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Abstract

Because of regulatory actions and public concerns, the use of bisphenol A (BPA) may decrease, 

while the use of BPA alternatives may increase. Although BPA alternatives are considered safer 

than BPA, their effects on health are still largely unknown. For risk assessment, understanding 

exposure to these chemicals is necessary. We measured the urinary concentrations of BPA and 

three bisphenol analogs, bisphenol S (BPS), bisphenol F (BPF), and bisphenol AF (BPAF), in 616 

archived samples collected from convenience samplings of U.S. adults at eight time points 

between 2000 and 2014. We detected BPA at the highest frequency and geometric mean (GM) 

concentrations (74–99%, 0.36–2.07 μg/L), followed by BPF (42–88%, 0.15–0.54 μg/L) and BPS 

(19–74%, < 0.1–0.25 μg/L); BPAF was rarely detected (<3% of all samples). Although 

concentrations of BPF were generally lower than for other bisphenols, the 95th percentile 

concentration of BPF was often comparable or higher than that of BPA. We did not observe 

obvious exposure trends for BPF. However, the significant changes in GM concentrations of BPA 

and BPS suggest that exposures may be declining (BPA) or on the rise (BPS). Nationally 

representative data will be useful to confirm these findings and to allow monitoring future 

exposure trends to BPA and some of its bisphenol alternatives.
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INTRODUCTION

Bisphenol A (2,2-bis(4-hydroxyphenyl)-propane, BPA) is one of the highest production-

volume chemicals.1 BPA, primarily used to manufacture polycarbonate plastic and epoxy 

resins, can also be used in the processing of polyvinyl chloride plastic and of thermal paper.2 

Diet is the main pathway of exposure to BPA.2,3 Several food regulatory agencies around the 

world (e.g., the European Food Safety Authority, Health Canada, and the U.S. Food and 

Drug Administration) have determined that BPA poses no health risk to the general 

population from current dietary exposures.4–6 However, concerns over potential health risks 

of BPA in sensitive populations, particularly infants and young children, have led to 

restrictions on the use of BPA in certain baby and children products in different countries, 

including the United States, Canada, France, and other European Union countries, Australia, 

Japan, and Turkey.6–9In response to these restrictions and public pressure, the use of BPA 

alternatives may increase. BPA alternatives include bisphenol analogs, such as bisphenol S 

(BPS, 4,4′-sulfonyldiphenol), bisphenol F (BPF, 4,4′-dihydroxydiphenylmethane), and 

bisphenol AF (BPAF, 2,2-bis(4-hydroxyphenyl)-hexafluoropropane),2 and other chemicals 

or products (e.g., ether sulfone, styrene, ethylene terephthalate, and Tritan).10

BPS has been used as an alternative of BPA in the production of baby bottles11 and thermal 

paper,12,13 and all three bisphenol analogs are used in the manufacture of certain plastics and 

epoxy resins.2 BPS has been detected in currency bills from 21 countries and in thermal 

receipt paper and airplane luggage tags from the United States;14 BPS was also reported to 

leach from food cans.15 BPS, BPF, and BPAF were detected in indoor dust samples in the 

United States and seven Asian countries16 as well as in food and beverages.17

Information on the bioactivity of these bisphenol analogs is rather limited, but the estrogenic 

and genotoxic activities of BPS and BPA are reportedly similar.18,19 BPS can disrupt 

nongenomic signaling pathways in cultured estrogen-responsive pituitary cells20 and can 

irreversibly bind to human serum albumin.21 BPAF can bind to the estrogen receptor α and 

function as an endocrine-disrupting chemical.22 BPAF was nominated by the U.S. National 

Toxicology Program for comprehensive toxicological characterization.23 In vitro studies 

suggest that BPF could interfere with specific cellular processes and possessed weak 

estrogenic activity, although BPF estrogenic activity was lower than that of BPA.24 BPF also 

exhibited cytotoxicity and genotoxicity in HepG2 cells.25
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In the United States, data on human exposure to BPA are available since 2003–2004 through 

the National Health and Nutrition Examination Survey (NHANES), conducted by the U.S. 

Centers for Disease Control and Prevention (CDC); NHANES data show that more than 

90% of Americans have detectable concentrations of BPA in their urine.26 However, 

exposure data on bisphenol analogs are rather limited and unavailable from NHANES. To 

date, one study reported detecting BPS in convenience human populations from eight 

different countries, with the highest urinary geometric mean (GM) concentrations in 

Japanese (1.18 μg/L), followed by American populations (0.299 μg/L).27 A recent study 

investigated the exposure to bisphenol analogs in residents living near a BPAF 

manufacturing plant in south China; urinary concentrations of BPS, BPF, BPA, and BPAF 

ranged from below the limit of quantification (0.024–0.310 μg/L, depending on the 

compound) to a few μg/L.28 Nonetheless, exposure data to BPS and other bisphenol analogs 

in the general population are scarce. To fill in this gap, we quantified concentrations of BPA, 

BPF, BPS, and BPAF in urine collected anonymously at eight time points between 2000 and 

2014 from U.S. adults and compared the urinary concentrations of BPA and its analogs 

during this period of time.

MATERIALS AND METHODS

Urine Collection.

For this study, we used 616 archived spot urine specimens (stored at −70 °C until analysis) 

collected anonymously from convenience samples of U.S. male and female adult volunteers 

in Atlanta, GA in 2000, 2001, 2007, 2009, 2010, 2011, 2013, and 2014. We cannot rule out 

the possibility that the same donor contributed urine in different collection years or in 

multiple urine specimens, albeit on different days and at different time of day, during a given 

collection year. The number of samples varied from 27 (2007) to 141 (2013), depending on 

the year (Table 1). Study participants had no documented occupational exposure to the target 

analytes, and no personal and demographic data were available. Urine samples were 

collected between 8:00 a.m. and 5:00 p.m. CDC’s Subjects Institutional Review Board 

reviewed and approved the study protocol. A waiver of informed consent was requested 

under 45 CFR 46.116(d).

Chemicals and Reagents.

BPA, BPS, BPF, BPAF, 4-methylumbelliferyl glucuronide, 4-methylumbelliferyl sulfate, 

ammonium acetate (>98%), and β-glucuronidase/sulfatase (Helix pomatia, H1) were 

purchased from Sigma-Aldrich Laboratories, Inc. (St. Louis, MO, USA). 13C12–BPA and 
13C4-4-methylumbelliferone were obtained from Cambridge Isotope Laboratories, Inc. 

(Andover, MA, USA), and 13C12–BPS and 13C12–BPF were purchased from CanSyn Chem 

Corp. (Toronto, Canada). We used 13C12–BPA as the internal standard for BPAF. Optima 

LC/MS grade methanol was purchased from Fisher Scientific (Pittsburgh, PA, USA). HPLC-

grade formic acid (98%) was purchased from EM Science (Gibbstown, NJ, USA).

Analytical Method.

We quantified the total (conjugated plus free species) and free urinary concentrations of 

BPA, BPS, BPF, and BPAF by a modification of the online solid-phase extraction coupled to 
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isotope-dilution high-performance liquid chromatography–tandem mass spectrometry 

(online SPE–HPLC–MS/MS) method described previously.29 The system consisted of 

several Agilent 1200 modules (Agilent Technologies, Wilmington, DE, USA) and an 

ABSciex 5500 QTRAP mass spectrometer (Applied Biosystems, Foster City, CA, USA), 

and was designed to allow for concurrent SPE and HPLC-MS/MS cycles with peak focusing 

(i.e., diluting the SPE elute before HPLC).29 Briefly, to estimate the total concentrations, the 

conjugates of BPA, BPS, BPF, and BPAF present in 100 μL of urine were first enzymatically 

hydrolyzed. The target analytes were then extracted by online SPE (LiChrospher RP-18 

ADS, Merck KGaA, Germany), resolved by HPLC (Chromolith High-Resolution RP-18e, 

Merck KGaA, Germany), and detected by MS/MS with negative-atmospheric-pressure 

chemical ionization. During the enzymatic hydrolysis, 4-methylumbelliferone glucuronide 

and 4-methylumbelliferyl sulfate hydrolyzed similarly to the conjugated phenols; thus, we 

used the peak area ratio of the 4-methylumbelliferone/13C4-4-methylumbelliferone to 

monitor the extent of the deconjugation.29 To quantitate the urinary concentrations of free 

species, we followed the same procedure described above but skipped the enzymatic 

hydrolysis step. The limits of detection (LODs) were calculated as 3S0, where S0 is the 

standard deviation as the concentration approaches 0.30 The LOD for all four analytes was 

0.1 μg/L. Information about preparation of standards and quality control (QC) materials and 

calculation of LODs are described in the Supporting Information. The analytical method was 

fully validated (see details in the Supporting Information); accuracy (percent of spike 

recovery) and precision (relative standard deviation from repeated measurements of QC 

materials over one month) varied from 91% to 107% and 5% to 11%, respectively, 

depending on the analyte (see the Supporting Information). To ensure data accuracy and 

precision, we included QC samples, standards, and reagent blanks in each batch of samples. 

We prepared standards, QCs, and reagent blanks using the same procedure as described 

above for the study samples to be analyzed for total concentrations but replaced the urine 

with the same volume of mixed standard stock solution, QC materials, and HPLC-grade 

H2O (reagent blank). The calibration curve, obtained from standards spiked in water with 

concentrations ranging from 0.01 μg/L to 100 μg/L, was weighted by the reciprocal of the 

standard amount (1/x) for quantification (see the Supporting Information). The QC 

concentrations were evaluated using standard statistical probability rules,31 and all 

laboratory operations were conducted under the requirements set forth by the Clinical 

Laboratory Improvement Act of 1988.

Statistical Analysis.

For statistical analyses, we used SAS (version 9.2, SAS Institute, Cary, NC). We calculated 

the frequency of detection, GM, and distribution percentiles of the volume-based (in μg/L) 

concentrations. For concentrations below the LOD, we used a value equal to the LOD 

divided by the square root of 2.32 Because urinary concentrations of bisphenols were not 

normally distributed, we used their log 10 transformation. Statistical significance was set at 

p < 0.05. For the trend analysis, we used a simple linear regression in which the log10 

urinary bisphenol concentration was the dependent variable and the year of urine collection 

was the independent variable. We also compared the linear regression models with different 

imputation methods for nondetectable concentrations (i.e., numerical instrumental readings, 

LOD divided by square root of 2) for trend analyses.33 We evaluated the downward trend of 
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GM concentration of BPA from its highest point (2010) to 2014. Similarly, we evaluated the 

trend of GM concentration of BPS from 2010 to 2014.

RESULTS AND DISCUSSION

We measured the urinary concentrations of BPA, BPS, BPF, and BPAF in 616 samples 

collected in 2000, 2001, 2007, 2009, 2010, 2011, 2013, and 2014 from convenience groups 

of anonymous U.S. male and female adults. Because BPA and its analogues are rapidly 

metabolized through phase II biotransformation to facilitate urinary excretion,34 these 

urinary concentrations reflect recent exposures to the bisphenols (most likely within 24 h). 

BPA was detected most frequently, while BPAF was detected in fewer than 3% of the 

samples. Depending on the collection year, the detection frequencies ranged from 74% to 

99% (BPA), 42% to 88% (BPF), 19% to 74% (BPS), and 0% to 2% (BPAF) (Table 1). BPA 

was also detected at the highest total concentrations; the urinary GM and median BPA total 

concentrations varied from 0.36 to 2.07 μg/L and from 0.5 to 2.0 μg/L, respectively (Table 

1).

Interestingly, we observed a significant downward trend (p <0.001, β coefficient = −0.34) of 

the urinary GM total concentration of BPA from 2010 (2.07 μg/L) to 2014 (0.36 μg/L) 

(Figure 1A, Table 1) using numerical readings for nondetected results. This trend 

significance was not changed when the nondetected results were imputed with the LOD 

divided by the square root of 2 (p < 0.0001, β coefficient = −0.23). Although samples were 

collected in a 14 year time period, all of the urine samples analyzed for this study were 

collected from similar groups of people who worked at the same location. Furthermore, a 

previous report indicated that at subfreezing temperatures, conjugated BPA (the major 

species of urinary BPA) was stable up to at least 30 months after collection.35 Therefore, for 

the archived samples used for the current study, we expected a negligible degradation of 

BPA conjugates (to free BPA) during storage. Even if some degradation to free BPA did 

occur, because we measured the total (free plus conjugated) urinary BPA concentration, 

degradation would not have contributed to the observed downward trend of GM total 

concentration. For the above reasons, we speculate that the apparent decline in the urinary 

GM total concentration of BPA may be explained, at least in part, by reduced human 

exposure to BPA because in recent years, several U.S. companies have pledged to remove 

BPA from its food packaging36 and thermal receipt paper and other paper products.37

The detection frequency, GM, and the median total urinary concentrations of BPS were 

lower than those of BPA (Table 1). Interestingly, we observed a slight upward trend in GM 

concentration of BPS (p = 0.04, β coefficient = 0.15) in 2010–2014, using numerical 

readings for nondetected results, during the time when BPA concentrations in the same 

group of samples declined (Table 1, Figure 1A). This trend significance remained the same 

when nondetected results were imputed with the LOD divided by the square root of 2 

instead of numerical readings (p = 0.017, β coefficient = 0.07). Furthermore, the detection 

frequency of BPS also increased from 25% in 2000 to 74% in 2014 (Table 1). The upward 

trend of GM concentration and detection frequency of BPS may reflect increased human 

exposure to this chemical in recent years. For example, due to concerns about the potential 

adverse health effects of BPA, a major manufacturer of thermal receipt papers in the United 
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States reported replacing BPA with BPS starting in 2006.13 In a recent study, BPS was 

detected in all thermal receipt paper, and in other paper products, such as tickets, mailing 

envelopes, airline boarding passes, and luggage tags collected in the United States and 

several other countries.14 BPS was also detected in 97% of 31 urine samples from the United 

States, with a GM concentration at 0.299 μg/L;27 the urinary GM concentration of BPS from 

2010 to 2011 in our study was 0.17 μg/L.

BPF has been used with BPA to make epoxy resins and coatings for various applications, 

such as lacquers, varnishes, liners, adhesives, plastics, water pipes, dental sealants, and food 

packaging.38 However, compared to data on BPA, human exposure data on BPF are scarce. 

BPF was detected in fewer than 30% of urine samples collected in June 2013 from residents 

living near a BPAF manufacturing plant in south China;28 with a similar LOD, we detected 

BPF more frequently (>50% except in 2010 and 2011) in the present study (Table 1). 

However, the urinary GM total concentrations of BPF, which varied from 0.15 μg/L to 0.54 

μg/L (Table 1), were lower than those of BPA. Although the median and GM total 

concentrations of BPA were the highest among the bisphenols evaluated in the present study 

(Table 1, Figure 1B), the 95th percentile concentration of BPF was comparable or higher 

than that of BPA in most samples except those collected in 2007, 2010, and 2011 (Figure 

1B). In contrast to BPA and BPS, we did not observe any specific trend for either the GM 

urinary total concentration or detection frequency of BPF from 2000 to 2014 (Table 1, 

Figure 1A).

Interestingly, despite the fact that BPAF has been detected in the environment and in food,
16,17 we detected BPAF in fewer than 3% of the samples examined and at relatively low 

concentrations (<0.1 to 0.12 μg/L). These results suggest lower human exposure to BPAF 

than to the other bisphenols or that BPAF may not be a suitable biomarker of exposure to 

this chemical.

Because of the ubiquitous presence of BPA and its analogs in the environment, external 

contamination during sample collection, handling, and analysis could compromise the 

biomonitoring of these chemicals.39 To confirm the suitability of the archived specimens we 

used for this study, we also quantitated the free urinary concentrations of BPA, BPS, and 

BPF in the samples with total concentrations above the 95th percentile for each collection 

year. We calculated the concentration of conjugates from the total and free concentrations. In 

the 77 samples tested for free species, the mean conjugate percent (mean ratio of conjugated 

to total concentration) was 97% (BPA), 93% (BPS), and 92% (BPF). The fact that the 

conjugates, which could only form through metabolism, were the main species in these 

samples, suggest that the total concentrations measured in the current study reflect real 

exposures to BPA, BPS, and BPF, and not external contamination.39

In summary, we measured the urinary concentrations of BPA and three bisphenol 

alternatives (BPF, BPS, BPAF) in 616 archived urine samples collected from U.S. adults at 

eight time points between 2000 and 2014. Compared to the detection of BPA, we detected 

BPS and BPF less frequently and at lower GM total concentrations. The detection frequency 

of BPS increased from 2000 to 2014. Since 2010, we observed a downward trend of BPA 

GM total concentrations and a concomitant slight upward trend of BPS. NHANES data 
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suggesting that BPA GM concentrations in 2011–2012 have decreased since they were first 

measured in 2003–200426 do support our findings, but our results should be interpreted with 

caution for the following reasons. First, we did not correct the concentrations for urinary 

dilution. However, concentration trends based on geometric means for most nonpersistent 

biomarkers, including BPA, do not change appreciable whether adjusted for urinary dilution 

or not.26 Second, although we analyzed a fairly large number of samples (∼600), the number 

of samples by collection year was relatively small, and the study participants were all from 

one specific U.S. location and collection site. Furthermore, the participants might have 

contributed multiple samples, thus further decreasing the number of participants in this 

exposure study. The overall investigation period spanned 14 years, but we only had samples 

for eight of the collection years. The anonymous nature of the collection and lack of 

participants’ demographic data (i.e., age, sex, and ethnicity) prevented the evaluation of 

determinants of exposure to these bisphenols. Last, the concentrations of the alternative 

bisphenols were rather low and, in several cases, close to the LOD. For the above reasons, 

the observed suggestive temporal trends only apply to the specific group of adults examined 

and may not apply to the general population. Nonetheless, despite these limitations, our 

study provided useful information on human exposure to alternative bisphenols. Concerns 

on the potential adverse health effects of bisphenols and other BPA alternatives warrant 

large-scale biomonitoring studies that can provide useful information for better 

understanding the general public’s exposure to these chemicals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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bisphenol AF

BPF
bisphenol F

BPS
bisphenol S
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CI
confidence interval

GM
geometric mean

LOD
limit of detection

NHANES
National Health and Nutrition Examination Survey

Online SPE–HPLC–MS/MS
online solid-phase extraction high-performance liquid chromatography–tandem mass 

spectrometry

QC
quality control
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Figure 1. 
Urinary geometric mean (GM) (A) and 95th percentile (B) total concentrations of bisphenol 

A, bisphenol F, and bisphenol S (in μg/L) by collection year in convenience samples of 

American adults.
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