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Abstract

Background: Limited information exists regarding longitudinal trends in midlife women’s 

exposure to per- and polyfluoroalkyl substances (PFAS). Further, little is known about how 

patterns of exposure differ by race/ethnicity and reproductive characteristics including parity and 

menopause.

Objective: We aimed to examine temporal variations in serum PFAS concentrations among 

midlife women from the Study of Women’s Health Across the Nation.

Methods: Serum concentrations of 11 PFAS homologues were measured in 75 White, Black and 

Chinese women with blood samples collected in 1999–2000, 2002–2003, 2005–2006, and 2009–

2011. Rates of changes in PFAS concentrations were calculated assuming a first-order elimination 

model. Associations between PFAS concentrations and race/ethnicity, menstruation and parity 

were evaluated with linear mixed models, adjusting for age, body mass index and study site.

Results: Serum concentrations of linear-chain perfluorooctanoic acid (n-PFOA), linear- and 

branched-chain perfluorooctane sulfonic acid (n-PFOS and sm-PFOS) decreased significantly 

(−6.0%, 95% CI: −8.3%, −3.6% per year for n-PFOA; −14.8%, 95% CI: −17.3%, −12.3% per year 

for n-PFOS; −16.9%, 95% CI: −19.1%, −14.6% per year for sm-PFOS); whereas 

perfluorononanoic acid (PFNA) increased (16.0%, 95% CI: 10.6%, 21.6% per year). Detection 

rates of perfluorodecanoic acid (PFDeA) and perfluoroundecanoic acid (PFUA) doubled. 

Temporal trends varied significantly by race/ethnicity. Chinese women tended to have consistently 
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higher PFNA concentrations at each follow-up visit, compared with White and Black women. 

Serum PFHxS concentrations significantly decreased in White and Black women, but not in 

Chinese. Menstruating women consistently had lower concentrations. Parity was associated with 

lower concentrations at baseline but the differences between nulliparous and parous women 

became smaller over time.

Conclusions: Our results suggest longitudinal declines in serum concentrations of legacy PFAS 

and increases in serum concentrations of emerging compounds from 1999 to 2011 in midlife 

women. Temporal trends in PFAS concentrations are not uniform across race/ethnicity and parity 

groups.
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1. INTRODUCTON

Per- and polyfluoroalkyl substances (PFAS) are anthropogenic compounds that have been 

widely used since the discovery of polytetrafuoroethylene (commonly known as Teflon) 

(Kotthoff et al., 2015; Prevedouros et al., 2006). Due to the strong electronegativity and 

small atomic size of fluorine, the perfluoroalkyl moiety imparts unique water- and oil-

repellency, and thermal and chemical stability to these compounds, compared to their 

hydrocarbon counterparts. Many consumer products contain specific members of this family 

of chemicals, such as nonstick cookware, weatherproof clothing, surface protectants, 

carpets, greaseproof food packaging, aqueous film-forming foams, and etc. (Begley et al., 

2005; Butenhoff et al., 2006; Kantiani et al., 2010; Kissa, 2011; Trudel et al., 2008).

PFAS are of particular concern as these compounds have been linked to hepatocellular 

damage (Darrow et al., 2016), chronic kidney disease (Shankar et al., 2011) and metabolic 

disorders (Liu et al., 2018; Sun et al., 2018), and have also been identified as potential 

reproductive toxicants (Jensen and Leffers, 2008). Perfluorooctanoic acid (PFOA) and 

perfluorooctane sulfonic acid (PFOS) (so-called C8 compounds) have been the most 

extensively produced and studied chemicals. Epidemiological studies have shown 

associations between exposure to elevated concentrations of PFOA and PFOS with 

menstrual cycle irregularity (Lyngsø et al., 2014; Zhou et al., 2017), premature ovarian 

insufficiency and accelerated ovarian aging (Knox et al., 2011; Taylor et al., 2014; Zhang et 

al., 2018), steroidogenic defects (Barrett et al., 2015), and infertility (Bach et al., 2016). 

Given the toxicity, persistence and bioaccumulation of PFAS, government and regulatory 

bodies in some parts of the world have been working towards agreements and regulations to 

limit the production of PFOA and PFOS since 2000 (Significant New Use Rule Final Rule 

and Supplemental Proposed Rule, 2002; Stockholm Convention, 2016; US EPA, 2016, 

2000). At the same time, several other PFAS homologues have increased steadily in the 

general population (Calafat et al., 2007). Therefore, the quantitation of multiple PFAS in 

human serum is important to adequately assess human exposure and associated health risks.
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Previous human biomonitoring studies primarily focused on repeated cross-sectional data 

and have shown declines in PFOS, PFOA and their precursors (Calafat et al., 2007, 2006; 

Kato et al., 2011b; Liu et al., 2015; Olsen et al., 2012). To date, few published studies have 

reported longitudinal trends in the United States (Kato et al., 2014; Wu et al., 2015). These 

longitudinal studies (Kato et al., 2014; Wu et al., 2015) included only two recorded time 

points within a short time frame (~6–12 months) among pregnant women in Ohio and 

children and adults in California, respectively. Given that many PFAS are slowly eliminated, 

e.g., half-lives can exceed 2 years, it is important to have multiple measurements over a 

relatively long follow-up period to adequately describe within-person changes.

Understanding the health effects of common exposures is challenging as exposures may vary 

by participant characteristics such as race/ethnicity and geography. Serum concentrations 

also cannot easily be related to probable ongoing background exposures in midlife women, 

since factors such as menstruation and parity may not properly be accounted for in female 

elimination rates. To improve our understanding of exposure to PFAS in midlife women, we 

describe the longitudinal changes in PFAS concentrations during the menopausal transition 

and evaluate whether time trends differed by reproductive aging (i.e. menstruation status), 

parity, or race/ethnicity. The present study was based on four repeated measurements of 

serum PFAS concentrations collected 1999 through 2011 in a cohort of 75 multiethnic 

midlife women aged 45–56 years at baseline (1999–2000) from the United States.

2. METHODS

2.1 Study populations.

Participants were drawn from the Study of Women’s Health Across the Nation (SWAN), a 

multicenter, multi-ethnic, community-based cohort of midlife women. Detailed study 

designs were described elsewhere (Sowers et al., 2000). Briefly, 3,302 women were 

recruited at baseline during 1996–1997 from 7 study sites in the United States (Boston, MA; 

Chicago, IL; southeast Michigan, MI; Los Angeles, CA; Newark, NJ; Oakland, CA; 

Pittsburgh, PA). Each site recruited White women and women from a specified minority 

group (black in Boston, Chicago, southeast Michigan, and Pittsburgh; Chinese in Oakland; 

Japanese in Los Angeles; Hispanic in Newark). Baseline eligibility criteria for enrollment 

into the longitudinal cohort included the following: aged 42 to 52 years, having an intact 

uterus and at least one ovary, not currently using exogenous hormones affecting ovarian 

functions, having a menstrual period in the previous 3 months, and self-identified with a 

site’s designated racial/ethnic group.

The SWAN Multi-Pollutant Study (MPS) was initiated in 2016 to examine multiple 

environmental chemical exposures, including PFAS, polychlorinated biphenyls (PCBs), 

organochlorine pesticides, polybrominated diphenyl ethers (PBDEs), metals, phenols, 

phthalates, and organophosphate pesticide among midlife women. A schematic diagram of 

the SWAN MPS sampling procedure is shown in Supplemental Materials Figure A.1. 

Repository samples available from the third follow-up visit (V03, 1999–2000) were used for 

environmental exposure assessments. Of 2,694 women enrolled at V03, we excluded women 

from Chicago (n=368) and Newark (n=278) because urine samples were not available in 

these two sites. We additionally excluded 648 women with insufficient serum or urine 
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samples at V03 or insufficient urine samples at V06 (for the assessment of non-persistent 

phenols and phthalates), yielding the sample size of 1400. Details of the study design are 

described elsewhere (Park et al., 2019).

We also designed a pilot project at the SWAN V03 (1999–2000), V06 (2002–2003), V09 

(2005–2006) and V12 (2009–2011) to examine temporal trends in a panel of persistent 

organic pollutants, including PCBs, PBDEs, and PFAS. Of 1,400 participants with serum 

samples available at V03, we picked three study sites (Boston, MA in the East; southeast 

Michigan in the Midwest; Oakland, CA in the West), to capture temporal variations in 

different race/ethnic groups and geographical locations with limited resources. Because the 

menopausal transition and related body composition changes may impact chemical 

distributions of persistent organic pollutants, we then conducted random sampling to get a 

subsample of women (n=75) with 4 follow-up visits at V03, V06, V09 and V12 (n=300 

observations in total) stratified on changes in waist circumferences and race/ethnicity. The 

sampling procedure of this pilot project is given in Supplemental Materials Figure A.2.

Characteristics among 1,400 participants at V03 were compared to those included in the 

temporal trend study. Women who were followed until V12 had a higher level of education 

(P<0.05, Supplemental Materials Table A.2). No significant differences were found for other 

socio-demographic factors (P>0.05, Supplemental Materials Table A.2) or for PFAS serum 

concentrations at the baseline (P>0.05, Supplemental Materials Table A.3). In addition, 

waist circumference changes did not impact the temporal trends of PFAS concentrations 

(data not shown).

2.2 PFAS measurements.

We obtained serum samples from 75 women at SWAN V03 (1999/2000), V06 (2002/2003), 

V09 (2005/2006), and V12 (2009/2011). Serum samples were sent to the Division of 

Laboratory Sciences, National Center for Environmental Health, Centers for Disease Control 

and Prevention.

Perfluoroalkyl acids (PFAAs) are some of the most simple PFAS molecules, which are 

essentially non-degradable. The PFAAs contain two major groups, perfluoroalkyl carboxylic 

acids (PFCAs) and perfluoroalkane sulfonic acids (PFSAs). PFCAs included PFOA, 

perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDeA), perfluoroundecanoic acid 

(PFUA), and perfluorododecanoic acid (PFDoA). PFSAs included perfluorohexane sulfonic 

acid (PFHxS), and PFOS. PFOA and PFOS may be present as mixtures of linear- (n-) and 

branched- (sm-) chain isomers depending on the manufacturing process used. A linear 

isomer is composed of carbon atoms bonded to only one or two carbons, which form a 

straight backbone. A branched isomer consists of at least one carbon atom bonded to more 

than two carbon atoms. Note that 2-(N-ethyl-perfluorooctane sulfonamide) acetate 

(EtFOSAA) and 2-(N-methyl-perfluorooctane sulfonamide) acetate (MeFOSAA) are 

perfluoroalkane sulfonamide acetic acids (FASAAs) which belong to polyfluorinated 

compounds and act as intermediate environmental transformation products of PFOS. 

Chemical names and formulas of PFAS analyzed in this study are shown in Supplemental 

Materials Table A.1.
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We measured PFHxS, n-PFOS, sum of sm-PFOS, EtFOSAA, MeFOSAA, n-PFOA, sum of 

sb-PFOA, PFNA, PFDeA, PFUA, and PFDoA in 1 mL of serum, using an online solid phase 

extraction-high performance liquid chromatography-isotope dilution-tandem mass 

spectrometry (on-line SPE-HPLC-MS/MS) method (Kato et al., 2011a) that allows for 

selective analyses of serum. The limits of detection (LODs) were determined during method 

validation by running 5 repeated measurements of low-level standards spiked onto calf 

serum (Taylor, 1981) and then calculating the standard deviation of the instrument response. 

The limit of detection was then defined as three times the standard deviation. The LODs 

were 0.1 ng/mL for all PFAS analytes.

In parallel with sample analyses, the following quality control (QC) procedures were 

conducted: (a) standard reference materials (SRMs) and spike and surrogate recoveries were 

tested periodically; (b) linearity and drift checks were performed with each sample batch; (c) 

internal standards consisting of deuterated standards are used on each sample; (d) duplicates 

were analyzed in each batch; (e) method detection limits (MDLs) for each target compound 

were determined for each matrix; and (f) blanks (instrumental, field and laboratory) were run 

with each sample batch. Each sample run contained 9 calibration standards, two low-

concentration QCs (QCL), two high-concentration QCs (QCH), three serum blanks, and two 

reagent blanks. All solvents and other materials contacting samples are proved to be clean, 

as confirmed using blanks. The coefficient of variation was 5.9–12.1% for the low QC pools; 

and 5.9–10.6% for the high QC pools.

2.3 Covariates.

Time-independent covariates included race/ethnicity, study site, and baseline age, measured 

body mass index, and parity. Parity, which represents the sum of the number of live births 

and stillbirths, was classified into nulliparous or parous. Time-varying variables included 

menstruation status. Menstruation was determined from self-administered questionnaires. At 

each visit women were asked: “Did you have any menstrual bleeding since your last study 

visit?” All these variables were fully observed in the study sample.

2.4 Comparison with NHANES data.

We used the NHANES 1999–2010 data to compare temporal trends in PFAS between our 

study and the contemporary US representative population. Only women with the same age 

range at each cycle matched to our longitudinal follow-up visits were included in the 

analyses. Thus, participants included in the comparison were 91 women aged 45–56 years 

from NHANES 1999–2000, 119 women aged 48–59 years from NHANES 2003–2004, 124 

women aged 51–62 years from NHANES 2005–2006, and 232 women aged 55–68 years 

from NHANES 2009–2010 (a total of 566). Survey-weighted medians and interquartile 

ranges were computed at each cycle.

2.5 Statistical analysis.

The concentrations of 11 PFAS were described using geometric mean (GM), geometric 

standard deviation (GSD), median, interquartile range (IQR), 95th and 99th percentiles, and 

range. For measurements below the LODs, the values were substituted with LOD/ 2. An 

intra-class correlation coefficient (ICC) was calculated to assess reliability of serum PFAS 
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measurements using the following formula ICC = σB2
σB2 + σW 2 , where σB

2 is the between-

subject variation and σW
2 is the within-subject variance. An ICC is very useful for analyzing 

continuous measures. A high ICC indicates that differences in PFAS serum concentration 

between subjects have greater variability than that within subjects over the study period 

(Enderlein, 2007).

PFAS homologues that were detected in at least 70% of the samples were included in the 

trend analysis. Under the assumption of a first-order elimination model, halving time (T1/2) 

for PFAS were calculated by ln 2 β, where β was the fixed effect coefficient of time; (eβ − 1) 

× 100% was expressed as the excretion constant rate. Repeated measure analysis of variance 

(ANOVA) tests were conducted to compare serum PFAS concentrations by participant 

characteristics.

In the adjusted analyses, linear mixed models (LMMs) were fitted with random intercepts to 

calculate effect estimates and standard errors (SEs) for assessment of time-varying PFAS 

serum concentrations by participant characteristics. PFAS concentrations were modeled as a 

function of follow-up visits with baseline visit as the reference, to capture non-linear trends. 

A natural logarithmic transformation was applied to serum PFAS concentrations to 

approximate a normal distribution. Both crude analyses and analyses with adjustment for 

age at baseline, race/ethnicity, study site (Santoro et al., 2011), BMI at baseline, parity, and 

menstrual bleeding were conducted. To explore temporal variations by covariates, 

interactions terms between time and these covariates were included in the regressions of 

SWAN follow-up visits. Likelihood ratio tests were used to compare models with and 

without interaction terms to determine whether time trajectories differed by these factors.

Given the limited sample size we used the most parsimonious adjusted model as shown 

below,

PFASij = β0 + β1V 06i + β2V 09i + β3V 12i + β4Menstruatingij + β5Wℎitei + β6Cℎinesei + β7Parousi
+ β8V 06i × Wℎitei + β9V 09i × Wℎitei + β10V 12i × Wℎitei + β11V 06i × Cℎinesei + β12V 09i × Cℎinesei
+ β13V 12i × Cℎinesei + β14V 06i × Parousi + β15V 09i × Parousi + β16V 12i × Parousi + βCovariatesi + b0j
+ εij,

where PFASi,j is serum concentrations for the ith subject with the jth observation; X × Y is 

the interaction term between X and Y; V06 is SWAN visit 06 during 2002 – 2003, V09 is 

SWAN visit 09 during 2005 – 2006, and V12 is SWAN visit 12 during 2009 – 2011; 

Covariates include age at baseline, BMI at baseline, and study site.

Statistical analyses were conducted by R 3.4.4 (R Core Team (2018). R Foundation for 

Statistical Computing, Vienna, Austria) and SAS, version 9.4 (SAS Institute, Inc., Cary, 

North Carolina).
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3. RESULTS

3.1 Participant characteristics.

Characteristics of 75 women at SWAN V03 (1999/2000), V06 (2002/2003), V09 

(2005/2006) and V12 (2009/2011) are described in Table 1. The average age of participants 

was 49 years (range = 45 to 56 years) at V03, the baseline period for this analysis, in 1999–

2000. The median (IQR) BMI was 26.1 (22.7–32.0) kg/m2 at baseline and did not change 

much during the follow-up visits. All 75 women lived in the same place during the follow-up 

visits. Among participants, 25.3% resided in southeast Michigan, 30.7% in Boston, and 

44.0% in Oakland; 49.3% were White, 25.3% were Black and 25.3% were Chinese. 89.3% 

of participants experienced menstrual bleeding since their last visit at V03 (on average, 

approximately 12 months after V02) decreasing to 4.0% at V12. Sixteen percent were 

nulliparous at V03 and no one became pregnant or breastfed during the follow-up visits.

3.2 Longitudinal trends of serum PFAS concentrations from 1999 to 2011.

Distributions of serum PFAS concentrations across follow-up visits are displayed for 

selected compounds with detection rates >70% in Figure 1, and presented for all the PFAS 

analytes in Supplemental Materials Table A.4. Over 70% of the serum samples had 

detectable concentrations above LODs at each time point for n-PFOA, n-PFOS, sm-PFOS, 

PFHxS, and PFNA. Substantial decreases were observed in median concentrations of n-

PFOA (3.30 to 2.60 ng/mL; P=0.001), n-PFOS (17.00 to 7.50 ng/mL; P<.0001), and sm-

PFOS (6.20 to 2.50 ng/mL; P<.0001) during 1999 and 2011. Over 98% of the samples had 

detectable EtFOSAA and MeFOSAA at V03 while the detectable percentages decreased to 

1.33% and 50.67%, respectively, during the follow-up visits. PFHxS serum concentrations 

did not change significantly during 1999 and 2011 (1.50 to 1.20 ng/mL; P=0.05).

In contrast to other PFAS homologues, PFNA showed increase steeply (0.50 to 1.30 ng/mL), 

comparing V03 (1999/2000) to V12 (2009/2011) (P<.0001). PFDeA and PFUA 

concentrations increased during 1999–2011 with a detection rate of 89.3% and 66.7% at 

V12, respectively, from 42.7% and 36% at V03. Fewer than 20% of the samples had 

detectable levels of sb-PFOA and PFDoA. Intraclass correlation coefficients ranged 0.16 to 

0.48, indicating low similarity and highly variable values from the same subject over time.

On average, serum concentrations of n-PFOA, n-PFOS, sm-PFOS and PFHxS were 

estimated to be decreased by 6.0% (95% CI: −8.3%, −3.6%), 14.8% (95% CI: −17.3%, 

−12.3%), 16.9% (95% CI: −19.1%, −14.6%) and 6.2% (95% CI: −9.1%, −3.2%) per year, 

respectively, as shown in Table 2. The halving time was estimated to be 11.2 (95% CI: 8.0–

19.0) years for n-PFOA, and 4.3 (95% CI: 3.6–5.3), 3.7 (95% CI: 3.3–4.4) and 10.8 (95% 

CI: 7.2–21.5) years and for n-PFOS, sm-PFOS and PFHxS, respectively. On the contrary, 

PFNA increased by 16.0% (95% CI: 10.6%, 21.6%) during follow-up visits with a doubling 

time of 4.7 (95% CI: 3.5–6.9) years. Adjustment for age at baseline, race and study site and 

menstruation did not account for temporal variations of PFAS serum concentrations, except 

for PFNA, of which the time effects became insignificant (P=0.12).
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3.3 Comparison with NHANES data.

Comparisons of the present study with the contemporary NHANES data of general U.S. 

women with the same age range are displayed in Supplemental Materials Figure A.3. Both 

showed serum concentrations of PFOA, PFOS, PFHxS, and PFNA with detection 

rates>70%. SWAN participants had lower median concentrations over time, but the spread of 

IQRs in SWAN and the NHANES datasets generally overlapped. Both had decreasing trends 

of PFOA, PFOS and PFHxS, and increasing trends of PFNA. Detection rates of PFDeA and 

PFUA increased in both SWAN and NHANES data but decreased for EtFOSAA (data not 

shown). Neither showed detectable concentrations of PFDoA.

3.4 Determinants of temporal changes in PFAS concentrations.

Unadjusted median (IQR) log-transformed serum concentrations of n-PFOA, n-PFOS, sm-

PFOS, PFHxS and PFNA by race/ethnicity, menstruation status and parity over time are 

displayed in Figures 2–4. In the unadjusted analyses, temporal trends differed significantly 

by race/ethnicity for n-PFOA (P=0.007), n-PFOS (P=0.02), and PFHxS (P=0.04) but not for 

sm-PFOS (P=0.13) and PFNA (P=0.19). Menstruating women had lower PFAS 

concentrations and the differences remain almost the same over time during the follow-up 

visits (P=0.31 for n-PFOA, P=0.29 for n-PFOS, P=0.80 for sm-PFOS, P=0.36 for PFHxS, 

and P=0.07 for PFNA). Nulliparous women had higher serum PFAS concentrations at 

baseline but the time trajectories of n-PFOA and n-PFOS had changed significantly during 

the follow-up visits (P=0.03 for n-PFOA, P=0.03 for n-PFOS). In contrast, the trajectories of 

other PFAS homologues did not differ by parity (P=0.19 for sm-PFOS, P=0.99 for PFHxS, 

and P=0.28 for PFNA).

Figure 5 depicts the adjusted trends of n-PFOA, n-PFOS, sm-PFOS, PFHxS and PFNA 

across the four visits stratified by race/ethnicity, menstrual bleeding and parity, controlling 

for age at baseline, study site, and BMI at baseline (see effect estimates and standard errors 

from mixed regression models in Supplemental Materials Table A.5).

Race/ethnicity was an independent predictor of PFAS concentrations and their trends over 

time. For n-PFOA, women had significantly lower concentrations from baseline to V12, but 

trends differed significantly by race/ethnicity (P for interaction=0.001). White women had 

the highest exposures to n-PFOA at baseline; however, time mitigated the racial/ethnic 

differences. Chinese women showed a much slower decline in from V03 to V12. For n-

PFOS, all three racial/ethnic groups had significantly lower concentrations at V12 compared 

to V03, but White women had a more rapid decline from baseline to V12, compared with 

that of Chinese and Black (P for interaction=0.0007). Temporal trends of sm-PFOS and 

PFHxS also differed significantly by race/ethnicity (P for interaction=0.03 and 0.008, 

respectively), with racial/ethnic differences decreased over time. However, PFNA serum 

concentrations did not change significantly over time across racial/ethnic groups (P for 

interaction=0.13) but Chinese women showed consistently higher concentrations compared 

to other racial/ethnic groups (P=0.03 at baseline for race/ethnicity).

Compared to women without menstrual bleeding since the last visit, menstruating women 

had 16.4% (95% CI: −26.7%, −4.7%), 18.3% (95% CI: −31.9%, −1.9%), 13.4% (95% CI: 
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−22.8%, −2.9%) lower serum concentrations of n-PFOA, PFNA, and sm-PFOS, respectively, 

during follow-up visits. n-PFOS or PFHxS were not associated with menstruation status 

(P=0.14 and 0.15, respectively). Interaction terms between time and menstrual bleeding 

were not significant.

In addition, serum concentrations of n-PFOA, n-PFOS and sm-PFOS also varied 

significantly across parity. Concentrations decreased by −40.5% (95% CI: −58.5%, −14.6%) 

for n-PFOA, −47.7% (95% CI: −65.6%, −20.7%) for n-PFOS, and −45.5% (95% CI: 

−64.0%, −17.4%) for sm-PFOS, comparing parous to nulliparous women at baseline; 

whereas the differences became significantly smaller for n-PFOA and n-PFOS (P for 

interaction=0.02 for n-PFOA, and 0.008 for n-PFOS) over time, but did not change for sm-

PFOS (P for interaction=0.21). No significant differences by parity status were observed for 

PFHxS (P=0.50) and PFNA (P=0.31) at baseline, or during follow-up visits (P for 

interaction= 0.95 for PFHxS, and 0.47 for PFNA). Further adjustment for education, 

employment status, and difficulty paying for basics did not eliminate the observed 

differences by race/ethnicity, menstruation, or parity (data not shown).

4. DISCUSSION

This study updates the existing knowledge on human exposure to PFAS. It provides valuable 

data on midlife women’s exposure to PFAS as they transition through menopause and 

temporal trends of PFAS serum concentrations, which have rarely been reported before. This 

study also provides new evidences on the contribution of race/ethnicity, menstruation, and 

parity to the temporal variations of PFAS concentrations.

4.1 Longitudinal trends of serum PFAS concentrations from 1999 to 2011.

Overall, serum concentrations of legacy compounds, including n-PFOA, n-PFOS, sm-PFOS, 

EtFOSAA and MeFOSAA peaked at baseline. In contrast, increasing trends were observed 

for PFNA, PFUA, and PFDeA from 1999 to 2011.

Along with a recent study summarizing PFAS data in NHANES (Calafat et al., 2007), our 

findings indicated effectiveness of deliberate efforts to reduce the production of PFOA, 

PFOS and its precursors in the United States. Unlike the majority of legacy PFAS, the 

current study and previous studies have suggested increases in serum concentrations of other 

long-chain PFAS, including PFNA (Calafat et al., 2006, 2007; Kato et al., 2011; Spliethoff et 

al., 2008), PFUA (Calafat et al., 2006, 2007; Kato et al., 2011; Spliethoff et al., 2008), and 

PFDeA (Calafat et al., 2006, 2007; Kato et al., 2011; Spliethoff et al., 2008).These 

increasing trends indicate an ongoing exposure. For example, PFNA was found to be present 

in several commonly used consumer products, e.g. paper-based food contact materials and 

textiles (Kotthoff et al., 2015). In addition, PFNA and PFUA are believed to be 

manufactured through a transformation of fluorotelomer olefins (Buck et al., 2011), which 

could be formed by telomere-derived PFAS precursors. It is also possible that the observed 

increase in PFNA concentrations was related to internal metabolisms (e.g. cessation of 

menstruation) in midlife women. However, the routes of exposure and control mechanisms 

for these compounds remain obscure, as the main exposure pathway for PFCAs varies 

according to homologues and exposure scenario (Gebbink et al., 2015).
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No significant changes were observed for serum PFHxS concentrations among the midlife 

women. However, PFHxS was the second most abundant PFSAs next to PFOS during 2003 

and 2011. Previous research indicates that higher prevalence of PFHxS could be associated 

with increased use of stovetop Teflon cookware (Hu et al., 2018), preheated packaged/

microwavable foods (Hu et al., 2018; Wu et al., 2015), as well as indoor dust (Wu et al., 

2015) and lower vacuuming frequency (Siebenaler et al., 2017).

4.2 Differential changes in PFAS concentrations by race/ethnicity from 1999–2011.

Race/ethnicity has previously been correlated with PFAS exposures (Boronow et al., 2019; 

Calafat et al., 2007; Park et al., 2019). Although serum concentrations of n-PFOA, n-PFOS, 

and sm-PFOS have declined over all, to our knowledge no longitudinal study to date had 

assessed whether temporal changes in serum PFAS concentrations differ by race/ethnicity. 

The present study addresses this gap. Our findings suggest that temporal trends in PFAS 

exposure are not uniform across racial/ethnic groups, and subpopulations with higher initial 

PFAS exposures often experienced the greater change over the study period. For example, 

we observed a more rapid decline in n-PFOA and n-PFOS concentrations among White 

women, who had higher baseline concentrations compared with other racial/ethnic groups, 

possibly reflecting differences in consumer product use. A scenario-based risk assessment 

study (Trudel et al., 2008) reported that in female adults, the most dominant source of PFOA 

exposure was likely from consumer products including impregnation spray, treated carpets 

in homes, and coated food contact materials, while a large proportion of PFOS exposure was 

through intake of contaminated food. Substantial declines in serum concentrations of n-

PFOA and n-PFOS among White women might result from changes in product preferences 

and food consumption. Conversely, White women had a slight increase in PFHxS serum 

concentrations in 2009–2011. Another recent study of middle-aged women also found that 

White women with higher serum concentrations of PFHxS compared with Black, likely 

attributable to exposure from dental floss with Oral-B Glide (Boronow et al., 2019).

Unlike other racial/ethnic groups, Chinese women had increasing exposures to PFHxS since 

2002, and consistently higher serum concentrations of PFNA during the follow-up visits. 

However, little is known about potential sources of exposure in Chinese populations. 

Socioeconomic characteristics, lifestyle factors or genetics may account for the observed 

disparities. Compared to White women, both Black and Chinese had lower education 

attainment, less physical activity; Black women had more difficulty paying for basics; 

Chinese women had more fish intake (Supplemental Materials Table A.6). Although 

biomonitoring studies are useful for documenting population exposures to environmental 

chemicals, they are limited in their ability to identify the contribution of specific sources to 

personal exposure. Nonetheless, our understanding of sources of PFAS exposure remains 

incomplete, however, these findings prompt follow-up in future studies.

4.3 PFAS concentrations by parity.

Parity was a significant determinant of PFAS serum concentrations, especially with parous 

women having lower concentrations of n-PFOA, n-PFOS and sm-PFOS than nulliparous 

women. This is the first study examining longitudinal trends of PFAS serum concentrations 

by parity in midlife women. Previous studies found that nulliparous women had higher 
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PFAS maternal concentrations (Berg et al., 2014; Brantsæter et al., 2013; Fei et al., 2007; 

Jensen et al., 2015; Lewin et al., 2017; Ode et al., 2013). PFAS can be transferred to infants 

or to the placenta through the umbilical cord (Beesoon et al., 2011; Hanssen et al., 2010; 

Kato et al., 2014). Blood loss during delivery might also decrease maternal body burden of 

PFAS (Lorber et al., 2015). After birth, PFAS may gradually re-accumulate in women, and 

as a result the differences at baseline narrowed over time (Fei et al., 2009). On the other 

hand, given the longer half-life of long-chain PFAS (e.g. PFNA) they might not be easily 

excreted during delivery.

4.4 PFAS concentrations by menstruation status.

This study strengthens the evidence that PFAS concentrations are influenced by 

menstruation status. Menstruating women tended to have lower serum concentrations 

compared to those without. The results are consistent with a previous pharmacokinetics 

modeling, in which Wong et al. found that approximately 30% of the PFOS elimination half-

life difference between females and males (Wong et al., 2014). Decreased serum 

concentrations have been shown in premenopausal versus postmenopausal women (Dhingra 

et al., 2017; Taylor et al., 2014) and, analogously, in men undergoing venesections for 

medical treatment (Lorber et al., 2015). Given that approximately 90% to 99% of these 

compounds in the blood are bound to serum albumin (Han et al., 2003; Ylinen and Auriola, 

1990), blood loss through menstruation may be an important elimination pathway.

Kudo et al. examined the role of sex hormones and transport proteins on the renal clearance 

and concluded that: in ovariectomized female rats, 1) estradiol could facilitate transporting 

PFOA across the membranes of kidney tubules into the glomerular filtrate; 2) treatments 

with testosterone reduced the clearance of PFOA (Kudo et al., 2002). This conforms to 

humans. Zhang et al. study reported that the rate of renal elimination was 0.024 mL/day/kg 

among women >50 years while 0.043 mL/day/kg among women ≤50 years (Zhang et al., 

2013). We cannot rule out the possibility of other unknown elimination routes that might 

elucidate the change of PFAS serum concentrations among midlife women during 

menopausal transition.

4.5 Strengths and limitations.

Our study is limited by its small sample size. We do not have sufficient power to examine 

the changes over time stratified by participant characteristics. Instead, we relied on the tests 

of statistical interactions between time and covariates. We also oversampled Chinese women 

to better capture racial/ethnic differences. In addition, we did not have information on 

important sources of exposure including food contact materials, microwavable or packaged 

food consumption, or use of carpet treatment procedures because no such information was 

available in this cohort. We were also unable to fully assess the impact of genetics and 

lifestyle factors which may account for racial/ethnic disparities. Future studies with a larger 

sample size would provide a clearer picture of the complex relationships between race/

ethnicity in PFAS exposure. Lastly, our study participants were 75 midlife women from 

three geographic locations, so results might not be generalizable to people living in other 

areas. The study sample is not representative of the base population of the SWAN 

Multipollutant Study. Women who have completed all 4 visits and provided serum samples 
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were eligible. Also, by design, only women from Oakland, South Michigan, and Boston 

were included in selection.

A major strength of this study was the opportunity to include persons from different 

geographical locations in the United States, and Chinese, whose exposures have not been 

characterized. The repeated measurements also allow for examination of longitudinal intra-

individual changes in PFAS serum concentrations. As the ICCs for repeated measurements 

were relatively low, indicating that one single serum measurement may not be enough to 

provide a reliable biomarker of PFAS exposures.

5. CONCLUSIONS

In summary, our results depict longitudinal declines in legacy PFAS (i.e. PFOA and PFOS), 

as well as their branched isomers and precursors MeFOSAA and EtFOSAA among midlife 

women living in the US during 1999–2011. The findings are consistent with reduced 

environmental exposures since 2000–2002. We also identified differential patterns of 

exposure by race/ethnicity, which can provide useful information for developing hypotheses 

about possible sources of exposure that, especially for PFHxS and PFNA, are poorly 

understood. Additional analyses should be performed nationwide to examine whether 

similar racial/ethnic disparities exist across different regions of the country and which 

compounds (e.g. behaviors, consumer products) are the primary determinants of this risk 

disparity.
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Figure 1. 
Concentrations of selected PFAS with detection rates >70% analyzed in repeated serum 

samples of women (n=75) across the United States for four SWAN visits. Boxes represent 

the 25th-75th percentiles, horizontal lines represent the median, and whiskers indicate 5th and 

95th percentiles, respectively. Note that a log scale is used for Y axis. The limits of detection 

were 0.1 ng/mL for all PFAS analytes. Abbreviations: n-PFOA, linear-chain 

perfluorooctanoic acid; PFNA, perfluorononanoic acid; PFHxS, perfluorohexane sulfonic 

acid; n-PFOS, linear-chain perfluorooctane sulfonic acid; sm-PFOS, sum of branched-chain 

perfluorooctane sulfonic acid.
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Figure 2. 
Serum concentrations of selected PFAS with detection rates >70% by race/ethnicity in 

women (n=75) across the United States for four SWAN visits. Boxes represent the 25th-75th 

percentiles, horizontal lines represent the median, and whiskers indicate 5th and 95th 

percentiles, respectively. Repeated measure analysis of variance tests was conducted to 

compare temporal variations of PFAS concentrations by racial/ethnic groups: P=0.007 for n-
PFOA; P=0.02 for n-PFOS; P=0.13 for sm-PFOS; P=0.04 for PFHxS; and P=0.19 for 
PFNA. Note that a log scale is used for Y axis. The limits of detection were 0.1 ng/mL for 

all PFAS analytes. Abbreviations: n-PFOA, linear-chain perfluorooctanoic acid; PFNA, 

perfluorononanoic acid; PFHxS, perfluorohexane sulfonic acid; n-PFOS, linear-chain 

perfluoroctane sulfonic acid; sm-PFOS, sum of branched-chain perfluorooctane sulfonic 

acid.
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Figure 3. 
Serum concentrations of selected PFAS with detection rates >70% by menstruation status 

(i.e. whether had menstrual bleeding since last visit) in women (n=75) across the United 

States for four SWAN visits. Boxes represent the 25th-75th percentiles, horizontal lines 

represent the median, and whiskers indicate 5th and 95th percentiles, respectively. Repeated 

measure analysis of variance tests was conducted to compare temporal variations of PFAS 

concentrations by menstruation status: P=0.31 for n-PFOA; P=0.29 for n-PFOS; P=0.80 
for sm-PFOS; P=0.36 for PFHxS; P=0.07 for PFNA. Note that a log scale is used for Y 

axis. The limits of detection were 0.1 ng/mL for all PFAS analytes. Abbreviations: n-PFOA, 

linear-chain perfluorooctanoic acid; PFNA, perfluorononanoic acid; PFHxS, 

perfluorohexane sulfonic acid; n-PFOS, linear-chain perfluorooctane sulfonic acid; sm-

PFOS, sum of branched-chain perfluorooctane sulfonic acid.
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Figure 4. 
Serum concentrations of selected PFAS with detection rates >70% by parity status 

(nulliparous or parous) in women (n=75) across the United States for four SWAN visits. 

Boxes represent the 25th-75th percentiles, horizontal lines represent the median, and 

whiskers indicate 5th and 95th percentiles, respectively. Repeated measure analysis of 

variance tests was conducted to compare temporal variations of PFAS concentrations by 

parity group: P=0.03 for n-PFOA; P=0.03 for n-PFOS; P=0.19 for sm-PFOS; P=0.99 for 
PFHxS; P=0.28 for PFNA. Note that a log scale is used for Y axis. The limits of detection 

were 0.1 ng/mL for all PFAS analytes. Abbreviations: n-PFOA, linear-chain 

perfluorooctanoic acid; PFNA, perfluorononanoic acid; PFHxS, perfluorohexane sulfonic 

acid; n-PFOS, linear-chain perfluorooctane sulfonic acid; sm-PFOS, sum of branched-chain 

perfluorooctane sulfonic acid.
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Figure 5. 
Predicted temporal trends of log-transformed n-PFOA, n-PFOS, sm-PFOS, PFHxS and 

PFNA serum concentrations at SWAN V03 (1999/2000), V06 (2002/2003), V09 

(2005/2006) and V12 (2009/2011), stratified by race/ethnicity, menstruation status and 

parity, adjusting for age at baseline, study site and body mass index at baseline, based on 

fixed effects estimated from mixed regression models. Abbreviations: n-PFOA, linear-chain 

perfluorooctanoic acid; PFNA, perfluorononanoic acid; PFHxS, perfluorohexane sulfonic 
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acid; n-PFOS, linear-chain perfluorooctane sulfonic acid; sm-PFOS, sum of branched-chain 

perfluorooctane sulfonic acid.
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