such as diet.57 In addition, our findings support 

that pooling multiple biospecimens within the same subject can increase reproducibility 

of pregnant women’s exposure to BPA, MEPB and PRPB and thus could potentially 

minimize exposure misclassification and reduce the cost associated with sample analysis. 

Thus, future epidemiologic studies examining associations between prenatal exposure to 

these compounds and adverse health outcomes can increase statistical power by retaining the 

same analysis cost by pooling multiple specimens, though costs for multiple collections may 

increase. In addition, because our target compounds have various exposure sources, further 

studies may need to comprehensively examine their sources before urine collection.
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Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

When characterizing exposure to chemicals detected in indoor and outdoor environments 

having short elimination half-lives, multiple pooled biospecimens improve reliability.
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Figure 1. 
Type and number of 577 urine samples analyzed in this study from the 2nd (n = 253) and 

3rd (n = 324) trimesters of 173 pregnancies. Theoretically, if all women were fully compliant 

with our sampling protocol (three FMVs and one 24-hour sample for each of the 2nd and 

3rd trimesters), the total number of samples available for this present study should be 1,384. 

After selecting the first FMV as an individual sample and pooling the remaining samples, 

a total number of 692 samples should remain for analysis: 346 FMVs as an individual 

sample and 346 pools with 3 composites. Although all women were asked to collect four 

samples per trimester, many did not. In some cases, samples provided by women as the 2nd 

trimester sample were later determined as the 3rd trimester sample or vice versa. In other 

cases, women collected more samples than necessary. Thus, the number of samples included 

in each of the 203 pools varied based on the number of samples each woman collected.
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Figure 2. 
Intraclass correlation coefficients (ICC) and 95% confidence intervals (CI) of ln-transformed 

SG-corrected concentrations of bisphenol A (BPA), methyl paraben (MEPB), and propyl 

paraben (PRPB) using samples collected across the 2nd and 3rd trimesters of pregnancy: 

(1) two first morning voids (FMVs) (n = 214 from 107 women) and (2) two pools (n = 

112 from 56 women). Two samples of the same urine type (FMV or pool) used in ICC 

calculations were collected approximately 3 months apart. The selected pools in this figure 

were comprised of FMVs only (n = 24), or a varying number of FMVs plus one 24-hour 

sample (n = 84), or a varying number of FMVs plus two 24-hour samples (n = 4). Refer to 

Table S1 for values of ICCs and 95% CIs.
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Figure 3. 
Variability of urinary methyl paraben (MEPB) and bisphenol A (BPA) concentrations 

[ng/mL] from longitudinal samples of 9 women, plotted versus the days since the first 

sample collection. First four or five samples were typically collected once a week during the 

2nd trimester and the next four or five samples were typically collected once a week during 

the 3rd trimester. Circle points represent first morning voids (FMVs) and black diamond 

points represent 24-hour samples.
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Figure 4. 
Intraclass correlation coefficients (ICC) and 95% confidence intervals (CI) of ln-transformed 

SG-corrected concentrations of bisphenol A (BPA), methyl paraben (MEPB), and propyl 

paraben (PRPB) using samples collected within the same (2nd or 3rd) trimester from 173 

pregnancies: (1) two first FMVs (first morning voids) in case when only FMVs were 

available in each trimester (n = 106 from 53 women), (2) one FMV and one pool with 2 

composites (n = 130 from 65 women), (3) one FMV and one pool with 3 composites (n = 

214 from 107 women), and (4) one FMV and one pool with 4 composites (n = 46 from 23 

women). Two FMVs used in ICC calculations were collected approximately 1 week apart 

and the last sample in the pool and the first FMV were approximately 2, 3, or 4 weeks apart 

depending on the number of composites in the pool. Pooled samples with a different number 

(2, 3, or 4) of composites were indicated in legend as Pool2, Pool3, and Pool4, respectively. 

In the selected pools, approximately 57%, 85%, and 76% of pools were comprised of at least 

one 24-hour sample in the pool with 2, 3, and 4 composites, respectively. Refer to Table S2 

for values of ICCs and 95% CIs.
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Table 1.

Characteristics of study population (n = 164 women from 173 unique pregnancies) included in the current 

study

Characteristics 
a n %

Race/ethnicity

 White (non-Hispanic) 96 55%

 Hispanic 38 22%

 Other 
b

39 23%

Pre-pregnancy BMI

 Normal/ underweight 
c

86 50%

 Overweight 47 27%

 Obese 40 23%

Education

 Less than bachelor’s degree 82 47%

 Bachelor’s degree 69 36%

 Graduate or professional degree 29 17%

Age at delivery

 < 35 years 91 53%

 ≥ 35 years 82 47%

Homeownership

 Yes 62 36%

 No 107 62%

 Missing 4 2%

Parity

 1 69 40%

 >1 100 58%

 Missing 4 2%

a
Seven women participated in the study for two different pregnancies and one woman participated for three different pregnancies over our study 

period.

b
Includes Black (5%), Asian (14%), and multiracial (3%).

c
Only three women were underweight (1.7%).
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