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Abstract

Background—Charleston Harbor has elevated concentrations of PFAS in dolphins, but local 

human exposure data are limited.

Objectives—We sought to describe PFAS serum concentrations’ temporal trends among Gullah 

African American residents of coastal South Carolina.

Methods—Longitudinal measures of PFAS in blood serum from a Gullah clinical sample, 

without lupus, were examined using spaghetti plots and visit-to-visit change scores (e.g., 

differences in concentrations between visits) among the 68 participants with repeated measures 

available. We also modeled population-level trends among the 71 participants with any data using 

proportionate percentile models, accounting for clustering through robust standard errors. In a 

post-hoc analysis we examined heterogeneity of temporal trends by age through mixed-effects 

models for the log-transformed PFAS compounds.
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Results—Population concentrations of PFOS dropped approximately 9 (95% CI: 8, 10) percent 

each year over 2003–2013. This was concordant with individual PFOS trajectories (median PFOS 

change score −21.7 ng/g wet weight, interquartile range of PFOS change scores: −32.8, −14.9) and 

reports for other populations over this time period. Several other compounds including PFOA, 

PFHxS, and PFuNDA also showed a population-level decrease. However, examination of 

individual trajectories suggested substantial heterogeneity. Post-hoc analyses indicated that PFAS 

trajectories were heterogeneous by age.

Conclusions—Many PFAS compounds are decreasing in a sample of Gullah African Americans 

from coastal South Carolina. There may be age differences in the elimination kinetics of PFASs. 

The possible role of age as a modifier of PFAS serum trends merits further research.
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INTRODUCTION

Perfluoroalkyl substances (PFAS) (Buck et al., 2011), although commercially useful for 

their surfactant properties (Lehmler, 2005), have spread around the globe and into foods and 

may have important consequences for the environment and human health (Armitage et al., 

2009; Butt et al., 2010; Domingo, 2012; Giesy and Kannan, 2001; Ludwicki et al., 2015; 

Perez et al., 2014). The epidemiology and toxicology of these chemicals is still emerging, 

but PFAS exposures may have several health implications (Lau, 2012; Post et al., 2012; 

Steenland et al., 2010). Recent reviews have found that PFOA is negatively associated with 

fetal growth (Bach et al., 2014; Johnson et al., 2014). PFOA’s associations with cancer are 

the focus of an IARC monograph (Benbrahim-Tallaa et al., 2014), although a recent critical 

review found that overall the evidence was not supportive of PFOA or PFOS as carcinogens 

(Chang et al., 2014). There are differences by compound in the distribution of PFAS across 

tissues (Pérez et al., 2013). Although the health implications are still being assessed and are 

generally compound-specific, as a class these chemicals may be relevant for public health. It 

is therefore important to understand population exposures over time.

A possible route of exposure is through consumption of contaminated foods including fish 

(Perez et al., 2014). PFASs accumulate in marine food webs resulting in high concentrations 

in high trophic-level marine mammals serving as sentinel species (Fair et al., 2012a; Giesy 

and Kannan, 2001). Some of the highest PFASs found globally in marine mammals are in 

bottlenose dolphins in Charleston, South Carolina (Fair et al., 2012a; Houde et al., 2005). 

Concentrations of PFASs measured in the Charleston dolphins are on the same order of 

magnitude as occupationally exposed humans (Fair et al., 2012a; Fair et al., 2012b). The 

high PFAS concentrations in these dolphins alerted us to investigate the potential for 

environmental contamination possible human exposure. Further investigations have 

documented elevated concentrations of PFASs in the dolphin food web (Houde et al., 2006) 

and this current study focuses on exposures of the Gullah African Americans in the 

Charleston region. Local seafood is a dietary staple in the Gullah African American 

population (Ellis et al., 2014).
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Many biomarker studies of PFASs to date are cross-sectional surveys collectively offering 

an oblique portrait of changing congener profiles across time and space (Apelberg et al., 

2007; Frisbee et al., 2009; Gump et al., 2011; Guruge et al., 2005; Holzer et al., 2008; 

Kannan et al., 2004; Kato et al., 2014; Maisonet et al., 2012; Olsen and Zobel, 2007; Pinney 

et al., 2014; Schecter et al., 2012; Shaw et al., 2013; Tao et al., 2008a; Tao et al., 2008b; Tao 

et al., 2008c; von Ehrenstein et al., 2009; Zhang et al., 2013a; Zhang et al., 2010; Zhou et 

al., 2014). Several studies have examined trends across years in the same place, allowing 

more direct insights into temporal trends. Studies in Norway have shown decreases in 

perfluorooctane sulfonate (PFOS) and perfluorononanoic acid (PFOA) since 2000 (Haug et 

al., 2009; Nost et al., 2014); and decreases in women’s PFOS and PFOA concentrations 

after phase-out in commercial products (Berg et al., 2014). In Sweden, there were decreases 

over 1996–2010 in blood serum PFOA and PFOS, but increases in perfluorononanoate 

(PFNA), perfluorohexanesulfonate (PFHxS), and perfluorobutanesulfonate (PFBS) (Glynn 

et al., 2012). There were also decreases in PFOA and PFOS in breastmilk in Sweden 2001–

2008 (Sundstrom et al., 2011). One study in Germany supports a decrease in serum PFOS 

concentrations during 2001–2010, and a decrease in PFHxS concentrations during 2005–

2010 (Schroter-Kermani et al., 2013). However, another German survey of samples from 

two cities, Halle and Munster, collected over 1982–2009 did not find differences in PFHxS, 

but did see decreases in PFOS and PFOA, as well as increases in PFNA, PFDA and 

perfluoroundecanoic acid (PFuNDA) (Yeung et al., 2013a; Yeung et al., 2013b). In Japan, 

one study found apparent declines of 8.4% per year of PFOS and 3.1% per year of PFOA in 

umbilical cord blood samples collected over 2003–2011, but increases in PFNA and PFDA 

(Okada et al., 2013). Another study in Japan found increases in serum concentrations of 

perfluoroalkyl acids with chains longer than 8-carbons in three cities over 2002–2009 

(Harada et al., 2011). In a study in South Korea, serum concentrations of PFNA, PFuNDA 

and perfluorotridecanoic acid (PFTrDA) were higher in 2007–2008 than in 1994 (Harada et 

al., 2011). Australian samples also showed a decrease in PFOS and PFOA during 2002–

2011 (Toms et al., 2014).

Several studies have compared PFAS concentrations across years within the United States. 

One study of umbilical cord blood samples collected in New York over 1997–2007 found 

decreases in concentrations of PFOS, PFOA, PFHxS and perfluorooctane sulfonamide 

(PFOSA) after the year 2000, coinciding with the domestic phase-out of PFOA (Spliethoff 

et al., 2008). In a sample of blood donors from the American Red Cross, there was a 

decrease in 2010 concentrations compared to 2000–2001 concentrations for PFOS, PFOA 

and PFHxS (Olsen et al., 2012) The National Health and Nutrition Examination Survey also 

found lower concentrations of PFOS, PFOA, and PFHxS in 2003–2004 compared to 1999–

2000 (Calafat et al., 2007), and over 2003–2008 while PFOS continued to decline, 

concentrations of PFOA remained subsequently unchanged, and the decline in PFHxS 

reversed in 2007–2008 (Kato et al., 2011). These apparent trends in the United States 

coincide with 3M’s commercial phase-out of PFOS announced in 2000 and begun in 2002 

(Paul et al., 2008). However, the United States ‘temporal trend’ studies are almost all 

ecological comparisons of different participants recruited in different years. To our 

knowledge, the only previous longitudinal comparisons of same-subject serum 

concentrations in the United States were in highly exposed populations such as residents of 
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the Mid-Ohio Valley before-and-after water filtration was introduced as an exposure 

intervention (Bartell et al., 2010; Fitz-Simon et al., 2013). The objective of this study was to 

summarize temporal trends of PFAS in serum collected from Gullah African Americans 

participating in a longitudinal study from 2003–2013.

METHODS

Study Population

The African American Gullah population is estimated to be between 100,000 and 300,000 

and largely resides in the Sea Islands of South Carolina and Georgia. It is a unique 

community for defining environmental factors for autoimmune diseases due to its low non-

African genetic admixture, environmental-geographic homogeneity within the Sea Island 

region, and high prevalence of antinuclear antibody (ANA) positivity and of autoimmune 

diseases such as systemic lupus erythematosus (SLE). The SLE in Gullah Health (SLEIGH) 

study is a longitudinal cohort of Gullah African Americans started in 2003 to investigate 

potential genetic and environmental factors in the development of autoimmunity (Kamen et 

al., 2008). The SLEIGH study is conducted in cooperation with and approval from the Sea 

Island Families Project Citizen Advisory Committee (Spruill et al., 2013).

Gullah African Americans participating in the SLEIGH study were invited between April 

2010 and July 2013 to participate in an additional exposure assessment visit. This study 

protocol was reviewed and approved by the Medical University of South Carolina 

Institutional Review Board for Human Subjects Research and all participants provided 

informed consent. Participants came to study visits at the Medical University of South 

Carolina in Charleston, South Carolina, where blood and urine samples were collected per a 

standardized protocol. Eighty SLEIGH study participants with or without lupus completed 

the exposure assessment visit.

Serum samples from the study participants’ baseline SLEIGH visit and subsequent exposure 

assessment visit were kept frozen at −80 degrees, then batch shipped on dry ice to the 

Organic Analytical Chemistry Laboratory of the Wadsworth Center of the New York State 

Department of Health in Albany, NY for PFAS analysis. For this analysis, we excluded 

lupus patients and examined biomarker temporal patterns between the first and second visit 

among 71 persons without lupus. Most (81%) participants were female; participants ranged 

in age from 6.1 to 77.6 years old at first visit.

PFAS Biomarker Measurements

Serum concentrations of PFASs were measured using high performance liquid 

chromatography-tandem mass spectrometry (HPLC-MS/MS) as described elsewhere (Gump 

et al., 2011; Zhang et al., 2010). Briefly, 0.5 mL of serum sample, 5 ng of internal standards 

(18O2-PFHxS, 13C4-PFOS, 13C2-PFHxA, 13C4-PFOA, 13C2-PFNA, 13C2-PFDA, 13C2-

PFUnDA, and 13C2-PFDoDA), 2 mL of 0.25 M sodium carbonate/sodium bicarbonate 

buffer and 1 mL of 0.8 M tetrabutyl ammonium hydrogen sulfate solution (adjusted to pH 

11), were added to a 15 mL polypropylene tube for extraction. After thorough mixing, 5 mL 

of methyl tert-butyl ether (MTBE) was added, and the mixture was shaken for 40 min. The 
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organic and aqueous layers were separated by centrifugation at 3500 rpm for 3 min and an 

exact volume of MTBE (4 mL) was removed. The aqueous mixture was rinsed with 3 mL 

MTBE and separated twice; the rinses were combined in a second polypropylene tube. 

MTBE was allowed to evaporate under gentle nitrogen stream before being reconstituted in 

0.5 mL of methanol. The sample was vortexed for 30 s and transferred into an autosampler 

vial prior to instrumental analysis.

Analyte separation was performed using an Agilent1100 series HPLC. Ten microliter of the 

extract was injected onto a 100 × 2.1 mm (5 µm; Thermo Electron Corporation, Bellefonte, 

PA) Betasil C18 column with 2mM ammonium acetate/methanol as the mobile phase 

starting at 10% methanol. At a flow rate of 300 µL/min, the gradient increased to 100% 

methanol at 10 min before reverting to original conditions at 12 min. For quantitative 

determination, the HPLC system was interfaced to an API 2000 triple-quadruple mass 

spectrometer (Applied Biosystems, Foster City, CA) operated in electrospray negative 

ionization mode. Instrumental parameters were optimized to transmit the [M-K]− ion before 

fragmentation to one or more product ions. Declustering potential and collision energies 

were optimized for each analyte and ranged from 35 to 90 V and 10 to 35 eV, respectively. 

Multiple reaction monitoring (MRM) was used for the confirmation of the qualitative mass 

transitions.

Quality Assurance and Quality Control

The 18O2-PFHxS, 13C4–PFOS, 13C2–PFHxA, 13C4–PFOA, 13C2-PFNA, 13C2-PFUnDA, 

and 13C2-PFDoDA (99% purity, Wellington Laboratories, Guelph, ON, Canada), 13C2–

PFNA and13C2–PFDA (3 M Company, St. Paul, MN) were spiked as internal standards into 

each serum sample prior to the addition of reagents for extraction. PFC concentrations were 

calculated by isotopic dilution method, and further confirmed by matrix matched calibration 

standards. Recoveries of 18O2-PFHxS, 13C4–PFOS, 13C2–PFHxA, 13C4–PFOA,13C2–

PFNA, 13C2–PFDA, 13C2-PFUnDA, and 13C2-PFDoDA were 100±5%, 76±9%, 82±7%, 

104±7%, 108±9%, 99±8%, 93±14%, and 80±33%,, respectively. Matrix spike recoveries 

were tested by spiking native standards of all 12 target compounds into 6 randomly selected 

samples, at levels of 10 ng and 20 ng for each of the target compounds. All the matrix spike 

samples were analyzed in duplicate. Recoveries of native standards spiked in blood matrix 

were 99±10% for PFBS, 99±2% for PFHxS, 105±27% for PFOS, 84±2% for PFDS, 

75±10% for PFOSA, 109±5% for PFHxA, 137±16% for PFHpA, 115±6% for PFOA, 

106±6% for PFNA, 105±4% for PFDA, 106±5% for PFUnDA, and 99±17% for PFDoDA, 

respectively. The relative standard deviations (RSD) of duplicate analyses were less than 5% 

for PFBS, PFHxS, PFOS, PFDS, PFHxA, PFHpA, PFOA, PFNA, PFDA, and less than 10% 

for PFOSA, PFUnDA, and PFDoDA. Milli-Q water (18 MΩ) was analyzed through the 

entire procedure as a blank, for every batch of 20 samples. Procedure blanks were also 

spiked with native standards. Solvents and serum collection tubes were checked for the 

presence of the PFASs analyzed in this study. Concentrations in blanks are below limit of 

detection for all twelve PFASs. The limit of quantitation (LOQ) was determined based on 

the linear range of the ten-point calibration curve prepared at a concentration range of 0.05–

100 ng/mL. Concentrations in samples which were at least 3-fold greater than the lowest 

acceptable standard concentration were considered to be valid. A curve point was deemed 
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acceptable if (1) it was back-calculated to be within 30% of the theoretical value when 

evaluated versus the 1/x weighted quadratic curve (R2>0.999), and (2) the peak area of the 

standard was at least 3 times greater than that in the blank. Concentration/dilution factors 

were included in the calculation of the LOQ. The LOQ (ng/mL) was 0.22 for PFBS, 0.20 for 

PFHxS, 0.18 for PFOS, 0.44 for PFDS, 0.16 for PFHxA, 0.36 for PFHpA, 0.20 for PFOA, 

0.20 for PFNA, 0.16 for PFDA, 0.16 for PFUnDA, 0.52 for PFDoDA, and 0.20 for PFOSA, 

respectively. Left-censored biomarker values were imputed as the limit of quantitation 

divided by the square root of 2. We excluded compounds with ≥ 40% of the samples < LOQ 

from the temporal trends analysis (Supplemental Table S1).

Statistical Analysis

Skewed distributions such as serum PFAS can be approximated using parametric 

distributions including lognormal or Weibull, both of which are special cases of the 

generalized gamma distribution (Cox et al., 2007; Gribble et al., 2013; Pierce et al., 2011). 

We summarized the population-level trends in PFAS concentrations using Weibull, 

generalized gamma or lognormal parametric quantile regression with year as a predictor 

variable, with and without adjustment for age and sex. We did not have adequate sample 

size for stable estimation of random effects in the parametric quantile regression models 

(Crowther et al., 2014), so to account for repeated measures we instead used robust 

sandwich standard errors clustering on each person’s visits. We allowed possible 

nonlinearity in the temporal pattern for PFHxS through inclusion of a quadratic term for 

year. Adequacy of the population-average trend for summarizing individual trajectories was 

explored visually (e.g., “spaghetti plots”), and through individual changes in concentrations 

between visits (e.g., change scores). Any individual who was <LOQ at both visits for a 

congener was excluded from the change score estimates for that congener. Missing data 

were handled by listwise deletion. All analyses were conducted in Stata/SE 13.1..

In post-hoc analyses, we used mixed-effect linear regression models for log-transformed 

perfluorochemical concentrations to test for interactions of calendar year by age. In 

sensitivity analyses, we restricted these tests to female participants only (118 observations 

from 60 participants).

RESULTS

Baseline visit levels of PFAS are summarized in Table 1. There were no samples < LOQ for 

PFOA and PFOS, and only one sample < LOQ for PFHxS or PFNA. For PFDA, three 

participants had one sample each < LOQ. Therefore, change scores will not be biased by 

comparing LOQ for any of these compounds, as the censored data are still informative about 

possible trends (left-censoring implies a low concentration). The only compound which may 

have individual change scores misestimated for some individuals by both visits being < 

LOQ is PFUnDA, which only one individual had both visits < LOQ. This person’s samples 

had the same LOQ <0.16 both times so the estimate for that individual is no change. In 

addition to this one person censored at both visits, there were five people with a single visit 

censored who are still informative.
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There was a sharp decrease in individual serum PFOS across visits for most participants, 

with a median decrease of −21.7 ng/g wet weight across visits (Table 2, Figure 1). The 

median change score indicated a slight decrease for PFOA, PFHxS, PFNA, and PFuNDA, 

and negligible change for PFDA. Many of these change score distributions, in particular 

PFHxS, were skewed, with some participants reporting a changes in serum concentrations 

between visits far greater than their contemporaries; histograms of these distributions are 

provided in the Figures 1, 3 and the Supplemental Material (Supplemental Figures S2, S5, 

S7, S9). A few participants had positive increases for PFHxS although most were negative 

changes (Figure 3). The PFUnDA distribution summary (Table 1) was the same to one 

decimal place with and without the person who had both visits < LOQ.

At the population level, there appeared to be an overall decrease in the serum concentrations 

of PFOA, PFOS, PFHxS, and PFuNDA in this population over 2003–2013 using models 

with a linear term for time (Table 3, Figure 2, and Supplemental Material – Supplemental 

Figures S3, S4, S6, S8, S10). The strongest decreases were for PFOS concentrations, which 

dropped approximately 9% (95% CI: 8, 10) each year (Table 3, Figure 2). These trends 

persisted after regression adjustment for age and sex. There was slightly better model fit 

allowing for a nonlinear pattern, with slight increase in PFHxS in later years (Supplement 

S4). Post-hoc analyses found evidence for heterogeneity by age in the temporal trends of 

log-transformed compounds, in robust mixed-effect linear regression models adjusted for 

gender. These interactions between mean-centered age and mean-centered calendar year for 

log-serum concentrations were significant for (log-transformed) PFOA (P < 0.001), PFOS (P 

<0.001), PFHxS (P=0.02), PFNA (P=0.001), and PFDA (P=0.01), but not significant for 

PFUnDA (P=0.86). The estimated temporal trends (and 95% CI) for persons of mean age, 

20 years younger and 20 years older are shown in Figure 4, adjusting for sex and allowing 

age-year interaction terms for all compounds regardless of statistical significance. 

Sensitivity analyses restricting to female participants yielded similar inferences regarding 

age interactions for temporal trends of (log-transformed) PFOA (P < 0.001), PFOS 

(P<0.001), PFHXS (P=0.03), and PFNA (P=0.003), but the interaction was no longer 

significant but qualitatively similar for PFDA (P = 0.09). There was no interaction among 

females for PFUnDA (P = 0.63).

DISCUSSION

This study, chronicling the decline of several PFAS in serum over 2003–2013 in a sample of 

Gullah African Americans, further advances the global understanding of recent temporal 

trends in PFAS concentrations. Our study demonstrated strong population-level decreases in 

serum concentrations of many PFAS compounds in Gullah African Americans residing in 

coastal SC over 2003–2013, in particular PFOS, which also decreased at the level of 

individual change scores. The sharp decrease in PFOS over the decade of observation is 

consistent with what has been reported in many other populations (Berg et al., 2014; Glynn 

et al., 2012; Haug et al., 2009; Nost et al., 2014; Okada et al., 2013) (Calafat et al., 2007; 

Olsen et al., 2008; Spliethoff et al., 2008). The population-level decrease in several other 

compounds, however, might be more of a local phenomenon. Concentrations of long-chain 

perfluoroalkyl acids (including PFNA, PFDA, and PFuNDA) appear to be increasing in 

Scandinavia (through 2010), Asia (through 2011), and the United States (through 2008) 
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(Calafat et al., 2007; Glynn et al., 2012; Harada et al., 2011; Kato et al., 2011; Nost et al., 

2014; Okada et al., 2013), but there were weak decreases in PFHxS, PFNA and PFuNDA, 

and no significant change in PFDA in this study population (Table 3). However, a 

comparison of NHANES summary statistics for 2003–2004 vs. 2011–2012 among non-

Hispanic black participants suggests a similar decrease in median serum concentrations for 

PFHxS, PFOA, PFOS, and PFNA over a time period comparable to our study window 

(Centers for Disease Control and Prevention, 2015). Most individuals showed very little 

change in PFAS between visits. The possible U-shape population-level temporal pattern of 

serum PFHxS is unusual compared to many geographic locations but may match the pattern 

of the United States general population (Kato et al., 2011). It is also consistent with our 

individual-level finding that some of the participants had a large positive mean change score 

for PFHxS between visits. The hazards of PFHxS could include developmental 

neurotoxicity (Lee and Viberg, 2013) or endocrine-disrupting potential (Kjeldsen and 

Bonefeld-Jorgensen, 2013; Long et al., 2013; Wen et al., 2013), so it is important to 

determine whether there is a new source of PFHxS exposure and to further characterize this 

compound’s relevance for human health. The possible change in trajectory of PFHxS 

suggested at the population level but not corroborated by most individual trajectories could 

also be a result of aggregation bias.

Although it is likely that the decrease in serum PFOS in all recent biomonitoring studies 

reflects the phase-out from commerce, the reasons for observed trends in some of the other 

PFASs are less clear. Serum concentrations at any given time reflect a complex combination 

of environmental contamination, exposure behaviors, and physiological processes such as 

renal elimination (Han et al., 2012); each of these characteristics are likely to have varied 

over time (Bartell et al., 2004). The implications of the commercial chemical phase-out for 

contamination of environmental matricies by PFASs is an active area of research (Land et 

al., 2015). Additional data on local sources of exposure could help clarify the relationship 

between intake and biomarkers. Research in a highly exposed population (Watkins et al., 

2013) as well as in the general population (Shankar et al., 2011) suggests that serum PFAS 

concentrations may be highly sensitive to kidney function; for example, age-related declines 

in glomerular filtration rates (Glassock and Winearls, 2009) should affect PFAS biomarker 

trends in longitudinal studies by lengthening PFAS residence times in the body during the 

course of follow-up. There also may be differences between isomers of the same compound 

in elimination half-lives (Zhang et al., 2013b). The importance of renal versus other routs of 

elimination may vary by compound as well, with urine mattering more for PFOA 

elimination and less for PFOS, PFHxS, and the longer-chain PFAAs (Zhang et al., 2013b).

Our sensitivity analysis exploring potential heterogeneity of temporal trends by age through 

linear regression models may have involved some model misspecification (i.e. residuals 

were skewed for some models, indicating that errors might not be normally distributed) as a 

practical compromise for stability of estimation. Therefore, the ‘significance’ or ‘non-

significance’ of a particular trend is preliminary and not definitive. Nevertheless, it is of 

interest that so many PFASs appeared to have possibly different trajectories depending on 

age. This is consistent with a previous report of slower elimination of serum PFOA at higher 

ages after an exposure intervention in Germany (Brede et al., 2010). There may also be 

differences by age in exposure to compounds that may interact with transporters in the 

Gribble et al. Page 8

Environ Res. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kidney important for renal elimination and reabsorption of PFAS (Epel et al., 2008; Han et 

al., 2012; Kudo et al., 2002). The determinants of PFAS toxicokinetics are not fully 

understood (Ng and Hungerbühler, 2014), so predicting exposure-exposure interactions 

relevant for PFAS toxicokinetics may be challenging. Although organic anion trasnporters 

are known to be important (Han et al., 2012; Kudo et al., 2002), previous work in a mussel 

gill tissue toxicological model suggested that PFAS may not be major substrates for 

verapamil-sensitive transporters such as P-glycoprotein (Stevenson et al., 2006). In addition 

to the possibility that age-related pharmaceuticals could interactively affect PFAS kinetics, 

some other xenobiotics with possible impacts on efflux transporters such as synthetic musk 

fragrances may be more abundant in older than younger women (Hutter et al., 2010; 

Luckenbach et al., 2004; Luckenbach and Epel, 2005). Another possible explanation is that 

it is possible that younger women, but not post-menopausal women, were losing some PFAS 

through menstruation (Harada et al., 2005; Lorber et al., 2015) and the majority of this study 

sample was female. Recent work suggests that elimination half-lives may be different 

between younger women vs. males and older women, although all these compounds have 

long half-lives (Zhang et al., 2013b). Zhang et al’s recent estimates for younger women’s 

elimination geometric mean half-lives are 7.1 years for PFHxS, 6.0 years for PFOS (sum 

across isomers), 1.8 for PFOA (sum across isomers), 1.7 years for PFNA, 4.0 years for 

PFDA, and 4.4 years for PFUnDA. Their estimates for males and older women are 25 years 

for PFHxS, 18 years for PFOS (sum across isomers), 1.7 years for PFOA, 3.5 years for 

PFNA, 9.2 years for PFDA, and 7.7 years for PFUnDA. We tentatively interpret our 

observed interaction by age, and similar results in sensitivity analysis restricted to females, 

as a replication of the finding that there may be elimination differences in young women vs. 

older women.

Strengths of this study include the data to contrast individual-level with population-level 

trajectories of exposure; the flexible and interpretable modeling approach; and the low limits 

of quantitation for each PFAS. Limitations of this study include the sample size, narrow 

geographic scope, and potential non-representativeness of a sample selected to be without 

lupus for the broader Gullah African American community in coastal South Carolina. Also, 

because of our sample size limitation we opted for robust standard errors rather than 

hierarchical modeling. Future research in a larger sample might allow for more flexible 

modeling.

CONCLUSIONS

Serum concentrations decreased over 2003–2013 among Gullah African Americans in 

coastal South Carolina for PFOS and several other PFAS. No serum PFAS appeared to 

monotonically increase over this decade at the population level, and the general pattern of 

individual biomarker trajectories was generally consistent, although PFHxS might be 

increasing in recent years. Additional data are needed on whether PFHxS exposure is 

increasing in recent years in this setting. Age may be an important modifier of PFAS 

exposure trajectories; future studies should investigate possible mechanism by which age 

may modify these trajectories.
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Highlights

1. Most Many PFAS decreased in serum of Gullah African Americans from 

Charleston, SC over the years 2003–2013.

2. There was possible heterogeneity in individual serum PFAS trajectories by 

participant age.

3. Additional More research is needed into the PFAS routes of exposure and 

explanations for the apparent temporal patterns. of serum perfluoronated 

chemicals in these communities.
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Figure 1. 
Longitudinal decrease in individual serum perfluorooctane sulfonate across study visits in a 

sample of n=68 Gullah African Americans, 2003–2013.
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Figure 2. 
Population average decrease in serum perfluorooctane sulfonate from a sample of n=71 

Gullah African Americans, 2003–2013. Estimated population median and 95% confidence 

interval controlling for repeated measures, shown along with observed biomarker 

concentrations (with jitter).
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Figure 3. 
Heterogeneity of individual declines in perfluorohexane sulfonate in serum from a sample of 

n=71 Gullah African Americans, 2003–2013.
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Figure 4. 
Heterogeneity of temporal trends by age. Parameter estimates are from log-transformed 

perfluorochemical outcome mixed-effect linear regression models (n=71) adjusted for 

gender, with robust standard errors. Shapes correspond to estimates for different ages: 

circles show estimated trend for an ‘average’ 27.6-year-old (20 years younger than mean 

age), squares for an ‘average’ 47.6-year-old (mean age), and triangles for an average 67.6-

year-old (20 years older than mean age). Filled dots are point estimates and empty dots are 

95% confidence interval bounds.
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Table 1

Baseline levels of serum PFAS in n=71 Gullah African Americans from South Carolina. Concentrations are 

reported as ng/g wet weight.

Compound Median (IQR) Mean (SD)

PFOA 5.6 (4.5, 5.6) 6.0 (2.8)

PFOS 41.1 (28.0, 41.1) 53.3 (36.5)

PFHxS 2.6 (1.5, 2.6) 5.8 (16.9)

PFNA 1.9 (1.5, 1.9) 2.3 (1.4)

PFDA 0.9 (0.5, 0.9) 1.5 (1.3)

PFUnDA 0.7 (0.3, 0.7) 1.1 (1.2)
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Table 3

Percent change per year in concentration of perfluoronated compounds in serum over 2003–2013, from ‘linear 

time’ models with or without adjustment for age and sex. Data come from 139 observations, total from 71 

participants (some participants seen only once).

Chemical Distribution Unadjusted Change
per Year

Adjusted Change
per Year

PFOA Weibull −5 (−7, −4)% −7 (−8, −5)%

PFOS Weibull −9 (−10, −8)% −11 (−12, −10)%

PFHxS Lognormal −6 (−8, −3) % −6 (−8, −3)%

PFNA Weibull −2 (−3, 0)% −4 (−6, −3)%

PFDA Lognormal −1 (−3, +1)% −4 (−6, −2)%

PFUnDA Lognormal −3 (−5, −1)% −5 (−7, −3)%
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