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Bisphenol A and phthalate metabolite urinary concentrations:
Daily and across pregnancy variability

Mandy Fisher', Tye E. Arbuckle', Ranjeeta Mallick?, Alain LeBlanc?, Russ Hauser?, Mark Feeley', Diane Koniecki', Tim Ramsay?,

Gilles Provencher®, René Bérubé® and Mark Walker?

Phthalates and bisphenol A (BPA) are high production volume and ubiquitous chemicals that are quickly metabolized in the body.
Traditionally, studies have relied on single spot urine analyses to assess exposure; ignoring variability in concentrations throughout
a day or over a longer period of time. We compared BPA and phthalate metabolite results from urine samples collected at five
different time points. Participants (n=80) were asked to collect all voids in a 24 h period on a weekday and then again on a
weekend before 20 weeks of pregnancy. During the second and third trimesters and in the postpartum period, single spot urines
were collected. Variability over time in urinary concentrations was assessed using intraclass correlation coefficients (ICCs) and the
sensitivity to correctly classify a single sample as high or low versus the geometric mean (GM) of all samples was calculated. We
found low reproducibility and sensitivity of BPA and all phthalate metabolites throughout pregnancy and into the postpartum
period but much higher reproducibility within a day. Time of day when the urine was collected was a significant predictor of
specific gravity adjusted exposure levels. We concluded that, if the interest is in average exposures across pregnancy, maternal/fetal
exposure estimation may be more accurate if multiple measurements, collected across the course of the entire pregnancy, rather
than a single spot measure, are performed.
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INTRODUCTION

Phthalates and bisphenol A (BPA) are high production volume
man-made chemicals that are found in a number of industrial and
consumer products and have widespread exposure in humans.'?
BPA and some phthalates are suspected endocrine disruptors and
have been associated with adverse reproductive and develop-
mental effects in both animal® and human®® studies.

Neither phthalates nor BPA bioaccumulate: they have very short
half-lives in vivo, with most metabolites leaving the body within
24 h. Traditionally, urinary metabolite concentrations of phthalate
metabolites and BPA have been measured from a single spot
urine sample. Collecting a spot urine sample is relatively inexpen-
sive and efficient, but ignores the diurnal and day-to-day varia-
bility of exposure to these ambient chemicals. In particular, during
pregnancy there are both physiological and behavioral changes
that could affect chemical concentrations and metabolism.2° To
assess the potential reproductive toxicity of these chemicals, it is
important to have valid and reliable measures of exposure. There
are a few studies'®"'® that have examined the temporal variability
of phthalate metabolites and BPA in pregnant women, but none
have measured the variability within a day.

A major goal of this study was to examine intra-individual
variability in urinary concentrations of BPA and phthalate meta-
bolites, diurnally as well as throughout pregnancy, and during the
post-partum period.

METHODS

Subjects

The Plastics and Personal-care Products use in Pregnancy (P4) study was
approved by the research ethics boards at Health Canada and the Ottawa
Hospital. After signing informed consent, 80 pregnant women were
recruited prior to 20 weeks gestation from two obstetrical clinics in Ottawa,
Canada between November 2009 and December 2010. Eligibility criteria
included the ability to consent and communicate in English or French, age
18 years or older, gestation less than 20 weeks and planning on delivering
at a local hospital. Women who had fetal abnormalities or major malfor-
mations in the current pregnancy, or had a history of medical complica-
tions (e.g., thyroid disorder, hypertension, diabetes and epilepsy), threat of
spontaneous abortion or illicit drug use were excluded from the study.

Sampling Schedule

The sampling schedule is shown in Table 1. At the time of recruitment
women were asked to collect all urine voids over a 24 h period, on a
weekday (T1a) and/or a week-end day (T1b). Voids were collected in
120 ml Nalgene specimen cups and the time and date of each sample was
recorded. Women were instructed to keep the urine cool at all times and
were provided with the urine cups and a cooler bag with ice packs in order
to avoid degradation of the target chemicals.'® A research assistant from
the Ottawa Hospital visited the participants’ home to collect the urine
samples and deliver them to the hospital lab where they were homo-
genized in a Vortex Mixer for 5s and an aliquot removed and frozen at
— 80 °C within 36 h of collection. During the 2nd (T2; 24-28 weeks) and 3rd
trimesters (T3; 32-36 weeks) and in the post-partum period (T5; 2-3
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Table 1. Study schedule.

Study time period Early pregnancy 2nd Trimester 3rd Trimester Delivery 2-3 Months
(Prior to 20 weeks) (24-28 weeks) (32-36 weeks) post-partum

Tla T1b T2 T3 T4 5
Day of the week Weekday Weekend day Either Either Either
Type of sample All voids collected All voids collected One spot One spot One spot

Chemical analysis Part |
Sample size®
No. samples

Chemical analysis Part Il
Sample size®
No. samples

throughout a 24 h
period as multiple
spot urine samples

X

64
522 (median of 8 per
participant)

X

31
270 (median=9 per
participant)

throughout a 24 h
period as multiple
spot urine samples

urine sample

urine sample

urine sample

X X X X

66 70 71 63
534 (median 8 per 70 71 63
participant)

X

31

272 (median=9 per
participant)

2In Part | there were 80 participants invited to do the study. They could choose to do T1a, T1b or both. PA subset of participants that did both T1a and T1b

(n=31).

Table 2. Chemical metabolites.

Study time points Metabolite Abbreviation LOD (ug/l)

Part I: Measured at T1a, T1b, T2, T3, T5 Bisphenol A BPA 0.2
Monoethyl phthalate MEP 0.5
Mono-n-butyl phthalate MBP 0.4
Monocyclohexyl phthalate MCHP 0.2
Monobenzyl phthalate MBzP 0.2
Monoethylhexyl phthalate MEHP 0.2
Mono-(2-ethyl-5-hydroxyhexyl) phthalate MEHHP 0.4
Mono-(2-ethyl-5-oxohexyl) phthalate MEOHP 0.2
Mono-n-octyl phthalate MOP 0.7
Mono-3-carboxypropyl phthalate MCPP 0.2
Mono-isononyl phthalate MiNP 0.7
Monomethyl phthalate MMP 5

Part Il: Measured at T1a, T1b Mono-iso-butyl phthalate MiBP 0.25
Mono(2-carboxy-methylhexyl) phthalate MCMHP 0.13
Mono-2-hydroxy-isobutyl phthalate 20H-MiBP 0.071
Mono-(2-propyl-6-oxo-heptyl) phthalate MOIDP 0.016
Mono-(3-hydroxy-n-butyl) phthalate MHBP 0.092
Mono-(2-ethyl-5-carboxypentyl) phthalate MECPP 0.13
Mono-(7-hydroxy-methyloctyl) phthalate MHiNP 0.052
Mono(hydroxy-isononyl) phthalate MHiDP 0.08
Mono-(7-carboxy-2,7-dimethylheptyl) phthalate MCiNP 0.12
Mono-(carboxy-isooctyl) phthalate MCiOP 0.04

months), women were asked to provide a single spot urine sample
(minimum 50 ml) at a regularly scheduled clinic visit or at home visit. These
samples were also kept cool (refrigeration) and frozen within 36 h of collec-
tion. At each time point, participants completed questionnaires about their
pregnancy, employment, smoking status and potential exposures. Samples
of cups, storage vials and urine handling materials were evaluated prior to
beginning the study and found not to be a source of sample contamina-
tion for any of the analytes being measured in this study.

Chemical Analysis

The P4 study chemical analysis was divided into two parts (see Table 2).
Part | measured 11 different phthalate metabolites and BPA in urine
collected at all study time points (T1a, T1b, T2, T3, T5) while Part Il
measured an additional 10 phthalate metabolites just in the 24 h serial
spot urines (T1a, T1b) for a subset of participants who completed both
visits (n=31). For urine measurements, three different methods were
developed by the Laboratoire de toxicologie of the Institut national de santé
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publique du Québec (INSPQ). A gas chromatographic tandem mass
spectrometric method was used for the measurement of BPA and ultra-
performance liquid chromatography methods were used for the analysis of
phthalate metabolites. The methods used isotope dilution standardization
with radio-labeled or deuterated analogues for most of the compounds.
The methods were fully validated using ISO 17025 guidelines. Limit of
detection (LOD), limit of quantification (LOQ), linearity, accuracy, intra-day
and inter-day precision, specificity and robustness assays were applied to
the methods. Because of the ubiquity of the substances BPA and phthalate
esters, labware and reagent chemicals were carefully treated to eliminate
contamination during sample preparation and analysis. Labware was
washed with organic solvent or baked (500 °C) while some reagents (e.g.,
carbonate buffer) were washed with organic solvents. Quality control
samples (blank, low, medium and high concentration levels) were used for
each analyte. Urine specific gravity (SG) was measured using a digital
refractometer with automatic temperature compensation (Atago UG-alpha,
#3464).

© 2015 Nature America, Inc.



The determination of total BPA (free plus conjugated) was measured
after enzymatic hydrolysis of urine samples. After derivatization with
pentafluorobenzyl bromide, the samples were extracted with a mixture of
hexane and dichloromethane and then analyzed using an Agilent 6890 gas
chromatograph coupled with a Waters Quattro mass spectrometer
equipped with a source operating in the negative chemical ionization
mode and a detector in MRM mode.

For the phthalate analysis, urine samples were enzymatically hydrolyzed.
The resulting phthalate monoesters were extracted either by an anion
exchange solid phase for Part | of the study or by a liquid-liquid technique
using a mixture of hexane and ethyl acetate for Part Il. The dry extracts
reconstituted with aqueous solvents were analysed using a Micromass
Quattro Premier XE mass spectrometer (for all analytes of Part | and
MCMHP of Part Il) or a Waters Xevo TQ-S mass spectrometer (for other
analytes of Part Il) in MRM mode with an electrospray ion source in
negative mode.

Statistical Analysis

Data analysis was performed using SAS Enterprise Guide (version 4.2). The
numeric machine readings from the INSPQ lab were reported for phthalate
metabolites and BPA for levels below the LOD. Given that urinary levels
were not normally distributed, they were natural log-transformed.
Metabolites with less than 70% detection were excluded from the analysis
(mono-isononyl phthalate [(MiNP), mono-(7-hydroxy-methyloctyl) phtha-
late (MHiIDP), mono-(7-carboxy-2,7-dimethylheptyl) phthalate (MCiNP),
mono-(carboxy-isooctyl) phthalate (MCiOP)]. We conducted descriptive
statistics to calculate frequency distributions of maternal characteristics,
and the geometric mean and percentiles of each chemical by visit.
Spearman correlations were calculated on SG adjusted metabolite levels
between trimester single spot urine samples (T2, T3) and postpartum
samples (T5). The SG-adjusted concentration used the following formula
adapted from Just et al:'” P.=P; [(SG,-1)/(SG;—1)] where P, is the
SG-adjusted metabolite concentration, P; is the observed metabolite
concentration, and SG; is the specific gravity of the urine sample and SG, is
the median SG for the cohort. We examined time of day differences in
metabolite levels for the 24 h serial spot urine samples (T1a, T1b). We
reported geometric means (GMs) for each time period and tested for fixed
effects using specific gravity adjusted log-transformed metabolite levels in
mixed models with random subject effects.

The MEHP% was calculated by converting the concentrations of the five
di-2-ethylhexyl phthalate (DEHP) metabolites [(monoethylhexyl phthalate
(MEHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-
5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-carboxy-pentyl)phthalate
(MECPP), mono(2-carboxy-methylhexyl)phthalate (MCMHP)] into nmol/L
and dividing the molar mass of MEHP by the mass of the sum of all five
metabolites, then multiplying by 100 to give MEHP%. The MEHP%
represents a person’s relative efficiency to form the more hydrophilic and
potentially less biologically active secondary metabolites.'®'® We also
calculated the mass concentration ratio of MECPP to MEHHP, which is a
potential indicator of DEHP exposure timing.'®"?

Intraclass correlation coefficients (ICC) were calculated using a one-way
random effects model (Proc Mixed) to estimate the between- and within-
subject variability within a day and throughout pregnancy. ICC measures
the ratio of between-subject variance to total variance ranging from 0
(meaning no within person reproducibility) to 1 (meaning perfect
reproducibility): 0.75 was defined as high; 0.40-0.75 as moderate; below
0.40 as poor reproducibility.”® We ran two different models: 1) unadjusted
for specific gravity (SG); and, 2) SG- adjusted metabolite concentrations.
We imputed 0.0001 for values of 0 in the log transformed urinary
metabolites. To calculate ICCs across all study time points, we chose a
random sample (proc survey select) for each participant from T1A and T1B
where serial samples were collected over a 24 h period.

For the calculation of empirical distribution of sensitivity, we followed
the methods given in Adibi et al,'® which involved the following steps:
(1) a single sample per woman was randomly selected from any visit and
classified as high or low based on the Canadian Health Measures Survey
(CHMS) geometric mean (GM) for women of reproductive age as the cutoff
point for BPA?' and phthalates;?? (2) the “True” exposure was calculated
from the GM of the woman’s remaining samples and was similarly
classified as low or high based on the CHMS GM for that metabolite; (3) for
each woman, the randomly selected sample was compared with the GM
(“True” exposure) of all her remaining samples in terms of low vs. high
exposure and the sensitivity, specificity, positive predictive value (PPV), and
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negative predictive value (NPV) were calculated; and, (4) the process was
repeated 1000 times and the median was reported.

RESULTS

Most of the women in the study were born in Canada and had a
high household income of >$100,000 Canadian per year (see
Table 3). Close to half of the women were primiparous (46%) and
the mean maternal age was 32.4 years (median 32 years). Over
32% of the participants had tried smoking at some point in their
life but only a few were current smokers (data not shown). Season
of conception was nearly evenly spread across all seasons.

The chemical descriptive statistics are shown in Table 4. There
was 100% detection for BPA, mono-n-butyl phthalate (MBP),
MEHHP, monoethyl phthalate (MEP), mono-2-hydroxy-isobutyl
phthalate (20H-MiBP), MECPP and mono-iso-butyl phthalate
(MiBP). The BPA geometric mean was quite consistent across
pregnancy and into the postpartum period and ranged from 1.2-
1.5 ug/l depending on the visit. The highest phthalate metabolite
levels were those of MEP (GM 42.5 ug/l) followed by MBP (23 ug/l).
The correlation between pregnancy spot urine samples (T2, T3)
and the postpartum samples are shown in Table 5. The highest
correlation (r=0.54) was seen among the MBP third trimester (T3)
and postpartum (T5) spot urine samples. Within pregnancy there
were significant but low correlations for BPA, MBP, MEHP, MEOHP,
and MEP. We found significant differences in metabolite levels by
time of day for several metabolites (see Table 6 and Figure 1). We
found the highest levels in the evening (18:00-23:59) for BPA,
MCPP, MHBP, MHINP and 4 DEHP metabolites (MEHP, MEHHP,

Table 3. Characteristics of participants in the P4 study (n=80).
Covariate Frequency N (%)
Maternal age category (years)

<25 6 7.50
25-29 1 13.75
30-34 37 46.25
35-39 19 23.75
40+ 7 8.75
Parity category
1 37 46.25
2 34 42.50
>3 9 11.25
Pre-pregnancy BMI
Underweight/normal 53 71.62
Overweight 15 20.27
Obese 6 8.11
Income
<70,000 1 13.75
70,001-80,000 7 8.75
80,001-100,000 13 16.25
More than 100,000 44 55
Foreign born
Yes 17 21.25
No 63 78.75
Smoking history
Never 53 67.95
Ever 25 32.05
Season of conception
Fall 23 28.75
Winter 17 21.25
Spring 21 26.25
Summer 19 23.75
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Table 4. Maternal urinary concentrations of unadjusted BPA and phthalates by time period (ug/l).
Chemical Visit % < LOD Geometric mean p5 p25 p50 p75 p95 Max
BPA Tla 0.8 1.14 0.18 0.64 1.30 2.39 5.02 86.96
T1b 0.2 1.18 0.20 0.59 1.13 2.30 7.75 297.85
T2 14 1.31 0.30 0.78 143 2.64 7.72 14.62
T3 14 1.06 0.37 0.86 1.30 1.92 3.32 7.61
T5 0.0 1.19 0.27 0.59 1.00 2.34 10.00 12.89
MBP Tla 0.0 16.02 2.30 7.11 17.09 35.00 101.98 660.00
T1b 0.0 17.95 3.00 8.54 18.94 37.00 94.00 2700.00
T2 0.0 19.16 341 8.30 20.64 46.00 100.00 250.00
T3 0.0 22.63 4.10 13.70 23.50 38.77 87.00 163.35
T5 0.0 20.18 3.44 9.70 19.00 46.64 86.00 176.21
MBzP Tla 2.2 9.85 0.92 3.58 9.30 25.62 139.13 2132.00
T1b 0.8 7.66 1.00 2.80 7.10 19.00 69.15 1430.00
T2 0.0 8.80 0.86 3.10 8.75 19.00 82.24 131.00
T3 14 10.70 1.07 5.40 10.00 24.00 151.57 384.30
T5 1.6 11.45 1.00 4.80 13.09 32.00 79.03 164.49
MCPP Tla 9.6 1.42 0.00 0.81 2.40 7.02 26.20 128.60
T1b 3.6 1.98 0.22 0.92 1.92 5.11 27.00 460.00
T2 7.1 1.30 0.10 0.66 1.45 3.50 20.00 116.19
T3 43 1.76 0.29 1.10 2.05 5.10 13.00 38.33
T5 34 2.80 0.27 1.50 4.00 7.30 22.90 85.00
MEHHP Tla 0.0 13.22 1.90 6.00 14.28 27.00 110.00 1335.00
Tib 0.0 10.94 2.10 5.50 11.00 23.00 54.00 323.26
T2 0.0 9.62 1.50 4.70 9.15 17.00 93.89 270.00
T3 0.0 13.42 3.10 8.50 13.00 21.83 76.44 220.00
T5 0.0 13.77 2.20 8.10 13.00 27.96 93.07 250.00
MEHP Tla 6.1 224 0.20 1.10 2.80 6.10 25.84 603.00
T1b 29 2.52 0.42 1.30 2.58 5.40 14.34 68.00
T2 2.9 2.09 0.32 1.05 1.85 3.54 19.27 64.00
T3 3.0 2.26 0.53 1.00 2.10 4.60 18.15 43.00
T5 3.6 222 0.36 1.25 2.39 437 8.46 19.00
MEOHP Tla 0.0 7.89 1.10 3.60 8.56 16.00 58.00 811.00
T1b 0.2 6.89 1.30 3.50 7.25 14.25 30.57 167.30
T2 0.0 6.60 0.78 3.28 5.59 11.71 59.75 210.00
T3 0.0 9.69 2.20 6.10 9.09 17.00 48.00 180.00
T5 0.0 7.46 1.22 4.15 7.62 16.00 37.00 160.00
MEP Tla 0.0 30.82 3.67 10.81 24.70 84.00 396.18 7686.00
T1b 0.0 28.11 3.62 10.84 27.00 66.00 280.00 3500.00
T2 0.0 34.31 7.50 14.00 32.10 72.00 512.02 960.00
T3 0.0 42.48 7.30 16.06 33.00 100.00 770.00 1868.97
T5 0.0 25.11 2.40 8.66 25.73 49.58 250.00 2000.00
C-20H-MiBP Tla 0.0 4.26 0.96 2.15 4.00 8.14 19.92 111.79
T1b 0.0 4.18 1.08 2.40 4.30 7.06 16.22 55.82
MCMHP Tla 1.2 2.90 0.62 1.47 3.08 541 23.34 103.44
Tib 0.0 2.35 0.59 1.35 2.58 411 8.39 17.93
MECPP Tla 0.0 10.49 2.20 4.85 10.25 18.51 64.20 335.42
T1b 0.0 8.71 2.44 4.81 8.57 14.94 35.15 101.06
MHBP Tla 1.6 1.30 0.15 0.57 1.27 3.36 9.22 30.53
T1b 0.8 1.67 0.32 0.72 1.66 3.85 12.59 410.10
MHiNP Tla 0.4 1.97 0.22 0.71 1.77 5.79 21.19 91.99
T1b 0.0 2.24 0.29 0.85 1.70 5.39 3292 953.92
MOIDP Tla 74 0.13 0.00 0.07 0.17 0.42 1.62 4331
T1b 7.7 0.16 0.01 0.10 0.26 0.49 1.29 6.93
MiBP Ta 0.0 7.04 1.49 3.58 6.98 12.87 30.68 265.54
T1b 0.0 6.71 1.94 4.10 6.46 1033 28.60 253.35
Tla: <20 weeks (all voids in 24 h collected as spot urines—weekday); T1b: < 20 weeks (all voids in 24 h collected as spot urines—weekend day); T2: 24—
28 weeks gestation (one spot urine); T3: 32-36 weeks gestation (one spot urine); T5: 2-3 months postpartum (one spot urine).

MEOHP, MECPP). Only MEP had the highest level in the morning
samples (8:00-11:59), while MBzP, 20H-MiBP, MCMHP and MiBP
were highest between midnight and 7:59. Presumably one of the
samples within this time period could have included the first
morning void.

The ICCs for Part | and Part Il of the study are shown on Tables 7
and 8 and displayed in Figures 2 and 3. SG-adjusted ICCs were
consistently higher than the unadjusted ICCs for the within day
samples (T1a and T1b) but had minimal effect or reduced the ICC
across all time points. For Part | metabolites, within a day
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reproducibility was moderate for some phthalate metabolites
(MEP, MBzP) and the ICCs were quite similar for the weekdays and
the weekend days. However there was low reproducibility across
all time points for all metabolites, including BPA. For Part II
metabolites (Table 6), there was moderate reproducibility within a
week-day or week-end day for 20H-MiBP, MHiNP, mono-(2-propyl-
6 oxo heptyl)phthalate (MOIDP), MiBP, MEHP% and MECPP/
MEHHP ratio. There were often differences between the weekday
(T1a) and weekend day (T1b) ICCs but this difference was not
consistent across chemicals.

© 2015 Nature America, Inc.



DISCUSSION

In general we found metabolite levels to vary by time of day, and
ICCs were much higher for the within day samples (T1a and T1b)
than across all time points. The ICCs were higher for metabolites of
chemicals used in consumer products (e.g., MEP, MBzP),?® than for
chemicals for which diet is likely to be the main source (e.g., BPA,
DEHP metabolites). We found that all metabolites had low ICCs
across pregnancy and into the postpartum period. The correlation
coefficients across visits were generally low with some moderate
correlations for only MBP and MEP.

BPA

The P4 study found low reproducibility of BPA within a weekday
(0.33), a weekend day (0.31) and across pregnancy (0.07). In
general, the literature suggests low reproducibility of BPA with
reported ICCs ranging from 0.10-0.32 for studies looking at
pregnant women.'"'31324°27 The P4 study urinary concentrations

Table 5. Correlation between pregnancy (T2, T3) and postpartum (T5)
samples.
Metabolite Spearman correlation (SG adjusted levels)
T2-T3 T2-T5 T3-T5
BPA 0.28 0.10 0.18
MBP 0.38 0.29 0.54
MBzP 0.19 0.07 0.30
MCPP 0.11 —-0.01 —-0.02
MEHP 0.29 0.13 0.40
MEHHP 0.23 0.15 0.19
MEOHP 0.26 0.30 0.28
MEP 0.51 0.40 0.47
T2=second trimester (24-28 weeks gestation); T3 =third trimester
(32-36 weeks gestation); T5=2-3 month postpartum. Bold = significant
at 0.05 level or more.
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Table 6. Geometric mean by time of day.
Metabolite Time of day of urine sample® No. samples
Midnight to 7:59 8:00 to 11:59 12:00 to 17:59 18:00-23:59
GM P-value® GM P-value GM P-value GM P-value
BPA 1.25 1.01 0.0655 1.37 0.1268 1.66 0.0003 1017
MBP 18.12 ref¢ 16.55 0.0984 22.20 0.0076 20.37 0.0488 1029
MBzP 10.95 ref 8.53 0.0151 10.51 0.7531 9.97 0.5962 1029
MCPP 1.75 ref 1.02 0.0097 1.84 0.6851 3.18 0.0016 1029
MEHP 2.16 ref 1.64 0.0470 3.33 < 0.0001 3.74 < 0.0001 1029
MEHHP 13.02 ref 9.40 < 0.0001 15.07 0.0052 17.53 < 0.0001 1029
MEOHP 8.04 ref 5.91 < 0.0001 9.16 0.0136 10.63 < 0.0001 1029
MEP 32.51 ref 3945 0.0015 35.09 0.0634 30.39 0.3122 1029
20H-MIBP 4.81 ref 4.71 0.1937 4.69 0.3735 4.60 0.9773 542
MCMHP 3.39 ref 2.98 0.1898 244 0.0016 3.25 0.6757 542
MECPP 9.92 ref 8.48 0.0392 10.87 0.3440 13.14 0.0002 542
MHBP 1.29 ref 1.29 0.8911 1.97 0.0019 1.77 0.0165 542
MHiNP 1.83 ref 1.68 0.3969 2.26 0.2227 3.71 < 0.0001 542
MOIiDP 0.11 ref 0.10 0.3380 0.19 0.0109 0.24 0.0006 542
MiBP 8.17 ref 7.74 0.8837 7.34 0.3363 7.66 0.7312 542

mixed models with random subject effects. “Reference category.

2samples are both T1A and T1B visits (multiple spot urine samples over 24 hours). ®Test for fixed effects using SG adjusted log-transformed metabolite levels in
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Journal of Exposure Science and Environmental Epidemiology (2015), 231-239



Temporal variability of bisphenol A and phthalates

Fisher et al

were similar to other studies of pregnant women, with our
geometric means ranging from 1.2-1.5ug/l (see Supplementary
Materials). In a CDC study with 8 participants who collected 427
samples over one week, the authors found high within person
variance for spot urine, first morning voids and 24h urine
samples.® There are 2 studies?®>° that have found moderate ICCs
(0.40, 0.51) in men and children. Both these studies collected
samples only days apart. Like other authors®” we found low
correlation across pregnancy study visits for BPA. In our time of
day analysis we found the highest BPA levels in the evening
samples (18:00-23:59). If the main source of BPA is food*' it seems
reasonable that the highest levels would be in the evening after
consuming food all day. However Stahlhut et al.*? did not find a
strong association between fasting times and BPA levels.

MEP and MBzP

Both MEP and MBzP had moderate reproducibility for samples
collected within a day (T1a, T1b) (see Figure 2). We also found
moderate correlation coefficients between trimester spot urines

Journal of Exposure Science and Environmental Epidemiology (2015), 231-239

Table 7. Intraclass coefficients (Part | data). Table 8. Intraclass coefficients (Part Il data).
Urinary Time period © ICC (95% Cl) Urinary Time period ICC
metabolite metabolite
Unadjusted SG adjusted Unadjusted SG adjusted
BPA T1a (weekday) 0.31 (0.22, 0.42) 0.33 (0.24, 0.44) 20H-MiBP T1a (weekday) 0.42 (0.28, 0.57) 0.63 (0.49, 0.75)
T1b (weekend) 0.33 (0.23, 0.44) 0.31 (0.22, 0.43) T1b (weekend) 0.36 (0.23, 0.52) 0.63 (0.49, 0.75)
T2, T3, T5 only 0.06 (0.00, 0.56) 0.05 (0.00, 0.69) Both 0.34 (0.23, 0.48) 0.59 (0.46, 0.71)
Across all time 0.11 (0.04, 0.26) 0.07 (0.02, 0.25) MCMHP T1a (weekday) 0.20 (0.10, 0.36) 0.17 (0.08, 0.33)
points (SRSP) T1b (weekend) 0.26 (0.14, 0.43) 0.49 (0.34, 0.64)
MBP T1a (weekday) 0.35 (0.25, 0.46) 0.44 (0.34, 0.55 Both 0.20 (0.11, 0.33) 0.21 (0.12, 0.35)
T1b (weekend) 0.38 (0.28, 0.48) 0.38 (0.29, 0.49) MECPP T1a (weekday) 0.49 (0.34, 0.63) 0.60 (0.46, 0.73)
T2, T3, T5 0.30 (0.16, 0.47) 0.35 (0.21, 0.51) T1b (weekend) 0.18 (0.09, 0.34) 0.29 (0.17, 0.45)
Across all time 0.30 (0.19, 0.42) 0.32 (0.21, 0.44) Both 0.28 (0.18, 0.42) 0.40 (0.28, 0.54)
points (SRSP) MHBP T1a (weekday) 0.36 (0.23, 0.52) 0.39 (0.25, 0.55)
MBzP T1a (weekday) 0.60 (0.50, 0.69) 0.73 (0.65, 0.80) T1b (weekend) 0.38 (0.25, 0.54) 0.37 (0.24, 0.53)
T1b (weekend) 0.60 (0.51, 0.69) 0.70 (0.61, 0.77) Both 0.29 (0.18, 0.43) 0.27 (0.17, 0.41)
T2, T3, T5 0.23 (0.11, 0.43) 0.20 (0.08, 0.42) MHINP T1a (weekday) 0.51 (0.37, 0.66) 0.53 (0.38, 0.67)
Across all time 0.24 (0.14, 0.37) 0.23 (0.13, 0.36) T1b (weekend) 0.54 (0.40, 0.68) 0.60 (0.46, 0.73)
points (SRSb) Both 0.33 (0.21, 0.47) 0.34 (0.22, 0.47)
MCPP T1a (weekday) 0.21 (0.14, 0.32) 0.21 (0.13, 0.31) MOIDP T1a (weekday) 0.42 (0.28, 0.57) 0.41 (0.27, 0.56)
T1b (weekend) 0.36 (0.26, 0.47) 0.31 (0.22, 0.42) T1b (weekend) 0.45 (0.31, 0.61) 0.46 (0.31, 0.61)
T2, T3, T5 0.23 (0.10, 0.46) 0.21 (0.08, 0.45) Both 0.29 (0.18, 0.43) 0.28 (0.17, 0.41)
Across all time 0.21 (0.11, 0.36) 0.19 (0.10, 0.35) MiBP T1a (weekday) 0.37 (0.24, 0.53) 0.53 (0.39, 0.67)
points (SRSP) T1b (weekend) 0.41 (0.27, 0.57) 0.68 (0.55, 0.79)
MEHHP T1a (weekday) 0.34 (0.25, 0.45) 0.42 (0.32, 0.53) Both 0.36 (0.24, 0.49) 0.58 (0.45, 0.71)
T1b (weekend) 0.30 (0.21, 0.41) 0.30 (0.21, 0.41) MEHP% T1a (weekday) 0.56 (0.42, 0.70)
T2, T3, T5 0.25 (0.12, 0.43) 0.18 (0.07, 0.39) T1b (weekend) 0.60 (0.46, 0.73)
Across all time 0.18 (0.10, 0.32) 0.15 (0.07, 0.29) Both 0.48 (0.35, 0.62)
points (SRSP) MECPP/MEHHP T1a (weekday) 0.55 (0.41, 0.69)
MEHP T1a (weekday) 0.28 (0.19, 0.38) 0.27 (0.18, 0.37) ratio T1b (weekend) 0.70 (0.57, 0.80)
T1b (weekend) 0.39 (0.29, 0.50) 0.41 (0.31, 0.52) Both 0.58 (0.44, 0.70)
T2, T3, T5 0.32 (0.18, 0.50) 0.23 (0.11, 0.44)
Across all time 0.16 (0.08, 0.29) 0.12 (0.05, 0.26)
points (SRSP)
MEOHP EE ((initiiﬁ) g;; Eg;g g:ig; ggg Eg;g gf‘g; and the postpartum period (Table 5). The majority of cher studies
T2, T3, T5 0.27 (0.15, 0.45) 0.21 (0.10, 0.41) have also shown high to moderate reproducibility for MEP
Across all time 0.22 (0.13, 0.35) 0.20 (0.11. 0.33) measured in repeated spot urine samples,11 and in repeated first
points (SRS®) morning voids.?®**738 Eight other studies have found moderate
MEP T1a (weekday) 0.66 (0.57, 0.75) 0.76 (0.69, 0.83) ICCs for MBzP with ICCs ranging from 0.41-0.65'01%1833-363839
T1b (weekend) 0.68 (0.59, 0.76) 0.78 (0.71, 0.84) (See Supplementary Table 2). However across all time points, we
T2, 13,75 0.34(0.20, 0.51) 0.33 (0.20, 0.50) found low reproducibility for both MEP and MBzP. Adibi et al.’®
Acf°fs (""SI:?;'%W 0.38 (0.27,051) 038 (027, 0.50) reported low reproducibility for MEP for repeat spot urines over
points 6 weeks in pregnancy. Townsend et al.?® and Teitlbaum*® showed
@Across all time points; throughout pregnancy and up to 3 months lower reproducibility of samples collected over a longer period of
postpartum. bSRS-asimpIe random sample to select one sample from T1a time (6 months to 3 years), The time of day analysis (Table 6)
and T1b. showed MEP to vary by time of day with the highest levels

between 8:00-11:59. Preau et al.>® also showed significant varia-
tion of MEP within a day, among 8 volunteers who collected 427
samples over 7 consecutive days.

MCPP

Our study showed low reproducibility throughout pregnancy and
within a day. Other studies have also shown low reproduci-
bility'®*° for MCPP. In contrast, Adibi et al.'® found moderate
reproducibility (0.44) in spot urine samples from pregnant women
collected over 6 weeks, while Peck et al.>® found moderate ICCs
(0.59) in samples from women who collected serial first morning
voids over 2 months.

MBP, MiBP

Our study suggested lower reproducibility across the study period
for MBP. However, we saw moderate reproducibility within a
weekday (MBP, MiBP) and weekend day (MiBP). The literature
suggests that the reproducibility of MBP appears to be moderate
to high with the majority of studies showing adjusted ICCs above
0.40.'071234-3639 £ MiBP, other studies have reported ICCs that
ranged from 0.28%° to as high as 0.54."°

© 2015 Nature America, Inc.



DEHP Metabolites (MVEHP, MEHHP, MEOHP, MECPP, MCMHP)

Our study showed low reproducibility across pregnancy for MEHP,
MEHHP, MEOHP, which is in agreement with other studies.'®'?
For some DEHP metabolites, within day reproducibility was mode-
rate for a weekday (MEHHP, MECPP) and a weekend day (MEHP,
MCMHP). Two other studies have shown moderate reproducibility
of MEHP over the short term.>*** Townsend et al.*® found mode-
rate reproducibility in MECPP in samples from first morning voids
over 1-3 years. Time of day was an important predictor for all of
the DEHP metabolites measured with the highest levels for 4 of
them (MEHP, MEHHP, MEOHP, MECPP) being in the evening.
Cantonwine et al.'? also found significant variation for MECPP by
time of day in their study.

Derived Exposures

The MEHP% calculation has been suggested as a way to calculate
a person’s relative efficiency to metabolize the monoester (MEHP)
to the more hydrophilic oxidative secondary metabolites (MEHHP,
MEOHP, MECPP, MCMHP).">'® In our study, MEHP% was more
reproducible within a weekday (ICC=0.56) and weekend day
(ICC=0.60) than any of the secondary metabolites alone. Three
other studies'®'>'® have also shown higher ICCs for MEHP% than
the secondary metabolites alone (see Supplementary Tables). This
may suggest that despite the variability in excretion of the meta-
bolites in urine, the metabolism (MEHP%) may be more repro-
ducible over time. We also calculated the mass concentration ratio
of MECPP to MEHHP, which is a potential indicator of timing
between DEHP exposure and urine sample collection'®' and
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Figure 2. SG-adjusted ICCs for 24 h serial spot urine sampling within
a day (T1a, T1b) and across all time points. *One spot urine from
each of T1a and T1b selected using a simple random sample.
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found moderate reproducibility. Meeker et al.'® showed higher

reproducibility in the ratio than the metabolites alone but it was
still low (ICC=0.26). Cantonwine et al'? showed only slightly
higher reproducibility in the ratio compared with the meta-
bolites alone.

Surrogate Analysis

The surrogate analysis is shown on Table 9 with sensitivity to
correctly classify a participant in the ‘high’ category using a
randomly chosen sample versus the GM of all the urine samples
ranging from 0.64 (MHINP, MECPP) to 1.00 (MiBP). BPA had a
sensitivity of 65%, similar to that reported by Braun et al.'' (see
Table 10). Our results were similar to Adibi et al.'° for the following
phthalate metabolites: MBP, MBzP, MCPP and MEP; however,
Braun et al'' showed slightly lower sensitivities for MBP, MBzP
and MEP.

Limitations and Considerations

Our study is limited by its somewhat low recruitment (11%
acceptance) and bias towards highly educated, high-income
Caucasian women. A recent study”' showed significant differences

Table 9. Sensitivity and specificity of exposure classification (high vs
low).

Chemical Sensitivity Specificity PpPV? NPV®

Median Median Median Median

BPA 0.65 0.66 0.61 0.70
MBP 0.69 0.72 0.63 0.76
MBzP 0.74 0.72 0.66 0.79
MCPP 0.71 0.58 0.66 0.64
MEHHP 0.70 0.59 0.74 0.54
MEHP 0.75 0.56 0.86 0.38
MEOHP 0.71 0.57 0.76 0.50
MEP 0.76 0.86 0.77 0.85
MiBP 1.00 0.86 0.25 1.00
MCMHP 0.77 0.67 0.63 0.82
MECPP 0.64 0.65 0.59 0.69
20H-MiBP 0.71 0.71 0.67 0.76
MOIDP 0.71 0.71 0.72 0.67
MHBP 0.71 0.71 0.69 0.73
MHiINP 0.64 0.71 0.63 0.73

2positive predictive value. °Negative predictive value.

| T1a(weekday)
= T1ib (weekend)
= Both

SG-adjusted ICCs for 24 h serial spot urine sampling within a weekday, a weekend day, and both combined.
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Table 10. Sensitivity/specificity comparison table.

Chemical The P4 study during pregnancy Adibi et al."® during pregnancy Braun et al."'? 1st, 2nd, 3rd trimester
Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

BPA 0.65 0.66 0.70, 0.60, 0.67 0.85, 0.80, 0.84

MBP 0.69 0.72 0.67 0.88 0.62, 0.73, 0.69 0.80, 0.86, 0.84

MiBP® 1.00 0.50 0.50 0.95

MBzP 0.74 0.71 0.73 0.73 0.65, 0.62, 0.69 0.82, 0.80, 0.84

MCPP 0.71 0.61 0.74 0.56

MEHHP 0.70 0.59 0.62 0.50

MEHP 0.75 0.53 0.64 0.80

MEOHP 0.71 0.57 0.60 0.63

MEP 0.76 0.86 0.72 043 0.62, 0.81, 0.77 0.80, 0.90, 0.88

2Note Braun et al.'" used somewhat different methods. PMeasured only at T1A and T1B samples.

in urinary concentrations based on socioeconomic status and
ethnicity; however this would only be an issue if urinary
concentrations affect the variability of these biomarkers.

An ICC of 0.40 has been suggested as sufficient reproducibility
in a biomarker to justify using it in an epidemiological study;*
however, this would still cause exposure misclassification and a
reduction in the relative risk, as explained by de Klerk et al.** and
discussed by Adibi et al.’® In a simulation study, de Klerk et al.*®
estimated that an ICC of 0.42 in the exposure variable would still
result in a reduction in the median relative risk of 32% while an
ICC of 0.72 would give a 17% reduction.

CONCLUSIONS

We found low reproducibility and sensitivity of BPA and all phtha-
late metabolites throughout pregnancy and into the postpartum
period but, much higher reproducibility within a day. Time of day
was also a significant predictor of exposure levels. Given this, it
seems that for a few phthalate metabolites (MEP, MBzP) there is
moderate reproducibility over a short period of time in pregnancy
(days ) and, practically speaking, a single spot urine sample will quite
accurately represent exposure to phthlatates; however, to accurately
represent exposure over the course of the entire pregnancy, more
than one measurement at different times of day is required to get a
more accurate picture of exposure, particularly when diet is the main
source of exposure to the chemicals of interest.
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