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Abstract

Due to worldwide regulations on the application of the high production volume industrial chemical
bisphenol A (BPA) in various consumer products, alternative bisphenols such as bisphenol F (BPF) and
bisphenol S (BPS) are increasingly used. To assess human exposure to these chemicals, biomonitoring
of urinary concentrations is frequently used. However, the short-term variability of alternative
bisphenols has not been evaluated thoroughly yet, which is essential to achieve a correct estimation
of exposure. In this study, we collected all spot urine samples from ten healthy adults for five
consecutive days, and an additional 24 h pooled sample. We measured the concentrations of seven
bisphenols (BPAF, BPF, BPA, BPB, BPZ, BPS and BPAP) in these samples using gas chromatography
coupled to tandem mass spectrometry. BPA, BPF and BPS were frequently found in spot samples
(>80%), while bisphenol AP (BPAP) was detected in 43% of spot samples. Calculations of intra-class
correlation coefficients (ICCs) showed that reproducibility of these four bisphenols was relatively poor
(<0.01-0.200) but improved when concentrations were corrected for urine dilution using creatinine
levels (0.128-0.401). Of these four bisphenols, BPF showed the best reproducibility (ICC 0.200-0.439)
and BPS the most variability (ICC <0.01-0.128). In general, the within-participant variability of
bisphenol levels was the largest contributor to the total variance (47-100%). We compared repeated
first morning voids to 24 h pooled urine and found no significantly different concentrations for BPA,
BPF, BPS, or BPAP. Levels of BPA and BPF differed significantly depending on the sampling time
throughout the day. The findings in this study suggest that collecting multiple samples per participant
over a few days, in predefined time windows throughout the day, could result in a more reliable

estimation of internal exposure to bisphenols.

Keywords: bisphenols, variability, urine, intra-class correlation coefficient, biomonitoring

Capsule:

Levels of BPA, BPF and BPS differed significantly depending on the sampling time throughout the day

and between days.
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1. Introduction

Bisphenol A (BPA) is a chemical that is widely used in the manufacturing of consumer products, e.g.
plastics and coatings intended for packaging of food, receipts (Liao and Kannan, 2011; Geens et al.,
2012a; Geens et al., 2012b; Vervliet et al., 2019), dental restoration materials (Vervliet et al., 2018;
Xue et al., 2018), clothing (Xue et al., 2017; Li and Kannan, 2018) and electronics (Geens et al., 2011).
Although BPA is polymerized in most applications, the monomer can leach from these products and
thus, humans could be exposed, mainly through the dietary intake (Geens et al., 2010; European Food
Safety Authority, 2015). The increasing evidence that BPA is harmful to humans because of its
endocrine disrupting properties (Rochester, 2013; Gramec Skledar and Peterlin Masic, 2016) has led
to bans on BPA in certain products worldwide (e.g. baby bottles, thermal paper) (European Union,
2011a; European Union, 2011b; Kawamura et al., 2014; European Union, 2016) and the increasing use
of analogues, such as bisphenol F (BPF) and bisphenol S (BPS), in these applications instead (Liao et
al., 2012c; Bjornsdotter et al., 2017; Vervliet et al., 2019). Several studies have found these BPA
analogues in various matrices, e.g. indoor dust (Liao et al., 2012b), sediments (Liao et al., 2012d) and
different foodstuffs (Grumetto et al., 2013; Liao and Kannan, 2013; Chen et al., 2016; Russo et al.,
2019a; Russo et al., 2019b). Little is known about the potential toxicity of these BPA alternatives, but
there are indications that they too could have endocrine-disrupting or other detrimental properties
(Rochester and Bolden, 2015; Gramec Skledar and Peterlin Masic, 2016; Bjornsdotter et al., 2017;

Pelch et al., 2019), illustrating the importance of monitoring the human exposure to these chemicals.

Biomonitoring of human biological matrices is a valuable tool to assess internal human exposure to
chemicals coming from the environment, from product use and food consumption (Aylward et al.,
2014). Recent biomonitoring studies have increasingly measured and detected various BPA analogues
in human urine (Liao et al., 2012a; Hoffman et al., 2018; Lehmler et al., 2018; Frederiksen et al., 2020;
Gys et al., 2020). BPA has a short half-life (<7 h) and is quickly and largely conjugated excreted in urine,
thus making this the preferred matrix for measuring internal BPA exposure (Volkel et al., 2002; Thayer
et al., 2015). Pharmacokinetics of BPA analogues are not so well characterized yet. So far, a small
number of in vivo studies reported that BPF and BPS might be eliminated as glucuronide metabolites,
in a similar way, but at a slower rate compared to BPA (Oh et al., 2018; Gayrard et al., 2019; Gingrich
et al., 2019; Khmiri et al., 2020), but there is no consensus yet and more research is needed. Most
biomonitoring studies generally use a single spot urine sample per participant, often a first-morning
void, to characterize exposure levels. However, for non-persistent chemicals such as bisphenols, which
have multiple or incompletely characterized sources and are subject to changes in physiological status,

levels could vary greatly over time. Measuring bisphenols in single spot urine samples could thus result
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in a poor estimation of exposure (Aylward et al., 2014; Koch et al., 2014; Casas et al., 2018; Vernet et
al., 2019; Wang et al., 2019).

Over the past decade, the temporal variability of urinary BPA concentrations has been investigated in
several studies, in different study populations (e.g. children, mother-child pairs, adults and multiple
populations of pregnant women) and over varying timespans, ranging from 24 hours to 3 months.
Depending on the set-up of the respective study, poor to fairly good reproducibility was reported
(Teitelbaum et al., 2008; Lassen et al., 2013; Philippat et al., 2013; Heffernan et al., 2014; Koch et al.,
2014; Casas et al., 2018; Morgan et al., 2018; Sakhi et al., 2018; Vernet et al., 2018; Wang et al., 2019).
Studies evaluating shorter periods (e.g. 24 h, two days) often showed less variability (Heffernan et al.,
2014; Sakhi et al., 2018). Far less research has been conducted on the variability of other bisphenols

in the urine.

To the best of our knowledge, the variability of frequently measured and detected analogues, BPF and
BPS, have been investigated in only one study per compound. Variability of urinary BPF, over five days
and over three months, was evaluated in Chinese men and poor reproducibility was reported for spot
samples, morning voids and 24-hour pools (Wang et al., 2019). In the available study on the variation
of BPS and other phenolic compounds, variability was calculated within-day, within-week and
between-week, based on pooling of spot samples and the reported reproducibility of BPS was poor
(Vernet et al., 2018). Reproducibility of other bisphenols has not been reported yet, and also BPF and

BPS need to be investigated more elaborately.

In this study, we aimed to assess the short-term variability in urinary concentrations of BPA and six
bisphenol analogues (BPAF, BPF, BPB, BPZ, BPS, and BPAP) by collecting spot samples, including
morning voids, of ten adult volunteers during five consecutive days, and a complete 24-hour pooled
urine sample for an additional day. We calculated intra-class correlation coefficients (ICCs), comparing
uncorrected to dilution-corrected urinary concentrations, using both specific gravity values and
creatinine concentrations. Morning voids and 24-hour pooled urine were compared to investigate

reproducibility in capturing internal exposure to bisphenols.
2. Materials and methods
2.1. Study population

To investigate the variability in urinary concentrations of non-persistent chemicals, ten participants
were recruited in March 2018. The participants were healthy adults from our laboratory; students,
researchers and technical assistants (8 men, 2 women, aged 20-50), who lived in Antwerp, Belgium.

Participants showed a mean bodyweight of 72.2 + 11.1 kg. None of the participants was occupationally
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exposed to bisphenols. Participants were asked to provide a spot urine sample of every urination for
five consecutive days. Sampling started with the first morning void (MV) on Monday and ended on
Friday at 5 pm. MV was considered to be the first sample that was closely followed by a normal
morning ritual of breakfast and personal hygiene. The following week on Wednesday, the participants
collected the complete individual urinations for 24 h, which were later pooled into one sample. All
samples were collected in clean polypropylene containers, labelled with a personal code and kept in
a refrigerator until delivery to the laboratory, where the de-identified samples were stored at -20°C
until analysis. In total, 319 samples were analyzed in this study: 309 spot samples (of which 50 were
MV) and ten 24-hour pooled samples. The number of spot samples collected per participant during
the five-day study period ranged from 23 to 38, with an average of 31 (approximately 6 samples per
day). The Ethical Committee of the Antwerp University Hospital approved our study (EC Reference
Number: 18/03/023, Belgian Registry Number: B300201835329). Written informed consent was

acquired from each participant and all data were processed anonymously.
2.2. Measurement of bisphenols in urine

Samples were analyzed between November 2019 and February 2020. An overview of the reagents
and standards that were used is available in Supporting Information (SI)-1. Concentrations of BPAF,
BPF, BPA, BPB, BPZ, BPS and BPAP were quantified using a validated analytical protocol described
elsewhere(Gys et al., 2020). Briefly, for preparation of a sample, 1 mL of urine was spiked with isotope-
labelled reference standards (4 ng of 3C1,-BPA, 2 ng of 3C1,-BPF, 3C1,-BPS, and 3Cy,-BPB). Next, 750
uL of sodium acetate buffer (1 M, pH 5) and 10 pL of R-glucuronidase/arylsulfatase enzyme solution
(30/60 U/mL, respectively) were added. Samples were incubated for 1 h at 37 °C and subsequently
sonicated for 15 min. Next, they were extracted using Oasis WAX cartridges (3 mL, 60 mg, Waters,
Milford, MA, USA) that were previously washed with 10 mL of methanol and conditioned with 2 mL
of water. After the samples were loaded, the cartridges were washed with 2 mL of water with 5%
methanol and dried on the vacuum manifold for 20 min. Elution of bisphenols was carried out using 2
mL of methanol, which was then evaporated to dryness under a gentle stream of nitrogen gas.
Analytes were reconstituted in 100 pL of derivatization reagent (10% BSTFA in toluene) and samples
were kept at 60 °C during 1 h to complete the formation of trimethylsilyl-derivates of the target

compounds. Final extracts were transferred to glass vials with inserts for GC-MS/MS analysis.

Instrumental analysis was performed on an Agilent 7890B gas chromatograph coupled to an Agilent
7000D triple quadrupole mass spectrometer (Santa Clara, CA, USA). Chromatographic separation of
the derivatized analytes was achieved using an Agilent DB-5MS capillary column (30 m x 250 um, 0.25

um; Santa Clara, CA, USA). lonization was carried out in El mode with an electron energy of 70 eV.
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Target compounds and internal standards were measured using multiple reaction monitoring. Data
acquisition and processing were carried out using the Agilent MassHunter software (version B.07.01,
Santa Clara, USA). Limits of quantification (LOQs) were 0.02 ng/mL for BPAF, BPF and BPB, 0.04 ng/mL
for BPZ, BPS and BPAP and 0.3 ng/mL for BPA. An overview of the target compounds, their internal

standards, linear ranges and LOQs are provided in Table SI-1.

The specific gravity of urine samples was determined at room temperature using a handheld
refractometer (Euromex RF.6612, Euromex Arnhem, Holland). An aliquot of every urine sample was
sent to the Antwerp University Hospital (UZA) for the measurement of the creatinine concentration,

using a Dimension Vista 1500 spectrophotometer (Siemens, Beersel, Belgié).
2.4. Quality control and quality assurance

Urine samples were prepared and analyzed in batches consisting of 20 urine samples, two procedural
blanks and two quality control (QC) samples. These QC samples were either obtained by participation
in the aforementioned international inter-laboratory comparison exercises or by analysis of a spiked
and matching non-spiked pooled urine sample, so that the detected concentration in the non-spiked
sample could be subtracted. As BPA is a ubiquitous substance, it is inherently present in the lab
environment. Therefore, two procedural blanks (ultrapure water) were included in every batch of 20
samples and these blank values were subtracted from concentrations found in samples. All glassware
used in the procedure was heated to 400 °C for 2 h and all pipette tips were rinsed twice with methanol
beforehand. SPE cartridges were pre-washed with 10 mL of methanol before conditioning and loading
samples (Caballero-Casero et al., 2016). Field blanks (from polypropylene containers, used for storing
urine samples) were analyzed and did not contain detectable levels of bisphenols. Results for QC

samples and procedural blanks are presented in Table SI-2.

External quality control was assured through successful participation in inter-laboratory comparison
exercises. This method was thoroughly evaluated in 1) the Human Biomonitoring for Europe External
Quality Assurance Scheme (HBMA4EU ICI/EQUAS) for BPA, BPF and BPS (four rounds in 2018, 2019 and
2020) and 2) the External Quality Assessment Scheme for Organic Substances in urine (OSEQAS) of the
Centre du toxicologie du Québec for BPA, BPF, BPS and BPZ (four rounds in 2018, 2019 and 2020), and

performance was satisfactory. Resulting Z-scores are presented in Table SI-3.
2.5 Statistical data analysis

Concentrations <LOQ were replaced by a value of LOQ x detection frequency (James et al., 2002).
Concentrations were corrected for urinary dilution with individual specific gravity (SG) and creatinine

(CRT) values. Specific gravity normalized concentrations were calculated as follows:
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concsg = conc*[(1.024-1)/5G-1)]

where concsg is the normalized bisphenol concentration, conc is the uncorrected bisphenol
concentration, 1.024 is a standardized SG value and SG is the specific gravity level of the individual
sample (Duty et al., 2005; Pearson et al., 2009; Meeker et al., 2012). Compounds with a detection
frequency > 40% were considered in statistical analysis. To compare differences in mean bisphenol
concentrations between repeated morning void (5 days, n=50) and 24-hour pooled samples (n=10), a
linear mixed model was used, with posthoc Sidak correction for multiple comparisons (participant as
a random factor). Another linear mixed model was applied to evaluate the difference in
concentrations between daily time segments; morning (6-9h), noon (10-12h), afternoon (13-18h) and
evening samples (19-24h). Bisphenol concentrations were In-transformed before introduction in

mixed models, to normalize their distributions.

Temporal variability of urinary bisphenol concentrations was investigated by linear mixed models with
random intercept per participant and sampling day as a fixed effect (Vernet et al., 2018). Separate
models were set up for all spot samples (n = 309) and morning void samples only (n = 50), using
uncorrected, specific gravity-corrected or creatinine-corrected concentrations. Three variance
components were calculated using these models: between-individual, within-individual between-day
and within-individual within-day variance (Preau et al., 2010). ICCs were calculated as the ratio of
between-individual variance to the total variance (sum of the between-individual variance and the
within-individual variance) (Vernet et al., 2018; Wang et al., 2019). ICC values can range from zero
(indicating poor reproducibility) to one (indicating less variability and high reproducibility) and were
categorized as poor (< 0.40), fair to good (0.40 < ICC < 0.75), and excellent (> 0.75) (Wang et al., 2016).
To compare the fitness of models between uncorrected values, specific gravity- and creatinine-
corrected values, Akaike Information Criterion (AIC) values were used; lower AIC values indicate better
fitness. Bivariate correlations among compounds were calculated by Spearman rank analysis (rho p).
Statistical significance was set at p < 0.05. Statistical analyses were carried out using SPSS software
(version 26, IBM Corp., Armonk, NY, US). Figures were prepared with the open-source software

package R (version 3.5.0).
3. Results and discussion
3.1. Urinary concentrations of bisphenols

The detection frequencies and distributions of measured urinary concentrations of bisphenols in spot
and 24-hour pooled samples are displayed in Table 1. Distributions were positively skewed and
statistical outliers for the urinary concentrations were retained as valid data points as their

concentrations were within the linear range of the calibration curve. Three bisphenols were frequently
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detected in both sample types; BPS, BPA, and BPF (80-100%). Overall, BPS was the most frequently
detected: in 82% of spot samples and all 24-h pooled urine samples. BPA was found in all pooled urine
as well, and in 80% of spot samples, followed by BPF, in 80% of spot samples and 90% of pooled urine.
BPAP was detected in 42% of spot samples, while it was found in 60% of 24-h pooled urine. Other
measured bisphenols showed lower detection frequencies (< 30%). Bisphenols showing detection
frequencies > 40% (i.e. BPA, BPAP, BPF and BPS) were included for analysis of temporal variability.
Highest concentrations were excreted for BPA (median 0.92 ng/mL in spot and 1.36 ng/mL in 24-h
pooled urine), followed by BPS and BPF. Highest measured maximal concentration was 20.62 ng/mL
for BPA in a spot sample. Despite lower detection frequency and median concentration, a relatively
high maximum concentration was detected for BPAP (10.55 ng/mL) in a spot urine sample, indicating
the presence of a specific source. To our best knowledge, this is the first study to measure and report
BPAP concentrations in multiple samples from the same person. Concentrations of evaluated
bisphenols in spot samples were all weakly, but significantly correlated with each other (n = 309,
Spearman’s p= 0.19 to 0.46; p < 0.01, Figure SI-1). This result suggests that exposure to different
bisphenols might have occurred simultaneously, either because of common sources or through

certain behavior.

In comparison to a recent study evaluating the temporal variability of bisphenols in Chinese men using
spot and 24 pooled samples, median levels for BPA were higher in our study population (0.92 ng/mL
in our study versus 0.56 ng/mL in spot samples; and 1.36 ng/mL versus 0.70 ng/mL in 24-h pools),
whereas the median BPF level was higher in their study population in spot samples (0.09 ng/mL), but
lower in 24 h pooled urine (0.12 ng/mL) (Wang et al., 2019). Wang et al. reported a much lower
detection frequency of BPS (13%) compared to our study (82%), although the LOQ was similar for both
methods. This is likely due to differences in habits and lifestyle of the individuals in the various studies
from China and Belgium and to the time of sampling (2012-2014 versus 2018). In other recent research
that examined BPA reproducibility in the urine of 50 US adults, BPA median levels were higher in spot
samples (1.75 ng/mL in morning voids and 2.04 ng/mL in bedtime voids) and 24 h pools (2.12 ng/mL)
(Morgan et al., 2018). The only other study evaluating variability of BPS in French pregnant women
found a higher median concentration (0.3 ng/mL) for BPS compared to ours (0.11 ng/mL) as well as
for BPA (1.9 versus 0.92 ng/mL respectively) (Vernet et al., 2018). Comparison of concentrations with
other studies, especially with large biomonitoring studies, has to be done with caution, as the number
of participants in the current study is small and reported results depend on included compounds and
their LOQs in the respective analytical methods. Moreover, as regulations on the application of BPA

become stricter worldwide, its sources might become scarcer but more widespread for BPA
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alternatives. As a result, the exposure profile to bisphenols might change over time and vary

depending on regional differences in exposure.

Table 1 Distribution of uncorrected bisphenol concentrations (ng/mL), specific gravity values and

creatinine concentrations (mg/dL) in spot urine samples (n = 309) and 24-h pooled urine (n = 10).

ng/mL
Compound % >L0Q Minimum 25th Median 75th Maximum
BPAF spot 22 <L0Q <LoQ <LoQ <LoQ 0.13
24h 0 <LoQ <LoQ <LoQ <LoQ <LoQ
BPF spot 80 <LoQ 0.030 0.060 0.19 3.34
24h 90 <LoQ 0.050 0.14 0.18 0.79
BPA spot 80 <LoQ 0.42 0.92 1.94 20.62
24h 100 0.68 0.74 1.36 2.25 4.60
BPB spot 26 <LoQ <LoQ <LoQ 0.020 0.32
24h 30 <LoQ <LoQ <LoQ 0.030 0.060
BPZ spot 10 <L0Q <LoQ <LoQ <LoQ 0.23
24h 10 <LoQ <LoQ <LoQ <LoQ 0.03
BPS spot 82 <LoQ 0.060 0.11 0.21 7.64
24h 100 0.10 0.13 0.19 0.44 0.79
BPAP spot 43 <LoQ <LoQ <LoQ 0.080 10.55
24h 60 <LoQ <LOQ 0.080 0.13 0.89
Specific gravity spot 100 1.02 1.01 1.01 1.02 1.04
24 h 100 1.02 1.01 1.02 1.02 1.03
Creatinine (mg/dL) spot 100 118.87 51.75 88.55 153.75 387

LOQ: limit of quantification

The five-day profiles of SG-corrected concentrations in spot urine samples of the most frequently
detected bisphenols for each participant (P1-10) are displayed in Figure 1. These graphs show a typical
trend for chemicals with a short half-life but which people are frequently exposed to; drops and rises
in concentrations are frequent but rather flat (Aylward et al., 2014). All participants showed

concentrations that were in the same range. However, concentrations within each participant varied
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up to two orders of magnitude during the study period of five days. Our results indicate that, despite
the emergence of alternative bisphenols, BPA is still the predominant compound in this study (samples
dating from March 2018), as it shows the highest median levels and a high detection frequency. The
visible peaks in the levels of the alternative bisphenols BPF, BPS and BPAP suggest the exposure to
specific sources. On multiple occasions, concentrations of two or more bisphenols rose at the same
time, indicating common exposure (e.g. for P2 at noon on Wednesday, for P3 on Tuesday morning,
for P6 on Thursday afternoon, for P9 on Tuesday evening and for P10 on Wednesday morning). This
observation is also highlighted by the significant correlations between different bisphenols,
mentioned above (Figure SI-1). We did not collect a participants’ diary to document the meals or the
use of consumer products, so it was impossible to determine which exposure events took place. The
statistical power of such analyses would be insufficient, because of the small number of participants
and due to the many sources of bisphenols in our environment; both dietary and non-dietary (Geens

et al., 2011; von Goetz et al., 2017).

In order to perform a risk assessment, the maximal estimated daily intakes (EDIs) were calculated for
BPA, BPAP, BPF and BPS for every participant in this study population and compared to available
health-based standards. EDIs were calculated according to the following equation:

Cy XV,

EDI = %

where the EDI is expressed in ng/kg bw/day, Cy is the maximal measured urinary concentration of the
respective bisphenol (in ng/mL) in the participant, Vy is the daily urine excretion rate (mL/day) and bw
is the body weight provided by the participant, expressed in kg (Lakind and Naiman, 2011; Geens et
al., 2015; Chen et al., 2018; Zhang et al., 2020). The urine excretion rate was calculated as 22 mL/kg
bw/day (Valentin, 2002; Lakind and Naiman, 2008). As these EDI values are calculated based on the
measured internal exposure and bisphenols are short-lived chemicals (t % < 7 h) completely excreted
in urine, they represent the intake from all exposure sources (Volkel et al., 2002; Dekant and Valkel,
2008; Thayer et al., 2015). The EDI values are available in Table SI-4. For BPA, a tolerable daily intake
(TDI) of 4 ug/kg bw/day was established by the EFSA (European Food Safety Authority, 2015). Other
institutions such as the U.S. Environmental Protection Agency (USEPA) and Health Canada provide

higher TDI values for BPA: 50 and 25 pg/kg bw/day, respectively (Huang et al., 2017). For alternative

bisphenols, no TDI values or reference doses are available yet, to our best knowledge.

As expected from the measured urinary levels and in accordance to other studies, the EDIs are highest
for BPA compared to the other bisphenols (Zhang et al., 2020). However, even in this high-exposure
scenario based on the maximal measured urinary concentration for every participant, the EDI is lower

(factor 5 to 26) than the established TDI value of EFSA, indicating that there are no expected health

10



285 concerns for this study population. Remarkably, the participant showing the highest EDI for BPA, also
286 had the highest value for BPAP. It is important to note that EDI values greatly depend on the period
287 of sample collection, since urinary levels of BPA are decreasing during recent years (Frederiksen et al.,
288 2020; Gys et al., 2020). The intake of alternative bisphenols is less investigated compared to BPA.
289 Because of the small size of the study population and thus the lack of sufficient statistical power, these
290  values should be interpreted with caution and should not be compared to cross-sectional studies

291  which have assessed large study populations.
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Fig. 1: Concentrations of the most frequently detected bisphenols, corrected for specific gravity in spot samples of 10 participants (P1-10) over 5 consecutive

days (log10 scale).
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3.2. Sampling time

Generally, median concentrations measured in spot samples were slightly lower than those in 24 h
pooled urine (Table 1), but both were in the same range. Using linear regression models, no
statistically significant differences in mean concentrations were found between the repeated morning
voids and 24-hour pooled urine samples (Figure 2). Only for BPA, a significant difference was found
between the morning voids collected on day 1 (median 1.15 ng/mL, SG-corrected) and on day 4

(median 3.62 ng/mL, SG-corrected).

Fig. 2 Boxplots of bisphenol concentrations in repeated morning void samples (MV, n = 50) and 24-

hour pooled urine samples (n = 10), corrected for specific gravity.
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P-values were calculated using linear regression models, with sampling day as fixed effect and random

intercept per participant.

BPA and BPF levels differed significantly depending on the sampling time throughout the day (divided
into daily intervals, p < 0.05, Table 2). BPAP concentrations showed a similar pattern according to
sample collection time, but less pronounced and not in a significant way. These three bisphenols
showed higher concentrations in samples collected in the morning (6-9h), decreased around noon (10-
12h) and went up again during the afternoon (12-18h) and the evening (19-24h). A similar trend was
also reported for urinary BPA levels in a study population of 80 pregnant women (Fisher et al., 2015)
and can be expected for chemicals mainly taken in through the diet (Vandenberg et al., 2007). BPS
showed a slightly different profile: highest concentrations were measured for samples collected
during the morning interval and levels decreased throughout the day, but not significantly. These
slight differences in the concentration profiles throughout the day might be explained by the various

specific sources of exposure to these respective bisphenols. BPA might be replaced by a certain
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bisphenol analogue in one application, and by a different bisphenol in another application (Geens et
al., 2011; Chen et al., 2016). Additionally, excretion rates of bisphenols also vary and have an influence

on the fluctuation of their concentrations (Oh et al., 2018; Gayrard et al., 2019; Khmiri et al., 2020).

Table 2 Association of bisphenol concentrations (corrected for SG) with sampling time, divided into

daily intervals (morning 6-9h, noon 10-12h, afternoon 13-18h, evening 19-24h).

Sampling Time n Median (25th — 75th) p-value
BPA Morning 71 1.53 (0.95-3.16) 0.001
Noon 81 1.15(0.68 - 2.32)
Afternoon 91 1.82 (0.96 —3.61)
Evening 66 2.18 (1.03 -4.57)
BPAP Morning 71 0.070 (0.030-0.14) 0.239
Noon 81 0.050 (0.030-0.10)
Afternoon 91 0.050 (0.030-0.10)
Evening 66 0.070 (0.030-0.15)
BPF Morning 71 0.090 (0.050 - 0.30) 0.001
Noon 81 0.070 (0.040-0.16)
Afternoon 91 0.14 (0.060 — 0.34)
Evening 66 0.15 (0.060 - 0.42)
BPS Morning 71 0.27 (0.11 - 0.49) 0.070
Noon 81 0.22 (0.12-0.36)
Afternoon 91 0.20(0.11 -0.31)
Evening 66 0.17 (0.080 — 0.35)

P-values were calculated using linear mixed models with the participant as a random factor.
3.3. Variability of bisphenols over 5 days

To assess the temporal variability of bisphenol concentrations in urine over five consecutive days,
intraclass correlation coefficients (ICCs) were calculated. To the best of our knowledge, this is the first
study to calculate and report ICCs for BPAP overall and for BPS in the adult population. An overview
of available studies reporting ICC values for bisphenols is presented in Table SI-6. Calculated ICC values
for frequently detected bisphenols in all spot samples and MV samples only are presented in Table 3.
Overall, relatively poor reproducibility was found for all evaluated bisphenols. The highest ICC values
were observed for CRT-corrected BPF in MV samples (ICCs range: 0.200—-0.439). In spot samples, CRT-
corrected BPF showed an ICC value of 0.401 (range: 0.200 — 0.401), when CRT correction was applied.
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BPS showed the poorest reproducibility, with ICCs ranging from <0.01 (spot and MV samples, both
uncorrected and SG-corrected) to 0.128 (CRT-corrected, in spot samples). BPA and BPAP showed
similar patterns for ICC values and variance proportions (for all samples and MV only). Also, the
improvement of their ICCs by correcting for urine dilution was comparable. As the detection frequency
of BPAP was relatively low, the overall calculated ICC value should be interpreted with caution,

because it might be biased by the relatively higher number of imputed values <LOQ.

For this reason, we additionally calculated ICCs for BPAP using only the samples showing
concentrations >LOQ (spot samples, n =133). The outcome was an ICC of 0.059 for uncorrected, 0.174
for SG-corrected and 0.230 for CRT-corrected concentrations. Compared to the overall ICC values,
considering only samples with levels >LOQ resulted in slightly higher reproducibility, when corrected
for urine dilution. For MV samples, the ICC could not be calculated because the number of samples
per participant was too low. Reproducibility did not always improve when only MV samples were
considered, for BPS it even resulted in a poorer result (ICC all spot samples <0.01-0.128, ICC MV only
<0.01-0.049). No ICCs were calculated for 24 h pooled urine, as this sample was only collected for one
day. ICCs were reported in recent literature for BPA in 24 h pooled urine over the course of 6 (Lassen
et al., 2013; Morgan et al., 2018) or 12 weeks (Lassen et al., 2013; Morgan et al., 2018), but did not
show a substantially better reproducibility compared to other types of samples(Lassen et al., 2013;
Morgan et al., 2018)(Lassen et al., 2013; Morgan et al., 2018)(Lassen et al., 2013; Morgan et al.,
2018)(Lassen et al., 2013; Morgan et al., 2018).

Short-term reproducibility generally improved when urine dilution correction with either specific
gravity or creatinine was applied, implying that differences in urine dilution could explain some of the
observed variance. The influence of the dilution correction was studied by either using the SG- or CRT-
corrected urinary bisphenol concentrations or by including the SG or CRT value as a covariate in the
model, with the uncorrected bisphenol concentrations (data not shown). Both methods generated
very similar results and the values included in Table 3 represent the former strategy, using the
corrected concentrations. The same similarity between models was presented by (Wang et al., 2019).
Creatinine levels and specific gravity were strongly and significantly correlated in spot samples
(Spearman’s p 0.93, p < 0.01, Figure SI-1). Despite creatinine levels being slightly less reproducible
over five days than specific gravity values (Table SI-5), correction with creatinine concentration yielded
a larger improvement in ICC values for the evaluated bisphenols. This discrepancy between the two
correction methods was the most pronounced for BPS. This observation might be explained by the
slightly stronger correlation between urinary bisphenols in spot samples and creatinine

concentrations (Spearman’s p 0.31t0 0.42, p < 0.01), compared to specific gravity (Spearman’s p 0.25
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to 0.41, p < 0.01, Figure SI-1). However, in the case of morning voids, correction for urine dilution did

not always improve the reproducibility.

Table 3 ICC values and variance proportions of LN-transformed levels of BPA, BPAP, BPF and BPS, for

all spot samples and MV only, collected during five consecutive days.

BPA BPAP BPF BPS

Spot samples (n=309)

Uncorrected AIC 918 AIC 934 AIC 950 AIC 901
Between indiv. o (%) 0.043 (4%)  0.112 (9%) 0.319 (20%) <0.01
I’;o')th'” indiv., between day o®  neo geon 1103 (91%) 1.007 (63%) 1.000 (96%)
Within indiv., within day 6 (%)  <0.01 <0.01 0.268 (17%) 0.042 (4%)
icce 0.039 0.092 0.200 <0.01

SG-corrected AIC 858 AIC 904 AIC 897 AIC 904
Between indiv. o (%) 0.130 (13%) 0.124 (11%) 0.581 (36%) 0.068 (8%)
I’;o')th'” indiv., between day 0® ) ors 700 0994 (89%) 0.832 (51%) 0.952 (85%)
Within indiv., within day 6® (%) 0.000 0.000 0.216 (13%) 0.080 (7%)
Icc 0.132 0.111 0.357 0.080

CRT-corrected AIC 865 AIC 903 AIC 890 AIC 911
Between indiv. o (%) 0.236 (21%) 0.194 (16%) 0.695 (40%) 0.153 (13%)
:’;O')th'” indiv., between day o® ) orc 90 0992 (84%) 0.809 (47%) 0.986 (82%)
Within indiv., within day o2 (%) <0.01 <0.01 0.230 (13%) 0.060 (5%)
Icc 0.214 0.164 0.401 0.128

MV samples (n=50)

Uncorrected AIC 128 AIC 147 AIC 173 AIC 137
Between indiv. 6% (%) 0.109 (15%) 0.231 (20%) 0.675 (31%) <0.01
Within indiv. o (%) 0.625 (85%) 0.921 (80%) 1.531 (69%) 0.879 (100%)
Icc 0.148 0.201 0.306 <0.01

SG-corrected AIC 122 AIC 142 AIC 166 AIC 144
Between indiv. o (%) 0.057 (9%)  0.092 (9%) 0.856 (41%) <0.01 (0%)
Within indiv. o (%) 0.582 (91%) 0.891 (91%) 1.219 (59%) 1.006 (100%)
Icc 0.090 0.093 0.413 <0.01

CRT-corrected AIC 126 AIC 140 AIC 163 AIC 143
Between indiv. 0? (%) 0.148 (20%) 0.063 (7%) 0.880 (44%) 0.049 (5%)
Within indiv. o (%) 0.578 (80%) 0.872 (93%) 1.127 (56%) 0.959 (95%)
Icc 0.204 0.067 0.439 0.049

Mixed models used In-transformed concentrations. ICC, intraclass correlation coefficient; o2, variance;
AIC, Akaike Information Criterion values; AIC were used to assess fitness of the models; SG: specific

gravity; CRT: creatinine; @ ICC is the ratio of the between-individual variance to the total variance.
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The contribution of between-individual and within-individual components to the variance are
displayed in Table 3. For all bisphenols, the within-individual variance was the largest contributor to
the total variance, also reflected in the low ICC values. Moreover, when considering all spot samples,
the highest proportion was coming from the within-individual between-day variance. This finding is
consistent for other chemicals mostly associated with food intake, as a person’s food consumption
typically changes from day to day (Preau et al., 2010; Aylward et al., 2014), and has been reported in
other studies on BPA as well (Ye et al., 2011; Lassen et al., 2013; Fisher et al., 2015; Morgan et al.,
2018). Previous research has reported that dietary ingestion of BPA is the major exposure route in
non-occupationally exposed adults, although it is likely that not all non-food sources of exposure are
elucidated yet (Geens et al., 2011; Geens et al., 2012a; European Food Safety Authority, 2015; von
Goetz et al., 2017; Morgan et al., 2018). As BPA is such a widespread chemical with many different
types of applications, fluctuation in exposure between days is expected (Preau et al., 2010; Geens et
al.,, 2011; von Goetz et al., 2017). For other bisphenols, the major exposure route has not been
determined yet, but as they are meant to replace BPA in certain regulated applications, it can be
expected that sources are similar. Moreover, recent research has shown that several BPA alternatives
are widespread and humans are extensively exposed to them (Chen et al., 2016; Lehmler et al., 2018),
which is also reflected by the high detection frequencies found for BPF and BPS in our study
participants. For BPF, Wang et al. reported that the within-individual component was the largest
contributor to the total variance, to an even bigger extent (94-99%) compared to our results (Wang et
al., 2019). It has to be taken into account that their sampling timeframe was much longer (12 weeks)
compared to ours (5 days). To the best of our knowledge, variance components for BPAP and BPS have

not been calculated and reported before.

Multiple studies have reported ICC values and variance components of BPA, mostly in pregnant
women and in study populations including more participants but fewer samples per participant (Table
SI-6). Most studies on the variability of urinary BPA corrected for urine dilution using creatinine
concentration. Depending on the set-up of the study and the applied correction, reported ICCs ranged
from 0.09 (adult population, over 6 weeks) to 0.70 (mother-child pairs, over 24 h) (Morgan et al., 2018;
Sakhi et al., 2018). Studies evaluating shorter periods (e.g. 24 h, two days) often showed higher ICC
values, e.g. 0.70 for 24 h timespan, 0.51 for two days, indicating that within-person variability
increases as larger timespans are considered (Lassen et al., 2013; Heffernan et al., 2014; Sakhi et al.,
2018). Several studies that also compared different dilution correction methods, reported results
similar to our study, namely that SG corrected concentrations yielded lower ICCs compared to CRT
corrected levels (Philippat et al., 2013; Koch et al., 2014; Stacy et al., 2016; Morgan et al., 2018; Vernet

et al., 2018). However, contradictory results, showing that using CRT corrected concentrations lowers
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the ICCs, have also been reported for BPA (Braun et al., 2011; Ye et al., 2011; Guidry et al., 2015;
Vernet et al., 2018).

In the only other study examining the reproducibility of urinary BPS levels, reported within-week ICC
values for BPS in daily pooled samples were in the same range as ours. Similarly to our observations,
this study described that correction for urine dilution with creatinine concentration yielded the best
reproducibility (ICC uncorrected 0.14 — ICC SG corrected 0.09 — ICC CRT corrected 0.20) (Vernet et al.,
2018). For BPF, the only available study on variability reported poorer reproducibility compared to our
results (ICC <0.01-0.06) (Wang et al., 2019). This might be explained by their larger timespan of
sampling, which is 12 weeks in Wang’s study, compared to 5 days in our study. However, their

reported ICC values for BPA (CRT corrected, 0.27-0.28) were quite similar to ours.

The comparison with ICCs reported in other studies should be carried out with caution, as these values
can be influenced by several factors. There can be differences in study design, e.g. the sampling
window (ranging from one day to several months), the number and the type of samples collected
(spot, only morning voids, only (24 h) pooled samples). As some studies have evaluated urinary
bisphenol variability in specific populations (e.g. pregnant women, mother-child pairs) or different age
groups, the influence of physiological and behavioral properties should be taken into account
(Aylward et al., 2014). Additionally, differences in the applied analytical method can influence the
detection frequency and the urinary levels and distribution of the investigated bisphenols.
Measurements of chemicals in the laboratory environment also show an inherent variability. As these
compounds are usually present in urine in low concentrations (ng/mL or lower), differences in the
method LOQs can cause relatively large variations. Furthermore, various statistical models can be used

for calculating ICCs and a different method for correcting for urine dilution can be applied.

Overall, these findings suggest that biomonitoring through measurement of bisphenols in one single
spot urine sample might not accurately represent internal exposure over time, as reproducibility is
relatively poor (demonstrated by the low ICC values). No significant difference was found between
levels in 24 h pooled samples and morning voids, suggesting that it is not strictly necessary to collect
24 h pooled urine, which is also less practical. Two recent studies that examined BPA in 24 h pooled
urine samples also indicated that reproducibility is not improved compared to other types of samples
(Lassen et al., 2013; Morgan et al., 2018). However, the variability of other bisphenols in 24 h pooled
urine should be examined further, both short- and long-term. Median urinary levels of BPA and BPF
were influenced significantly by sampling time throughout the day and concentrations of BPAP and
BPS differed slightly depending on the time of sampling. Additionally, within-individual variance

appeared to be the major variance component, so it seems that collecting only one morning void or
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multiple morning voids is not recommendable. When the biomonitoring study aims to reflect
exposure over a longer period than just the few hours before sampling, a more reliable sampling
strategy would be to collect multiple spot samples per participant for a week, in the same, predefined

time windows for all participants, scattered over the respective days (e.g., each morning and evening).
3.4. Strengths and limitations

The major asset of this study is that 10 healthy adult participants provided a urine sample of every
urination during five consecutive days. This allowed us to study day-to-day variation and calculate ICCs
for bisphenols that have not been investigated before or only in pregnant women. Our study is
complementary to other studies on urinary variability of bisphenols because of its timeframe of 5
days, compared to studies sampling only 1 day or multiple weeks/months and because of the new
information on previously unevaluated bisphenols, e.g. BPAP, in the adult population. The
improvement of reproducibility by correction for urine dilution was assessed by comparison of
uncorrected, creatinine-corrected and specific gravity-corrected concentrations. Additionally, the
successful performance of the analytical method was confirmed during several rounds of
interlaboratory proficiency tests, which ensures the analytical validity of the measured
concentrations. A limitation of our study was the lack of a diary of every participant, registering the
timing of meals and knowledge about the use of consumer products. Our study participants included
a small population consisting of healthy adults, implying that comparison and generalization should
be carried out with caution, because of potential physiological and behavioral differences. The
reproducibility of 24 h pooled samples could not be assessed because of the lack of a second sample.

This should be investigated in future studies.
4. Conclusions

Internal exposure to bisphenols is extensive in healthy adults living in Belgium, as shown by the high
detection frequencies of BPA, BPF and BPS. Urinary bisphenol levels are generally poorly reproducible,
demonstrated by relatively low ICC values for all spot samples and repeated morning voids collected
during 5 consecutive days. Of the four evaluated bisphenols, urinary BPS levels were the most subject
to variation (ICC <0.01 to 0.128) and BPF showed the most reproducible concentrations (ICC 0.200 to
0.439). Reproducibility increased slightly when measured bisphenol concentrations were corrected
for urine dilution, preferably with creatinine concentration. Within-individual variance was the major
contributor to variance in urinary levels for BPA, BPAP, BPF, and BPS. A significant association was
found between the time of sample collection and urinary levels of BPA and BPF: concentrations were
high in the morning, lower throughout the afternoon and increased again towards the evening, as

expected for chemicals mainly taken in through the diet. These findings suggest that measurement of
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bisphenols in one single spot urine sample, including morning void urine, might not accurately
represent exposure over longer periods. It would be more opportune to collect multiple spot samples
per participant, at different, predefined time windows throughout the day. This is the first study
evaluating the variability of BPAP and BPS in the adult population, so more research is needed to add

to these findings.
Acknowledgements

We thank the volunteers that participated in this study, dr. Erik Fransen for his advice in the statistical
analyses and dr. Frederic Been for his input on the study design. Celine Gys acknowledges the funding
of a PhD fellowship from Research Foundation Flanders (project GOE5216N). Michiel Bastiaensen
acknowledges the partial funding of his Ph.D. through the Flemish Environment and Health Study
financed by the Ministry of the Flemish Community (Department of Economics, Science and
Innovation; Flemish Agency for Care and Health; and Department of Environment, Nature and Energy)
and through the University of Antwerp. For the partial funding of his post-doctoral fellowship,
Govindan Malarvannan acknowledges the Flemish Environment and Health Study financed by the
Ministry of the Flemish Community (Department of Economics, Science and Innovation; Flemish
Agency for Care and Health; and Department of Environment, Nature and Energy) and the University

of Antwerp.
Conflicts of interest
The authors have no conflict of interest to declare.

References

Aylward, L.L., Hays, S.M., Smolders, R., Koch, H.M., Cocker, J., Jones, K., Warren, N., Levy, L., Bevan,
R., 2014. Sources of variability in biomarker concentrations. J Toxicol Environ Health B Crit Rev 17, 45-
61.

Bjornsdotter, M.K., Jonker, W., Legradi, J., Kool, J., Ballesteros-Gomez, A., 2017. Bisphenol A
alternatives in thermal paper from the Netherlands, Spain, Sweden and Norway. Screening and
potential toxicity. Sci Total Environ 601-602, 210-221.

Braun, J.M., Kalkbrenner, A.E., Calafat, A.M., Bernert, J.T., Ye, X., Silva, M.).,, Barr, D.B,,
Sathyanarayana, S., Lanphear, B.P., 2011. Variability and predictors of urinary bisphenol A
concentrations during pregnancy. Environ Health Perspect 119, 131-137.

Caballero-Casero, N., Lunar, L., Rubio, S., 2016. Analytical methods for the determination of mixtures
of bisphenols and derivatives in human and environmental exposure sources and biological fluids. A
review. Anal Chim Acta 908, 22-53.

Casas, M., Basagana, X., Sakhi, A.K., Haug, L.S., Philippat, C., Granum, B., Manzano-Salgado, C.B.,
Brochot, C., Zeman, F., de Bont, J., Andrusaityte, S., Chatzi, L., Donaire-Gonzalez, D., Giorgis-Allemand,
L., Gonzalez, J.R., Gracia-Lavedan, E., Grazuleviciene, R., Kampouri, M., Lyon-Caen, S., Paiiella, P.,
Petraviciene, |., Robinson, O., Urquiza, J., Vafeiadi, M., Vernet, C., Waiblinger, D., Wright, J., Thomsen,
C., Slama, R., Vrijheid, M., 2018. Variability of urinary concentrations of non-persistent chemicals in
pregnant women and school-aged children. Environ Int 121, 561-573.

20



513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561

Chen, D., Kannan, K., Tan, H., Zheng, Z., Feng, Y.L., Wu, Y., Widelka, M., 2016. Bisphenol Analogues
Other Than BPA: Environmental Occurrence, Human Exposure, and Toxicity-A Review. Environ Sci
Technol 50, 5438-5453.

Duty, S.M., Ackerman, R.M., Calafat, A.M., Hauser, R., 2005. Personal care product use predicts urinary
concentrations of some phthalate monoesters. Environ Health Perspect 113, 1530-1535.

European Food Safety Authority, 2015. Scientific Opinion on the risks to public health related to the
presence of bisphenol A (BPA) in foodstuffs: Executive summary. EFSA Journal 13.

European Union, 2011a. Commission Directive (EU) 2011/8/EU of 28 January 2011 amending Directive
2002/72/EC as regards the restriction of use of Bisphenol A in plastic infant feeding bottles. Official
Journal of the European Union L26.

European Union, 2011b. Commission Regulation (EU) No 10/2011 of 14 January 2011 on plastic
materials and articles intended to come into contact with food. Official Journal of the European Union
L12.

European Union, 2016. Commission Regulation (EU) 2016/2235 of 12 December 2016 amending
Annex XVII to Regulation (EC) No 1907/2006 of the European Parliament and of the Council concerning
the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) as regards bisphenol
A. . Official Journal of the European Union L117/1.

Fisher, M., Arbuckle, T.E., Mallick, R., LeBlanc, A., Hauser, R., Feeley, M., Koniecki, D., Ramsay, T.,
Provencher, G., Bérubé, R., Walker, M., 2015. Bisphenol A and phthalate metabolite urinary
concentrations: Daily and across pregnancy variability. J Expo Sci Environ Epidemiol 25, 231-239.
Frederiksen, H., Nielsen, O., Koch, H.M., Skakkebaek, N.E., Juul, A., Jorgensen, N., Andersson, A.M.,
2020. Changes in urinary excretion of phthalates, phthalate substitutes, bisphenols and other
polychlorinated and phenolic substances in young Danish men; 2009-2017. Int J Hyg Environ Health
223, 93-105.

Gayrard, V., Lacroix, M.Z., Grandin, F.C., Collet, S.H., Mila, H., Viguié, C., Gély, C.A., Rabozzi, B.,
Bouchard, M., Léandri, R., Toutain, P.L., Picard-Hagen, N., 2019. Oral Systemic Bioavailability of
Bisphenol A and Bisphenol S in Pigs. Environ Health Perspect 127, 77005.

Geens, T., Aerts, D., Berthot, C., Bourguignon, J.P., Goeyens, L., Lecomte, P., Maghuin-Rogister, G.,
Pironnet, A.M., Pussemier, L., Scippo, M.L., Van Loco, J., Covaci, A., 2012a. A review of dietary and
non-dietary exposure to bisphenol-A. Food Chem Toxicol 50, 3725-3740.

Geens, T., Apelbaum, T.Z., Goeyens, L., Neels, H., Covaci, A., 2010. Intake of bisphenol A from canned
beverages and foods on the Belgian market. Food Addit Contam Part A Chem Anal Control Expo Risk
Assess 27,1627-1637.

Geens, T., Goeyens, L., Covaci, A., 2011. Are potential sources for human exposure to bisphenol-A
overlooked? Int J Hyg Environ Health 214, 339-347.

Geens, T., Goeyens, L., Kannan, K., Neels, H., Covaci, A., 2012b. Levels of bisphenol-A in thermal paper
receipts from Belgium and estimation of human exposure. Sci Total Environ 435-436, 30-33.
Gingrich, J., Pu, Y., Ehrhardt, R., Karthikraj, R., Kannan, K., Veiga-Lopez, A., 2019. Toxicokinetics of
bisphenol A, bisphenol S, and bisphenol F in a pregnancy sheep model. Chemosphere 220, 185-194.
Gramec Skledar, D., Peterlin Masic, L., 2016. Bisphenol A and its analogs: Do their metabolites have
endocrine activity? Environ Toxicol Pharmacol 47, 182-199.

Grumetto, L., Gennari, O., Montesano, D., Ferracane, R., Ritieni, A., Albrizio, S., Barbato, F., 2013.
Determination of five bisphenols in commercial milk samples by liquid chromatography coupled to
fluorescence detection. J Food Prot 76, 1590-1596.

Guidry, V.T., Longnecker, M.P., Aase, H., Eggesbg, M., Zeiner, P., Reichborn-Kjennerud, T., Knudsen,
G.P., Bertelsen, R.J., Ye, X., Calafat, A.M., Engel, S.M., 2015. Measurement of Total and Free Urinary
Phenol and Paraben Concentrations over the Course of Pregnancy: Assessing Reliability and
Contamination of Specimens in the Norwegian Mother and Child Cohort Study. Environ Health
Perspect 123, 705-711.

21



562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612

Gys, C., Ait Bamai, Y., Araki, A., Bastiaensen, M., Caballero-Casero, N., Kishi, R., Covaci, A., 2020.
Biomonitoring and temporal trends of bisphenols exposure in Japanese school children. Environ Res
In press.

Heffernan, A.L., Aylward, L.L., Samidurai, A.J., Davies, P.S.W., Toms, L.M.L., Sly, P.D., Mueller, J.F.,
2014. Short term variability in urinary bisphenol A in Australian children. Environ Int 68, 139-143.
Hoffman, K., Hammel, S.C., Phillips, A.L., Lorenzo, A.M., Chen, A., Calafat, A.M., Ye, X., Webster, T.F.,
Stapleton, H.M., 2018. Biomarkers of exposure to SVOCs in children and their demographic
associations: The TESIE Study. Environ Int 119, 26-36.

James, R.A., Hertz-Picciotto, I., Willman, E., Keller, J.A., Charles, M.J., 2002. Determinants of serum
polychlorinated biphenyls and organochlorine pesticides measured in women from the child health
and development study cohort, 1963-1967. Environ Health Perspect 110, 617-624.

Kawamura, Y., Etoh, M., Hirakawa, Y., Abe, Y., Mutsuga, M., 2014. Bisphenol A in domestic and
imported canned foods in Japan. Food Addit Contam Part A Chem Anal Control Expo Risk Assess 31,
330-340.

Khmiri, 1., Cote, J., Mantha, M., Khemiri, R., Lacroix, M., Gely, C., Toutain, P.L., Picard-Hagen, N.,
Gayrard, V., Bouchard, M., 2020. Toxicokinetics of bisphenol-S and its glucuronide in plasma and urine
following oral and dermal exposure in volunteers for the interpretation of biomonitoring data. Environ
Int 138, 12.

Koch, H.M., Aylward, L.L., Hays, S.M., Smolders, R., Moos, R.K., Cocker, J., Jones, K., Warren, N., Levy,
L., Bevan, R., 2014. Inter- and intra-individual variation in urinary biomarker concentrations over a 6-
day sampling period. Part 2: personal care product ingredients. Toxicol Lett 231, 261-269.

Lassen, T.H., Frederiksen, H., Jensen, T.K., Petersen, J.H., Main, K.M., Skakkebaek, N.E., Jorgensen, N.,
Kranich, S.K., Andersson, A.M., 2013. Temporal variability in urinary excretion of bisphenol A and
seven other phenols in spot, morning, and 24-h urine samples. Environ Res 126, 164-170.

Lehmler, H.J,, Liu, B., Gadogbe, M., Bao, W., 2018. Exposure to Bisphenol A, Bisphenol F, and Bisphenol
S in U.S. Adults and Children: The National Health and Nutrition Examination Survey 2013-2014. ACS
Omega 3, 6523-6532.

Li, A.J., Kannan, K., 2018. Elevated Concentrations of Bisphenols, Benzophenones, and Antimicrobials
in Pantyhose Collected from Six Countries. Environ Sci Technol 52, 10812-10819.

Liao, C., Kannan, K., 2011. Widespread occurrence of bisphenol A in paper and paper products:
implications for human exposure. Environ Sci Technol 45, 9372-9379.

Liao, C., Kannan, K., 2013. Concentrations and profiles of bisphenol A and other bisphenol analogues
in foodstuffs from the United States and their implications for human exposure. J Agric Food Chem
61, 4655-4662.

Liao, C., Liu, F., Alomirah, H., Loi, V.D., Mohd, M.A., Moon, H.B., Nakata, H., Kannan, K., 2012a.
Bisphenol S in urine from the United States and seven Asian countries: occurrence and human
exposures. Environ Sci Technol 46, 6860-6866.

Liao, C., Liu, F., Guo, Y., Moon, H.B., Nakata, H., Wu, Q., Kannan, K., 2012b. Occurrence of eight
bisphenol analogues in indoor dust from the United States and several Asian countries: implications
for human exposure. Environ Sci Technol 46, 9138-9145.

Liao, C., Liu, F., Kannan, K., 2012c. Bisphenol s, a new bisphenol analogue, in paper products and
currency bills and its association with bisphenol a residues. Environ Sci Technol 46, 6515-6522.

Liao, C.Y., Liu, F., Moon, H.B., Yamashita, N., Yun, S.H., Kannan, K., 2012d. Bisphenol Analogues in
Sediments from Industrialized Areas in the United States, Japan, and Korea: Spatial and Temporal
Distributions. Environ Sci Technol 46, 11558-11565.

Meeker, J.D., Calafat, A.M., Hauser, R., 2012. Urinary phthalate metabolites and their
biotransformation products: predictors and temporal variability among men and women. J Expo Sci
Environ Epidemiol 22, 376-385.

Morgan, M.K., Nash, M., Barr, D.B., Starr, J.M., Scott Clifton, M., Sobus, J.R., 2018. Distribution,
variability, and predictors of urinary bisphenol A levels in 50 North Carolina adults over a six-week
monitoring period. Environ Int 112, 85-99.

22



613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663

Oh, J., Choi, J.W., Ahn, Y.A., Kim, S., 2018. Pharmacokinetics of bisphenol S in humans after single oral
administration. Environ Int 112, 127-133.

Pearson, M.A,, Lu, C., Schmotzer, B.J., Waller, L.A., Riederer, A.M., 2009. Evaluation of physiological
measures for correcting variation in urinary output: Implications for assessing environmental chemical
exposure in children. J Expo Sci Environ Epidemiol 19, 336-342.

Pelch, K., Wignall, J.A., Goldstone, A.E., Ross, P.K., Blain, R.B., Shapiro, A.J., Holmgren, S.D., Hsieh, J.H.,
Svoboda, D., Auerbach, S.S., Parham, F.M., Masten, S.A., Walker, V., Rooney, A., Thayer, K.A., 2019. A
scoping review of the health and toxicological activity of bisphenol A (BPA) structural analogues and
functional alternatives. Toxicology 424, 152235.

Philippat, C., Wolff, M.S., Calafat, A.M., Ye, X., Bausell, R., Meadows, M., Stone, J., Slama, R., Engel,
S.M., 2013. Prenatal exposure to environmental phenols: concentrations in amniotic fluid and
variability in urinary concentrations during pregnancy. Environ Health Perspect 121, 1225-1231.
Preau, J.L, Jr., Wong, L.Y., Silva, M.J., Needham, L.L., Calafat, A.M., 2010. Variability over 1 week in
the urinary concentrations of metabolites of diethyl phthalate and di(2-ethylhexyl) phthalate among
eight adults: an observational study. Environ Health Perspect 118, 1748-1754.

Rochester, J.R., 2013. Bisphenol A and human health: A review of the literature. Reproductive
Toxicology 42, 132-155.

Rochester, J.R., Bolden, A.L., 2015. Bisphenol S and F: A Systematic Review and Comparison of the
Hormonal Activity of Bisphenol A Substitutes. Environ Health Perspect 123, 643-650.

Russo, G., Barbato, F., Mita, D.G., Grumetto, L., 2019a. Occurrence of Bisphenol A and its analogues
in some foodstuff marketed in Europe. Food Chem Toxicol 131, 110575.

Russo, G., Varriale, F., Barbato, F., Grumetto, L., 2019b. Are Canned Beverages Industries Progressively
Switching to Bisphenol AF? J Food Sci 84, 3303-3311.

Sakhi, A.K., Sabaredzovic, A., Papadopoulou, E., Cequier, E., Thomsen, C., 2018. Levels, variability and
determinants of environmental phenols in pairs of Norwegian mothers and children. Environ Int 114,
242-251.

Stacy, S.L., Eliot, M., Calafat, A.M., Chen, A., Lanphear, B.P., Hauser, R., Papandonatos, G.D.,
Sathyanarayana, S., Ye, X,, Yolton, K., Braun, J.M., 2016. Patterns, Variability, and Predictors of Urinary
Bisphenol A Concentrations during Childhood. Environ Sci Technol 50, 5981-5990.

Teitelbaum, S.L., Britton, J.A., Calafat, A.M., Ye, X, Silva, M.J., Reidy, J.A., Galvez, M.P., Brenner, B.L.,
Wolff, M.S., 2008. Temporal variability in urinary concentrations of phthalate metabolites,
phytoestrogens and phenols among minority children in the United States. Environ Res 106, 257-269.
Thayer, K.A., Doerge, D.R., Hunt, D., Schurman, S.H., Twaddle, N.C., Churchwell, M.I., Garantziotis, S.,
Kissling, G.E., Easterling, M.R., Bucher, J.R., Birnbaum, L.S., 2015. Pharmacokinetics of bisphenol A in
humans following a single oral administration. Environ Int 83, 107-115.

Vandenberg, L.N., Hauser, R., Marcus, M., Olea, N., Welshons, W.V., 2007. Human exposure to
bisphenol A (BPA). Reprod Toxicol 24, 139-177.

Vernet, C., Philippat, C., Agier, L., Calafat, A.M., Ye, X., Lyon-Caen, S., Hainaut, P., Siroux, V.,
Schisterman, E.F., Slama, R., 2019. An Empirical Validation of the Within-subject Biospecimens Pooling
Approach to Minimize Exposure Misclassification in Biomarker-based Studies. Epidemiology 30, 756-
767.

Vernet, C., Philippat, C., Calafat, A.M., Ye, X., Lyon-Caen, S., Siroux, V., Schisterman, E.F., Slama, R.,
2018. Within-Day, Between-Day, and Between-Week Variability of Urinary Concentrations of Phenol
Biomarkers in Pregnant Women. Environ Health Perspect 126, 037005.

Vervliet, P., de Nys, S., Boonen, |., Duca, R.C., Elskens, M., van Landuyt, K.L., Covaci, A., 2018.
Qualitative analysis of dental material ingredients, composite resins and sealants using liquid
chromatography coupled to quadrupole time of flight mass spectrometry. Journal of Chromatography
A 1576, 90-100.

Vervliet, P., Gys, C., Caballero-Casero, N., Covaci, A., 2019. Current-use of developers in thermal paper
from 14 countries using liquid chromatography coupled to quadrupole time-of-flight mass
spectrometry. Toxicology 416, 54-61.

23



664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683

684

Volkel, W., Colnot, T., Csanady, G.A., Filser, J.G., Dekant, W., 2002. Metabolism and kinetics of
bisphenol a in humans at low doses following oral administration. Chem Res Toxicol 15, 1281-1287.
von Goetz, N., Pirow, R., Hart, A., Bradley, E., Pocas, E., Arcella, D., Lillegard, I.T.L., Simoneau, C., van
Engelen, J., Husoy, T., Theobald, A., Leclercq, C., 2017. Including non-dietary sources into an exposure
assessment of the European Food Safety Authority: The challenge of multi-sector chemicals such as
Bisphenol A. Regulatory Toxicology and Pharmacology 85, 70-78.

Wang, Y.-X., Feng, W., Zeng, Q., Sun, Y., Wang, P., You, L., Yang, P., Huang, Z., Yu, S.-L., Lu, W.-Q., 2016.
Variability of Metal Levels in Spot, First Morning, and 24-Hour Urine Samples over a 3-Month Period
in Healthy Adult Chinese Men. Environ Health Perspect 124, 468-476.

Wang, Y.X,, Liu, C., Shen, Y., Wang, Q., Pan, A., Yang, P., Chen, Y.J., Deng, Y.L, Lu, Q., Cheng, L.M.,
Miao, X.P., Xu, S.Q., Lu, W.Q., Zeng, Q., 2019. Urinary levels of bisphenol A, F and S and markers of
oxidative stress among healthy adult men: Variability and association analysis. Environ Int 123, 301-
309.

Xue, J., Kannan, P., Kumosani, T.A., Al-Malki, A.L., Kannan, K., 2018. Resin-based dental sealants as a
source of human exposure to bisphenol analogues, bisphenol A diglycidyl ether, and its derivatives.
Environ Res 162, 35-40.

Xue, J., Liu, W., Kannan, K., 2017. Bisphenols, Benzophenones, and Bisphenol A Diglycidyl Ethers in
Textiles and Infant Clothing. Environ Sci Technol 51, 5279-5286.

Ye, X., Wong, L.Y., Bishop, A.M., Calafat, A.M., 2011. Variability of urinary concentrations of bisphenol
Ain spot samples, first morning voids, and 24-hour collections. Environ Health Perspect 119, 983-988.

24



