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Abstract

Background—Per- and polyfluoroalkyl substances (PFAS) are considered chemicals of 

emerging concern, in part due to their environmental and biological persistence and the potential 

for widespread human exposure. In 2007, a PFAS manufacturer near Decatur, Alabama notified 

the United States Environmental Protection Agency (EPA) it had discharged PFAS into a 

wastewater treatment plant, resulting in environmental contamination and potential exposures to 

the local community.

Objectives—To characterize PFAS exposure over time, the Agency for Toxic Substances and 

Disease Registry (ATSDR) collected blood and urine samples from local residents.

Methods—Eight PFAS were measured in serum in 2010 (n =153). Eleven PFAS were measured 

in serum, and five PFAS were measured in urine (n =45) from some of the same residents in 2016. 

Serum concentrations were compared to nationally representative data and change in serum 

concentration over time was evaluated. Biological half-lives were estimated for perfluorooctanoic 

acid (PFOA), perfluorooctane sulfonic acid (PFOS), and perfluorohexane sulfonic acid (PFHxS) 

using a one-compartment pharmacokinetic model.

Results—In 2010 and 2016, geometric mean PFOA and PFOS serum concentrations were 

elevated in participants compared to the general U.S. population. In 2016, the geometric mean 

PFHxS serum concentration was elevated compared to the general U.S. population. Geometric 

mean serum concentrations of PFOA, PFOS, and perfluorononanoic acid (PFNA) were 

significantly (p≤0.0001) lower (49%, 53%, and 58%, respectively) in 2016 compared to 2010. 
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Half-lives for PFOA, PFOS, and PFHxS were estimated to be 3.9, 3.3, and 15.5 years, 

respectively. Concentrations of PFOA in serum and urine were highly correlated (r =0.75) in 

males.

Conclusions—Serum concentrations of some PFAS are decreasing in this residentially exposed 

community, but remain elevated compared to the U.S. general population.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are used in industrial applications and consumer 

products, including certain fire-fighting foams and stain, grease, and water repellent coatings 

on carpet, leather, and paper (ATSDR, 2015). The toxicity of and human exposure to 

perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) have been 

extensively studied (Gilliland and Mandel, 1993; Butenhoff et al., 2002; Alexander et al., 

2003; Butenhoff et al., 2004; Kennedy et al., 2004; Lau et al., 2006; Butenhoff et al., 2009; 

Frisbee et al., 2009; Butenhoff et al., 2012a; Butenhoff et al., 2012b). Information on the 

toxicity of other PFAS, particularly those with fewer than eight carbon atoms, is limited.

Production of PFOA and PFOS peaked between 1970 and 2002 and has diminished since 

then (DeWitt, 2015). PFOS is no longer manufactured in the United States (USEPA, 2014a). 

In January 2006, the United States Environmental Protection Agency (EPA) initiated the 

2010/15 PFOA Stewardship Program, in which eight major companies in the PFAS industry 

committed voluntarily to eliminate emissions and product content of PFOA by 2015 

(USEPA, 2014b). PFOA, PFOS, and other PFAS continue to be found in the environment, in 

wildlife, and in the blood of the general population, with accumulating evidence that human 

exposures are in decline (Taniyasu et al., 2003; Kannan et al., 2004; Calafat et al., 2006; 

Kato et al., 2011b; CDC, 2017).

The scientific evidence linking PFOA and PFOS exposures with adverse health effects is 

mixed and inconclusive. Human studies of people exposed to PFOA and PFOS 

occupationally, residentially, and at background levels have found associations with changes 

in lipid and cholesterol concentrations (Frisbee et al., 2010; Nelson et al., 2010; Fletcher et 

al., 2011; Steenland et al., 2015), increased uric acid levels (Costa et al., 2009; Steenland et 

al., 2010; Shankar et al., 2011; Geiger et al., 2013; Gleason et al., 2015), changes in the 

concentrations of thyroid and sex hormones (Olsen and Zobel, 2007; Knox et al., 2011; Jain, 

2013; Wen et al., 2013; Winquist and Steenland, 2014), changes in liver enzymes (Olsen et 

al., 2000; Sakr et al., 2007; Lin et al., 2010; Gallo et al., 2012; Gleason et al., 2015), immune 

effects (Grandjean et al., 2012; Granum et al., 2013; Dalsager et al., 2016), reduced birth 

weight (Apelberg et al., 2007; Fei et al., 2007; Chen et al., 2012; Darrow et al., 2013), 

reproductive effects (Joensen et al., 2013; Kristensen et al., 2013; Crawford et al., 2017), and 

some cancers (Alexander and Olsen, 2007; Barry et al., 2013; Bonefeld-Jorgensen et al., 

2014; Hardell et al., 2014; Steenland et al., 2015). Other studies have demonstrated no 
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association between PFAS exposure and these health effects (Inoue et al., 2004; Alexander 

and Olsen, 2007; Fisher et al., 2013; Chang et al., 2014).

The pharmacokinetic behavior of many PFAS is different in humans than in animals 

(Andersen et al., 2006; Tatum-Gibbs et al., 2011). Human half-lives for PFAS have been 

determined in occupationally and residentially exposed populations; however, there are 

discrepancies in these estimates. These discrepancies potentially result from differences in 

the studied populations, including the level of exposure and the treatment of ongoing 

background exposures. Because of the observed variability in the estimation of serum half-

lives, additional estimates of the biological half-lives of PFAS in human populations are 

needed to improve the understanding of PFAS pharmacokinetics.

In 2007, a PFAS manufacturer in the vicinity of Decatur, Alabama notified the EPA that it 

had discharged PFAS-contaminated waste water into a local wastewater treatment plant. 

Sewage sludge from this facility was applied to approximately 5000 acres of privately 

owned agricultural fields in the region between 1995 and 2008 (Lindstrom et al., 2011). 

Testing of soil, surface water, private drinking water wells, municipal water, and other 

environmental media revealed the potential for human exposures to these compounds 

(Hansen et al., 2002; USEPA, 2008; USEPA, 2009b; USEPA, 2009c; USEPA, 2009a; 

Lindstrom et al., 2011). In 2010, at EPA’s request, the Agency for Toxic Substances and 

Disease Registry (ATSDR) collected blood samples from members of this community in 

order to characterize pathways of exposure. In January 2016, ATSDR conducted follow-up 

blood sampling, and added urine sampling, to evaluate how exposures in this community 

may have changed since 2010.

2. Methods

2.1. Study population

In 2009, ATSDR recruited individuals from Lawrence, Morgan and Limestone Counties, 

Alabama to participate in an exposure investigation. Community members with the highest 

likelihood of PFAS exposure were targeted for recruitment. In order to investigate the 

potential impact of exposure to PFAS in soil as a consequence of living or working on fields 

that received contaminated biosolid sludge, people who lived on or near agricultural fields 

that received contaminated sewage sludge were targeted for inclusion in the investigation. 

Because consumption of PFAS contaminated drinking water is an established exposure 

route, people who drank water from private wells with detectable levels of PFAS were also 

targeted for inclusion in the investigation. Participants were required to be 12 years of age or 

older, to have lived on their current property for at least one year, to be free of bleeding 

disorders and anemia, and to have no current or past occupational exposure to PFAS. One-

hundred fifty-three people participated and sampling was conducted in 2010.

In 2015, these 153 people were contacted for recruitment into a follow up investigation. 

Potential participants were mailed a letter and contacted by phone in the summer and fall of 

2015. Community members who agreed to be re-tested were sent a letter confirming their 

participation and were scheduled for an appointment to sign consent forms and receive urine 

collection materials (first appointment), and an additional appointment to provide a blood 
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sample (second appointment). Seventy-eight of the original 153 agreed to be re-tested and 

46 people completed all portions of the follow-up investigation. One participant reported 

occupational exposure to PFAS and was excluded from the analysis.

All participants in the 2010 and 2016 investigations provided written informed consent to 

participate. All phases of the investigation were conducted in compliance with the Centers 

for Disease Control and Prevention Institutional Review Board and the Office of 

Management and Budget Paperwork Reduction Act.

2.2. Questionnaire

In 2010 and 2016, ATSDR staff administered a questionnaire to each participant to gather 

information on exposure risk factors prior to blood sample collection. Participants were 

asked their address, how long they have lived there, how long they have lived in the Morgan, 

Lawrence, or Limestone county area, and to identify their primary source of drinking water. 

Participants were asked about their occupational history, and the frequency with which they 

work in the soil at work or home, consume locally grown vegetables, and eat locally caught 

fish.

In 2016, participants were asked to identify any changes related to drinking water, 

consumption of locally caught fish and locally grown vegetables, or other changes in 

personal habits or behavior that may have impacted their exposure to PFAS since the 2010 

investigation.

2.3. Physical measurements

Physical measurements were obtained for each participant as part of the 2016 investigation. 

Each participant had their height measured with a SECA 217 portable stadiometer with a 

measuring range of 20–205 cm and 1 mm graduations. Body weight (BW) was measured 

with a SECA 869 scale with maximum capacity of 249.5 kg (kg), report graduations of 0.09 

kg, and greater than± 0.15% accuracy. Body fat percentage was measured with an Omron 

BF306 hand-held body fat analyzer (accuracy standard estimate of error: 4.1%). All 

information was recorded by an ATSDR staff person.

Body mass index (BMI) was calculated according to the following equation:

Pearson’s correlation test was applied to evaluate the strength of the association between 

body fat percentage and PFAS serum concentration and the association between BMI and 

PFAS serum concentration. Correlation coefficients were determined for total PFOS, total 

PFOA, PFNA, and PFHxS. Statistical analyses were performed with the freely available 

software R version 3.2.4 using the stats and NADA packages (R Core Team, 2016).
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2.4. Serum sampling

Serum sampling was conducted in 2010 and 2016. In each investigation, five milliliter (mL) 

blood was collected by venipuncture by trained phlebotomists at a centralized sample 

collection location. Each sample tube was placed upright in a rack, allowed to clot for 30 

min at room temperature, and then placed inside a storage box and kept at 4–5 °C. At the 

conclusion of sample collection the box was placed inside a plastic biohazard bag, placed 

inside a styrofoam shipping container with ice packs and delivered to the Centers for 

Disease Control and Prevention (CDC) National Center for Environmental Health (NCEH) 

laboratory in Atlanta, Georgia. In 2010, samples were shipped overnight. In 2016, samples 

were hand delivered to the NCEH laboratory. ATSDR/NCEH staff maintained proper chain 

of custody for all blood samples. Separation of serum was conducted by NCEH staff upon 

receipt at the NCEH laboratory.

In 2010, sera were analyzed for eight PFAS: PFHxS, total PFOA, total PFOS, PFNA, 

perfluorodecanoic acid (PFDeA), 2-(N-methyl-perfluorooctane sulfonamido) acetic acid 

(Me-PFOSA-AcOH), 2-(N-ethylperfluorooctane sulfonamido) acetic acid (Et-PFOSA-

AcOH) and perfluorooctane sulfonamide (PFOSA). In 2016, sera were analyzed for eleven 

PFAS: PFOSA, Et-PFOSA-AcOH, Me-PFOSA-AcOH, PFHxS, PFNA, PFDeA, linear 

perfluorooctanoate (n-PFOA), sum of branched PFOA isomers (Sb-PFOA), linear 

perfluorooctane sulfonic acid (n-PFOS), sum of isomers of perfluorodimethylheptane 

sulfonic acid (Sm-PFOS), and sum of isomers of perfluorodimethylhexane sulfonic acid 

(Sm2-PFOS). In order to compare PFOA and PFOS concentrations measured in 2010 and 

2016, the total PFOA concentration measured in 2016 was determined by adding the 

concentrations of n-PFOA and Sb-PFOA. Similarly, the total PFOS concentration measured 

in 2016 was determined by adding concentrations of n-PFOS, Sm-PFOS, and Sm2-PFOS. 

Limits of detection (LODs) for each analyte are reported in Table 3. Treatment of non-detect 

data is described later in the text.

Analyses of 2010 and 2016 serum samples were conducted in the same laboratory using an 

on-line solid phase extraction coupled to high performance liquid chromatography – isotope 

dilution tandem mass spectrometry method reported previously (Kuklenyik et al., 2005; 

Kato et al., 2011a). Low-concentration quality control materials (QCs) and high-

concentration QCs, prepared from a calf serum pool, were analyzed with the study samples 

and with reagent and serum blanks to ensure the accuracy and reliability of the data 

(Kuklenyik et al., 2005; Kato et al., 2011a).

2.5. Urine sampling

Urine sampling was only conducted in the 2016 investigation. When participants arrived at 

their first appointment, they were provided a high-density polyethylene urine collection 

container, a collection log, and instructions for urine collection. Participants were instructed 

to collect their entire first morning urine void the morning of their blood sample collection 

appointment, and to record the collection time and the time of their previous void in their 

collection log. Following sample collection, participants were instructed to cap the 

collection container, seal it in a plastic bag, and place it in a refrigerator or cooler until their 

scheduled blood collection appointment.
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When participants arrived at their second appointment an ATSDR staff person recorded the 

total volume of urine, transferred a 50-mL aliquot of each urine sample into a cryovial and 

placed it in a cooler on dry ice. All samples were kept frozen and shipped overnight on dry 

ice to AXYS Analytical (Sidney, British Columbia, Canada). Samples were labeled with an 

identification number that matched the identification number on their blood sample in order 

to pair each participant’s blood and urine samples. ATSDR and AXYS Analytical staff 

maintained chain of custody for all urine samples.

Urine samples were analyzed for five PFAS: PFOA, PFOS, PFHxS, PFNA, and PFDeA. Test 

results were reported as nanograms of the PFAS analyte per gram creatinine (ng/g 

creatinine) and as micrograms per liter of urine (μg/L). All laboratory analyses were 

conducted using liquid chromatography – tandem mass spectrometry with established 

procedures for quality assurance and control according to the method of the contract 

laboratory. More information on the urine analysis method is available in the supplementary 

materials.

2.6. Data and statistical analysis

2.6.1. Analysis of serum data—Geometric mean and 95th percentile serum 

concentrations measured in 2010 and 2016 were calculated for PFOA, PFOS, PFNA, 

PFHxS, PFDeA, Me-PFOSA-AcOH, Et-PFOSA-AcOH, and PFOSA (2010 n = 153, 2016 n 
= 45). For concentrations below the LOD, an imputed value equal to the LOD divided by the 

square root of two was used (Hornung and Laurence, 1990).

2.6.2. Comparison to NHANES—Serum concentrations measured in 2010 were 

compared to the serum concentrations reported in the 2009–2010 National Health and 

Nutrition Examination Survey (NHANES) dataset. Serum concentrations measured in 2016 

were compared to serum concentrations reported in the 2013–2014 NHANES as these were 

the most current available NHANES data.

2.6.3. Assessment of change in PFAS serum concentrations over time—Serum 

PFAS concentrations measured in 2010 were compared to serum PFAS concentrations 

measured in 2016 for each individual. The Student’s t-test for paired samples was used to 

evaluate the differences between the geometric mean concentrations of each PFAS species 

amongst participants of both the 2010 and 2016 investigations.

2.6.4. Analysis of urine data—Given the high rate of non-detections in the urine, non-

parametric statistical methods were used to calculate means and medians for urine 

concentrations. Kaplan-Meier methods were used to determine medians and means for 

analytes with> 60% detection rates.

Pearson’s correlation test was applied to test for linear co-occurrence of total PFOA in 

serum and urine samples collected in 2016. Statistical significance of correlation was 

evaluated using a two-sided Student’s t-test based on a 95% confidence level. Correlation 

coefficients and significance were calculated separately for men and women to account for 

potential variability in PFAS excretion in women due to pregnancy, lactation, and 
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menstruation. Correlation coefficients could not be determined for other PFAS due to the 

high percentage of non-detects in urine.

Statistical analyses were performed with the freely available software R version 3.2.4 using 

the stats and NADA packages (R Core Team, 2016).

2.6.5. Half-life determination—Biological half-lives were determined for PFOA, PFOS, 

and PFHxS using a simple one-compartment model, written using AcslX modeling software 

(Aegis Technologies, Huntsville, AL, version 3.0.2.1). This model predicts concentrations of 

PFOA, PFOS, or PFHxS in serum as a function of intake rate, volume of distribution, and a 

first-order elimination rate:

Where CP is the serum concentration of either PFOA, PFOS, or PFHxS, Rintake is the 

intake rate (ng/h), Vd is the volume of distribution (mL), and ke is the first-order elimination 

rate (hour−1). Biological half-lives were not estimated for other PFAS due to a lack of 

information on volume of distribution. Model code is available in the supplemental 

materials.

Volume of distribution (VdC) was scaled to bodyweight and assigned values of 170 mL/kg 

bodyweight (PFOA), 230 mL/kg bodyweight (PFOS) (Thompson et al., 2010), and 213 

mL/kg bodyweight (PFHxS) (Verner et al., 2016).

Intake rates (RintakeC) of PFOA, PFOS, or PFHxS were also scaled to bodyweight and 

were estimated based on drinking water concentrations reported for the West Morgan East 

Lawrence Water Authority in the EPA’s Third Unregulated Contaminant Monitoring Rule 

(UCMR3) dataset (USEPA, 2016),a drinking water intake rate (IR) of 1.2 l water/ day 

(USEPA, 2011), and scaled to the average body weight (BW) reported in the 2016 

investigation (ATSDR, 2016).

Estimated intake rate (Rintake) for PFOA was 1.7 ng/h, based on a PFOA drinking water 

concentration of 0.033 μg/L. Estimated intake rate for PFOS was 6.0 ng/h, based on a PFOS 

drinking water concentration of 0.12 μg/L. Estimated intake rate for PFHxS was 0.47 ng/h 

based on a PFHxS drinking water concentration of 0.095 μg/L. Average body weight in the 

2016 investigation was used to scale volume of distribution.

Model compartments were loaded such that the predicted serum concentration at the 

beginning of the simulation (t= 0) was equal to the geometric mean serum concentration 

measured in samples collected in 2010 from participants who participated in both the 2010 

and 2016 investigations and who reported drinking water from the West Morgan East 
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Lawrence Municipal Water Authority in both 2010 and 2016 (n = 39). Elimination rate (Ke) 

was estimated to produce a serum concentration curve that predicted the geometric mean 

serum concentration in samples collected from the same individuals in 2016. Biological 

half-life was calculated using the following equation.

To assess the impact of variability of VdC and intake rate on the estimated half-lives, these 

parameters were varied by± 20% and half-lives were estimated.

3. Results

3.1. Participant characteristics

Characteristics of study participants in the 2010 and 2016 investigations are described in 

Table 1. The average age of participants was 52 years in 2010 and 62.6 years in 2016. In 

2010, 80% of participants drank water from the West Morgan East Lawrence Municipal 

Water Authority, while 9% drank water from private wells and 9% drank water from other 

sources. In 2016, 87% drank water from the West Morgan East Lawrence Municipal Water 

Authority, while 13% percent drank either bottled water or water from other municipal 

sources. None of the 2010 participants who reported private wells as their primary drinking 

water source participated in the 2016 investigation.

Pearson’s test suggested a weak linear relationship between PFAS serum concentrations and 

BMI and a very weak linear relationship between PFAS serum concentrations and body fat 

percentage. These results are shown in Table 2.

3.2. PFAS in serum

3.2.1. 2010 serum sampling—Results from the 2010 (n = 153) and 2016 (n = 45) blood 

sampling are reported in Table 3.

Geometric mean serum concentrations of six PFAS measured in 2010 (PFNA, PFHxS, 

PFDeA, Me-PFOSA-AcOH, Et-PFOSA-AcOH and PFOSA) were lower than or similar to 

the U.S. general population as defined by the 2009–2010 NHANES 95th percentile (Table 

3). Geometric mean concentrations for PFOA and PFOS from the 2010 exposure 

investigation were higher than the 2009–2010 NHANES 95th percentile (Table 3), but were 

similar to or lower than serum concentrations found in other U.S. communities with known 

exposures to PFAS via drinking water or other environmental pathways (Fig. 1).

While the geometric mean serum concentration of PFHxS from the 2010 exposure 

investigation was not higher than the 2009–2010 NHANES 95th percentile, the 95th 

percentile of PFHxS from the 2010 exposure investigation was much higher than the 2009–

2010 NHANES 95th percentile. Participants with drinking water from the West Morgan East 

Lawrence Water Authority and participants with drinking water from private wells with 

detected PFAS concentrations had elevated PFAS serum concentrations compared to 

participants with drinking water sources without detectable levels of PFAS (Fig. 2).
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3.2.2. 2016 serum sampling—In 2016, serum concentrations for five PFAS (PFNA, 

PFDeA, Me-PFOSA-AcOH, Et-PFOSA-AcOH, and PFOSA) were similar to or lower than 

the U.S. general population as defined by the 2013–2014 NHANES 95th percentile (Table 

3). Geometric mean concentrations for total PFOS, PFHxS, and total PFOA were higher in 

participants than the 2013–2014 NHANES 95th percentile, but were lower than 

concentrations found in other U.S. communities with known exposures to PFAS (Fig. 1).

Geometric mean serum concentrations of PFOA, PFOS, PFNA, PFDeA, and Me-PFOSA-

AcOH were significantly lower (49%, 53%, 58%, 43%, and 60% respectively) in 2016 

compared to 2010 (Table 4). Observed changes in the geometric mean serum concentrations 

of PFHxS were not statistically significant. These data reflect the change in serum 

concentrations only amongst participants of both the 2010 and 2016 investigations (n =45), 

however the decreasing trends are also observed for PFOA and PFOS when the geometric 

means for all 2010 participants (n =153) are compared to the geometric means for all 2016 

participants (n = 45).

3.3. PFAS in urine

PFAS concentrations measured in urine samples collected in 2016 are reported in Table 5. 

Concentrations of PFDeA were below the LOD.

Pearson’s correlation test suggested a non-significant weak linear relationship between 

PFOA serum and PFOA urine concentrations in women (n =23, Pearson’s r = 0.35) and a 

significant strong linear relationship between PFOA serum and PFOA urine concentrations 

in men (n =22, Pearson’s r = 0.75). Mean PFOA serum concentration was 14.1 μg/L 

amongst women and 15.2 μg/L amongst men, while mean PFOA urine concentration was 

25.2 ng/L amongst women and 31.4 ng/L amongst men.

3.4. Half-life determination

Estimated half-lives for total PFOA, total PFOS, and PFHxS were 3.9, 3.3, and 15.5 years, 

respectively. A comparison of these estimates to others reported in the literature is provided 

in Table 6. When VdC and intake rate were varied by± 20%, half-life estimates for PFOA, 

PFOS, and PFHxS ranged from 3.5–4.1, 3.0–3.6, and 13.4–17.6 years, respectively.

4. Discussion

In 2010, participants with drinking water from either the West Morgan East Lawrence Water 

Authority or private wells with detectable levels of PFAS had higher PFAS serum 

concentrations than other participants with drinking water without detectable PFAS 

concentrations. No relationship between a participants proximity to agricultural fields that 

received contaminated sewage sludge and serum PFAS concentration was observed 

(ATSDR, 2013). This suggests that drinking water exposures are likely the primary driver of 

PFAS serum concentrations in this community.

Thirty-nine of 45 participants in the 2016 exposure investigations reported that their primary 

drinking water source is the West Morgan East Lawrence Water Authority, and that this had 

not changed since 2010. PFAS concentrations have been monitored in this water system 
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since 2005 by the Alabama Department of Environmental Management (ADEM) and the 

EPA, and in compliance with the UCMR3 (USEPA, 2009b; ATSDR, 2013; USEPA, 2013). 

While these data have shown detectable levels of PFOA and PFOS in finished water 

samples, concentrations have not changed significantly since 2005 (USEPA, 2016).

The water source for the West Morgan East Lawrence Water Authority is the Tennessee 

River. Analysis of surface water samples collected from the Tennessee River in November 

2000 suggests that PFOA concentrations could have been as high as 0.39 μg/L in 2000 

(Hansen et al., 2002). Thus, it is possible that the observed decreases in PFOA, PFOS, 

PFNA, PFDeA and Me-PFOS-AcOH serum concentrations between 2010 and 2016 are a 

product of declines in environmental contaminant concentrations prior to 2010. This may 

have resulted from the phase out of long-chain PFAS production in the early 2000s and a 

subsequent reduction in emission of long-chain PFAS from manufacturers in the Decatur 

area. This is consistent with apparent reductions in serum concentrations of PFOS and 

PFOA observed in the general US population as reported in NHANES (Kato et al., 2011a; 

CDC, 2017). Only two participants of the 2016 investigation indicated that they frequently 

drink bottled water; thus, it is unlikely that the observed decreases are a product of increased 

bottled water consumption.

PFHxS concentrations decreased amongst individuals who participated in both the 2010 and 

2016 exposure investigations, albeit not significantly. Given the longer half-life of PFHxS 

relative to other PFAS (Olsen et al., 2007; Zhang et al., 2013), we would not expect serum 

concentrations for this compound to decrease as quickly as others with shorter half-lives. 

While the impact of PFHxS exposure on human health is not yet well characterized, this 

finding warrants further investigation.

The estimated half-life for PFOA is similar to other estimates reported in the literature, 

while estimated half-life for PFOS is slightly shorter and the estimated half-life for PFHxS 

is slightly longer than most others (Table 6). Prior efforts to characterize half-lives for these 

compounds have relied heavily on estimated intake rates, and in some cases, single time-

point serum measurements (Zhang et al., 2015). Additionally, estimates that fail to account 

for ongoing exposure have the potential to overestimate biological half-life. The results 

reported here were estimated with serum concentrations measured at two time-points from 

the same individuals and with intake rates based on measured drinking water PFAS 

concentrations. Further, the pharmacokinetic modeling approach described here accounted 

for ongoing exposure. Overall, this allowed for greater confidence in the estimated half-

lives.

Variation of the VdC or intake rate results in half-life estimates for PFOA and PFOS that 

span several months, and half-life estimates for PFHxS that span over four years (data 

available in supplemental information). This suggests that these parameter values may have 

a significant impact on the resulting half-life estimate. Additionally, estimates of half-life for 

branched versus linear PFOA and PFOS reported in the literature suggest that the excretion 

rate may be different for different isomeric conformations (Zhang et al., 2013). Thus, 

accurate characterization of the distribution of branched and linear PFAS in the body as well 

as PFAS intake are critical in the estimation of half-lives for these compounds in humans. 
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Overall, these findings suggest that human half-life of PFAS warrants additional 

investigation, ideally with well characterized PFAS intake rates and at least two serum time 

points.

The results of this investigation are a significant contribution to the understanding of the 

pharmacokinetics of PFOA, PFOS, and PFHxS. Estimates of biological half-lives using a 

simple one-compartmental model are slightly different than those reported elsewhere in the 

literature. However, they are based on well-characterized PFAS intake and two distinct 

sampling time points. These findings underscore the need for further exploration of the 

factors that influence excretion of PFAS.

Interestingly, analysis of the strength of the association between PFAS serum concentration 

and participant characteristics suggests that PFAS serum concentrations are not highly 

correlated with either body fat percentage or BMI. This finding supports previous reports 

that PFAS do not accumulate in the fat and adds to the breadth of information about the 

general pharmacokinetic behavior of PFAS in humans.

Long-chain PFAS are not commonly measured in urine samples, most likely because urinary 

concentrations of long-chain PFAS are typically too low to be measured with the available 

analytical tools. While our analytical method was able to measure PFOA concentrations in 

96% of samples, detection rates for other PFAS were too low to allow for additional 

analysis. This work confirms that advancements in analytical methods can improve the 

detection of urinary PFAS. While measurement of urinary concentrations of long-chain 

PFAS is challenging, it may be a more viable option for other PFAS that are excreted more 

readily in the urine.

The comparatively stronger relationships observed between PFOA serum and urine 

concentrations in male participants compared to female participants suggests that non-renal 

excretion pathways may play an important role in PFOA clearance in women. Notably, the 

correlation between PFOA serum and urine in male participants is much stronger than other 

non-sex-specific estimates reported elsewhere in the literature (Zhang et al., 2013). Other 

studies of the correlation between PFOA serum and urine concentrations in paired samples 

have reported stronger correlations in non-pregnant adults compared to pregnant women 

(Zhang et al., 2015). These findings support our conclusion that non-renal excretion 

pathways play an important role in PFOA clearance in women.

5. Conclusions

This investigation demonstrates that serum concentrations of PFOA, PFOS, PFNA, and Me-

PFOS-AcOH in a community with detectable levels of PFAS in their water supply have 

decreased significantly (p ≤ 0.0001) over time since 2010, despite no change in PFAS 

concentrations in the municipal drinking water in the same time period. This is similar to 

previous reports that some PFAS serum concentrations are decreasing in the general US 

population, most likely as a result of diminishing exposures to these compounds following 

the phase out of long-chain PFAS in manufacturing processes and consumer products. While 

serum concentrations in the community near Decatur, AL remain elevated compared to 
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national reference populations, the observed decreases suggest that nation-wide efforts to 

reduce exposure to long-chain PFAS have resulted in declines in consumer products, the 

environment, and in some drinking water supplies.

While serum concentrations of PFOA, PFOS, PFNA, and Me-PFOS-AcOH have gone down 

in the community near Decatur, AL, they are still elevated compared to a national reference 

population and other studied populations. Further, this investigation demonstrates that serum 

concentrations of PFHxS remained elevated in this community. Because the human health 

effects of PFAS remain uncertain, additional research to better understand the potential 

implications of PFAS exposure and ways to minimize such exposures is of public health 

interest.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Comparison of Mean PFAS Serum Concentrations in a National Reference Population and 

Occupational and Community Biomonitoring Studies. Mean PFOA (a) and PFOS (b) serum 

concentrations measured in the 2010 and 2016 investigations compared to national reference 

populations, and occupational and community biomonitoring studies. References: 3M 

Workers (Olsen et al., 2003); Dupont (Sakr et al., 2007); Little Hocking, OH (Emmett et al., 

2006); Ohio River Valley (Steenland et al., 2009); Minnesota Pilot Study – Minnesota 

Department of Health 2009; Red Cross Blood Donors (Olsen et al., 2008); NHANES (CDC, 

2017).
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Fig. 2. 
PFOA (A), PFOS (B), and PFHxS (C) serum concentrations measured in 2010 in the 

vicinity of Decatur, AL, stratified by drinking water source. White bars show serum 

concentrations measured in participants with drinking water from a private well with 

detectable levels of PFAS (maximum PFOA concentration = 2.2 μg/L, maximum PFOS 

concentration =0.365 μg/L). Grey bars show serum concentrations measured in participants 

with drinking water without detectable PFAS concentrations. Lined bars show serum 

concentrations measured in participants with drinking water provided by the West Morgan 

East Lawrence Municipal Water Authority. Box plots indicate the minimum, maximum, and 

interquartile range.
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Table 1

Characteristics of exposure investigation participants.

2010 2016

Number of participants 153 45

Male:female 63:90 22:23

Mean age (years) 52 62.6

Mean length of residence time (years) 25.5 29.4

Mean body weight (kgs) – 88.9 ( ± 20.1)

Mean body fat (%) – 35.9 ( ± 6.9)

Body mass index – 30.7 ( ± 6.0)

Percent participation by drinking water source

 West Morgan East Lawrence 80.4% 86.7%

 Other municipal provider 3.3% 11.1%

 Private well 9.2% 0.0%

 Bottled 7.2% 2.2%
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Table 2

Strength of the association between serum PFAS concentration and physical characteristics.

PFAS Pearson’s r

Body mass index Body fat percentage

PFOA −0.14 −0.02

PFOS −0.1 −0.2

PFHxS −0.12 0.03

PFNA −0.12 −0.03
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Table 3

Summary of PFAS serum concentrations (μg/L) measured in Decatur, AL in 2010 and 2016 and in NHANES 

2009–2010 and 2011–2012.

Decatur 2010 (n = 
153)

NHANES 2009–2010 (n = 
2233)

Decatur 2016 (n = 45) NHANES 2013–2014 (n = 
2168)

Total PFOA

 Limit of detection 0.1 0.1 0.1 c

 Percent detected 100 99.7 100 99.1

 Geometric mean (95th 
conf. interval)

16.3 (13.2–19.6) 3.07 (2.81–3.36) 11.7 (8.7–14.6) 1.94 (1.76–2.14)

 95th percentile 61.1 7.5 39.1 5.57

Total PFOS

 Limit of detection 0.2 0.2 0.1 c

 Percent detected 100 99.8 100 99.0

 Geometric mean (95th 
conf. interval)

39.8 (30.9–48.9) 9.32 (8.13–10.7) 23.4 (18.5–28.4) 4.99 (4.50–5.52)

 95th percentile 149.0 32.0 70.6 18.5

PFHxS

Limit of detection 0.1 0.1 0.1 0.1

Percent detected 100 99.4 100 98.8

Geometric mean (95th conf. 
interval)

6.4 (5.16–7.65) 1.66 (1.51–1.82) 7.7 (6.1–9.3) 1.35 (1.2–1.52)

95th percentile 23.8 6.9 19.7 5.6

PFNA

 Limit of detection 0.1 0.082 0.1 0.1

 Percent detected 100 99.8 100 98.8

 Geometric mean (95th 
conf. interval)

1.7 (1.51–1.81) 1.26 (1.11–1.44) 0.8 (0.6–0.9) 0.675 (0.613–0.742)

 95th percentile 3.7 3.77 2.1 2.00

PFDeA

 Limit of detection 0.2 0.1 0.1 0.1

 Percent detected 65 94.6 91 79.0

 Geometric mean 0.4 (0.31–0.43) 0.279 (0.258–0.303) 0.27 (0.19–0.35) 0.185 (0.165–0.208)

 95th percentile 1.4 0.9 0.97 0.700

Me-PFOSA-AcOH

 Limit of detection 0.2 0.087 0.1 0.1

 Percent detected 63 75.9 59 44.5

 Geometric mean 0.4 (0.3–0.48) 0.198 (0.184–0.213) 0.15 (0.1–0.2) a

 95th percentile 1.52 1.0 0.8 0.600

Et-PFOSA-AcOH

 Limit of detection 0.2 0.1 0.1 b

 Percent detected 1 5.5 7 b

 Geometric mean a a a b

 95th percentile a 0.1 a b

Environ Int. Author manuscript; available in PMC 2018 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Worley et al. Page 23

Decatur 2010 (n = 
153)

NHANES 2009–2010 (n = 
2233)

Decatur 2016 (n = 45) NHANES 2013–2014 (n = 
2168)

PFOSA

 Limit of detection 0.1 0.1 0.1 b

 Percent detected 0 0.1 2 b

 Geometric mean a a a b

 95th percentile a < LOD a b

a
Not calculated, proportion of results below limit of detection was too high to provide a valid result.

b
Not measured after survey years 2011–2012.

c
Because the 2013–2014 values for PFOA and PFOS are a calculated sum, there is no limit of detection (LOD).
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Table 4

Change in Geometric Mean PFAS Serum Concentrations from 2010 to 2016 (n =45) in the vicinity of Decatur, 

AL.

PFAS Absolute change (μg/L) Percentage change (%) Two-tailed P-value, Student’s t-test

PFOA −11.2 −49% 1.0 × 10−5

PFOS −26.7 −53% 1.0 × 10−5

PFHxS −0.9 −11% 0.37

PFNA −1.0 −58% 1.0 × 10−9

PFDeA −0.2 −43% 1.0 × 10−4

Me-PFOSA-AcOH −0.2 −60% 1.0 × 10−4

Et-PFOSA-AcOH a a a

PFOSA a a a

Changes calculated as PFAS2016 − PFAS2010. Time period is 2095 days.

a
Not calculated, proportion of results below limit of detection was too high to provide a valid result.
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