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Abstract

The ubiquitous use of poly- and perfluoroalkyl substances (PFASs) in a variety of industrial and 

consumer products has resulted in chronic exposure in most industrialized nations, and led to 

measurable concentrations in blood and other tissues in humans across all life stages; however, 

behavioral attributes that relate to exposure are not well studied. To further investigate how 

behavior may relate to PFAS exposure, 37 adults were recruited from central North Carolina. 

Participants provided blood samples and behavioral questionnaires were administered, asking 

questions about a variety of household, dietary, and behavioral outcomes. Six PFAAs, including 

PFHxA (geometric mean: 0.14 ng/mL), PFOA (1.57 ng/mL), PFNA (0.67 ng/mL), PFDA (0.28 

ng/mL), PFHxS (3.17 ng/mL) and PFOS (4.96 ng/mL) were detected in > 50% of the samples. 

Generally, males had higher serum levels than females across all chemicals, and levels were very 

similar to NHANES levels; however, PFHxS and PFDA levels were higher in our cohort. Several 

personal characteristics and behaviors were associated with serum PFAS levels. Reported use of 

filtration devices was associated with lower levels of PFOA (28% lower, p=0.03), but higher levels 

of PFHxA (122% higher, p=0.04). Serum PFHxS levels were also elevated in individuals that 

vacuumed less often, and in individuals that reported consuming more microwavable foods. These 

results suggest that personal behaviors may be important determinants of PFAS exposures.
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1. Introduction

Poly- and perfluoroalkyl substances (PFASs) are extensively used in a variety of industrial 

processes and consumer products around the world. These compounds have a base structure 
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consisting of a fluorinated hydrocarbon chain of various lengths, but they differ with respect 

to the head group. This structure results in unique properties including extreme chemical and 

thermal stability (perfluoro-chemicals), surfactant properties, and low surface free energy 

(Fromme et al., 2009). As a result of their physicochemical properties, PFASs are able to 

repel both moisture and oil and are commonly used in carpets, clothing, and cookware as 

stain, water, or grease repellents (Zheng et al., 2012; Stahl et al., 2011). PFASs also have 

exceptional surface performance and are used as polymerization aids, surfactants, and in 

fire-fighting foams (Fujii et al., 2013).

Within the PFAS family, there are specific subclasses of compounds with different 

functional groups. In this study, our particular interest focused on the perfluoroalkyl acids 

(PFAAs). Common examples of PFAAs include perfluorooctanoic acid (PFOA) and 

perfluorohexanoic acid (PFHxA), perfluorooctane sulfonic acid (PFOS) and 

perfluorohexane sulfonic acid (PFHxS). These terminal end products are extremely stable 

once released to the environment, and are the primary driver of PFAS risk concerns at 

present (Krafft and Riess, 2015). However, nearly all other PFASs can be considered 

precursors to PFAAs, and these precursors can include the fluorotelomer alcohols (FTOHs) 

and mono- and di-substituted polyfluoroalkyl phosphates (monoPAPs, diPAPs).

PFASs have triggered increased scientific interest due to their widespread distribution, 

exposure, and potential toxicity to humans and the environment. PFASs have been measured 

in human blood worldwide, with the highest levels typically detected in industrialized areas 

(D’Eon and Mabury, 2007). Humans are exposed to these compounds through several 

pathways, both directly and indirectly, with ingestion of contaminated food hypothesized to 

be a primary pathway (Stahl et al., 2011). Drinking water is now also considered a 

significant source of exposure as recent studies have identified (Stahl et al., 2011; Hu et al., 

2016), and the Environmental Protection Agency (USEPA) has established new health 

advisories for drinking water (USEPA, 2016). Despite measurements of PFASs in food and 

water, it is not clear if direct exposure via ingestion of compounds in foodstuffs, indirect 

exposure by precursors in food paper packaging, or other pathways including the inhalation 

of contaminated air or ingestion of contaminated dust are driving levels of PFASs in human 

blood (Haug et al., 2011).

Regardless of the source of exposure, PFASs accumulation in humans is evidenced by 

detectable levels of these man-made chemicals in various tissues. In humans, several PFASs 

(particularly PFAAs) are likely to accumulate in blood and breast milk, and serum half-lives 

of stable compounds range considerably, and have been reported at 2.4 years for PFOA, 4.3 

years for PFOS, and even up to 25 years for PFHxS (Russell et al., 2015; Olsen et al., 2012; 

Zhang et al., 2013). Once in the blood, PFAAs have the potential to induce adverse effects in 

exposed organism (Stahl et al., 2011). Recent studies have suggested that PFAAs may act as 

endocrine disruptors in human cells, decrease fertility, and interfere with the levels of 

endogenous hormones (Rosenmai et al., 2013; Bach et al., 2016). Additionally, one study 

has highlighted the potential for some PFAAs to induce immunosuppression in both human 

and animal models (Mogensen et al., 2015). Longer-chain PFAAs have also been shown to 

be significantly negative associated with the rate of antibody response in human adults 

following diphtheria and tetanus vaccination (Kielsen et al., 2016). This association was 
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further confirmed in antibody studies of children exposed to PFDA and PFOA, where 

diphtheria antibody concentrations decreased by approximately 25% for each doubling of 

serum PFAA exposure level (Grandjean et al., 2016).

As data on the potential toxicity and hazard of PFASs continue to be generated, there has 

been a reflective increase in the level of concern over persistent PFASs in the environment, 

and a movement towards their phase-out and replacement in products from the U.S. with 

shorter-chain compounds (Wang et al., 2013). The effects of these changes in chemical use 

on human exposure are currently unknown. More work needs to be done to characterize the 

relative importance of exposure pathways for PFASs to ascertain how regulatory shifts are 

impacting body burdens. Additionally, there is a lack of knowledge around behaviors and 

personal characteristics that are associated with exposure or steps that could be taken to 

reduce one’s own exposure. The overall aim of this study was to quantify levels of PFAAs in 

serum from adults and to determine the types of personal behaviors that may be associated 

with serum PFAA levels.

2. Materials and Methods

2.1 Study Design

Prior to recruitment and sampling, all protocols were reviewed and approved by the Duke 

University Institutional Review Board. A convenience sample of young adult volunteers was 

recruited using advertisements placed throughout the Duke community in the summer and 

early fall of 2015. Eligible participants were at least 18 years of age and lived off campus, 

and a total of 40 participants were recruited; however, only 37 provided a blood sample. All 

participants provided informed consent prior to providing any information or samples. The 

study consisted of a home visit and blood draw; all samples were collected within two weeks 

of each other.

2.2 Questionnaires

Research study staff visited each participant’s home to collect environmental samples and to 

administer a brief questionnaire (Figure S1). designed to collect information on 

demographics and personal behaviors. Participants provided information on a variety of 

personal characteristics, including age, sex, race, height, weight, marital status, and 

education level. Personal behaviors were also examined, and included average frequency of 

hand washing, vacuuming, dusting, and fast food or microwaveable meal consumption. 

Questions regarding personal care product use and possession of stain-and water-repellant 

clothing were also included in the questionnaire. Each participant’s average time spent in 

specific microenvironments, such as indoors, outside, in public buildings, or on public 

transportation, was also recorded in the questionnaire. The distribution of answers for each 

question was assessed and responses were grouped into high or low categories based on 

distributions as follows: dusting frequency=never vs. at least once per month, vacuuming 

frequency=once per month or less vs. greater than one time per month, hand washing 

frequency=less than 5 vs. 5 or more times per day, fast food consumption=once per week or 

less vs. more than once per week, microwavable meal and popcorn intake=never vs. once per 

month or more, water filtration use=do not use vs. use, stain or water repellant clothing=own 
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vs. do not own, and smoking=non-smoker vs. past /current smoker. Time spent in various 

environments (e.g. home, work, etc.) was quite similar across participants and these 

variables were not included in further analyses.

2.3 Serum Samples

Blood samples (~14mL) were collected by a trained phlebotomist via venipuncture in our 

laboratory. Serum was isolated, aliquoted and samples were frozen at −20°C until analysis. 

Serum albumin was analyzed at the Duke University Health System (DUHS) Clinical 

Laboratories using spectrophotometry techniques. PFAAs were measured in an additional 

aliquot using methods described below.

2.4 Chemicals

Calibration and internal standard mixtures were purchased from Wellington Laboratories 

(Guelph, ON, Canada). Specifically, target analytes and internal standards included PFHxS, 

PFOS, perfluoropentanoate (PFPeA), PFHxA, perfluoroheptanoate (PFHpA), PFOA, 

perfluorononanoate (PFNA), and PFDA. Formic acid, ammonium hydroxide and ammonium 

acetate were purchased from Sigma-Aldrich (St. Louis, MO). Oasis HLB columns were 

purchased from Waters Corporation (Milford, MA). The Luna C18(2) (2.5 µm, 50 × 2 mm) 

analytical column was purchased from Phenomenex (Torrance, CA, USA). Methanol and 

water were HPLC grade (Burdick & Jackson, Honeywell, Morris Plains, NJ). Envi-Carb 

columns (1 mL, 100 mg) were purchased from Supelco (Bellefonte, PA). Mini-UniPrep vials 

(0.2 µm) were from GE Healthcare Life Sciences (Marlborough, MA). The serum method 

was validated using Standard Reference Material (SRM) 1957 (National Institute of 

Standards & Technology, 2016).

2.4 Sample Analyses

Serum samples were analyzed for perfluorinated carboxylates (C4-C10 PFCAs) and 

perfluorinated sulfonates (C4, C6, C8 PFSAs) only. Extraction methods were modified from 

Liu et al. (2015). Samples were thawed, and 1 mL of serum was transferred to a 15 mL 

polypropylene centrifuge tube and spiked with the internal standard mixture (6 ng of 

MPFAC-MXA). The samples were acidified with 4 mL of 0.1 M formic acid, then vortexed 

and sonicated for 15 minutes. Extracts were cleaned and concentrated using solid-phase 

extraction (SPE) techniques with Oasis HLB columns (60 mg, 3 ml). Briefly, the SPE 

columns were preconditioned with 2 mL methanol followed by 2 mL of 0.1 M formic acid. 

The sample was loaded and the tube was rinsed (3x) with 500 µL of 0.1 M formic acid. The 

SPE column was rinsed with 2 mL of 0.1 M formic acid followed by 1 mL of 1% NH4OH in 

water. Analytes were eluted with 1.0 mL of 1% NH4OH in methanol and reduced to near 

dryness under a gentle nitrogen gas stream in a 40°C water bath. Extracts were reconstituted 

in 500 µL of methanol, transferred to a cryovial, and keep at −20°C until analysis. 

Immediately prior to instrumental analysis, a small aliquot was transferred to a Mini-

UniPrep vial, filtered, an equal volume of water was added and vial was vortexed.
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2.6 Instrumental Analyses

Extracts were analyzed for PFCAs and PFSAs using negative electrospray ionization liquid 

chromatography tandem mass spectrometry (LC-MS/MS) techniques. Chromatography was 

achieved under gradient conditions using a Luna C18(2) column (50 × 2.0 mm, 2.5 µm 

particle size, Phenomenex, Torrance, CA) preceded by a SecurityGuard Polar-RP (4 × 2.0 

mm) guard cartridge. The mobile phases were methanol and water (modified with 2 mM 

ammonium acetate), flow rate was 300 µL/min, the injection volume was 10 µL, and the 

column oven was 40°C. Initial conditions were 75:25 water:methanol, increasing to 50:50 in 

0.75 min, to 40:60 in 1.0 min, 5:95 in 2.75 min, and held for 0.5 min before decreasing to 

initial conditions in 0.75 min. Data were acquired under multiple reaction monitoring 

conditions using optimized parameters (Table S1 in Supporting Information).

2.7 Quality Control

Five laboratory blanks of fetal bovine serum were utilized for quality control. Serum 

samples were blank-corrected using the average laboratory blank measurement. The method 

detection limits (MDLs) for each analyte were calculated as three times the standard 

deviation of the corresponding blanks. Serum samples were normalized to the average 

extraction volume of 1 mL. Analyte recovery was assessed by spiking the PFAS-MXA 

mixture into 1 mL of clean fetal bovine serum and extracting using the SPE method 

described above. Recoveries of the PFCA standards ranged from 90–124% in the 0.6 ng 

spikes, to 77–94% in the 6 ng spikes. Recoveries of the PFSA standards ranged from 69–

97% in the 0.6 ng spikes, to 70–108% in the 6 ng spikes. PFAS levels measured in SRM 

1957 were within 30% of those reported by Keller et al (Table S2 in Supporting 

Information).

2.8 Statistical Analyses

Summary statistics were calculated for all analytes with a detection frequency greater than 

80% in serum, and distributions were assessed for normality using Shapiro-Wilk tests. PFAA 

levels did not meet the conditions for normality, therefore, non-parametric methods were 

used for statistical analyses or PFAA concentrations were log10 transformed. PFAA 

measurements below the method detection limit (MDL) were assigned a value equal to 

MDL/2 for statistical analyses. Because imputing concentrations below the MDL as a 

constant value could potentially bias statistical analyses (Helsel 2006), we also conducted 

analyses using random numbers between the 0 and the MDL. Results were quite similar, 

likely because PFAAs were detected very frequently (results not presented). Serum analytes 

are reported in concentrations of ng/mL serum.

Associations between PFAAs in serum samples were assessed using Spearman correlations 

as were relationships between serum PFAAs and albumin, participant age and participant 

BMI. We assessed potential differences in serum PFAA concentrations between males and 

females using Kruskal-Wallis rank sum tests. Potential relationships between survey data 

and PFAA levels were explored using multivariable regression models which adjusted for 

potential confounding by participant sex, a factor which we anticipated could be related to 

many of the survey responses and with PFAA measures. These models used log10 

transformed PFAA concentrations as outcomes. To facilitate interpretation of results, beta 
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coefficients from these models were exponentiated and represent the multiplicative change 

in PFAA levels relative to the reference category. Additionally, because some PFAAs are 

known to bind with high affinity to serum binding proteins (D’eon et al., 2010), sensitivity 

analyses including albumin as a covariate were conducted to assess possible confounding.

Levels measured in the serum from the study cohort were compared with data from two 

studies, the National Health and Nutrition Examination Survey (NHANES), and the 

Canadian Health Measures Survey (CHMS), to assess potential differences. Data from these 

studies was restricted to the same age range as that of our participants (22 to 34 years of 

age). The most recent Canadian data was gleaned from the Second Report on Human 

Biomonitoring for serum samples collected in 2009–2011 (Health Canada, 2013). Data were 

extracted from the database for the 2011–2012 NHANES participants, the most recent data 

set that ranged in age from 20–35, and the final cohort (n=460) included 231 females and 

229 males. Comparisons between the NHANES and Duke cohorts were run using 

multivariable regression models which controlled for age and sex.

All statistical analyses were run using SAS version 9.4. Statistical significance was set at 

p<0.05; however, because our sample size was relatively small, we considered associations 

with p<0.10 marginally significant and suggestive of relationships.

3. Results

3.1 Population Characteristics

Forty individuals participated in the study and completed the questionnaire; however, only 

37 provided a serum sample. The serum cohort included 26 females and 11 males. Ages 

ranged from 22 to 34 years old, with an average age of 25.8 years. The majority of 

participants reported non-Hispanic white (81.1%) race. BMI values for each individual were 

calculated using self-reported height and weight values, and BMIs ranged from 18.6 kg/m2 

to 37.6 kg/m2 with an average of 23.2 kg/m2.

3.2 PFAAs in Serum

Six PFAAs were detected >80% of serum samples (Table 1). These included PFHxA, 

PFHxS, PFOA, PFNA, PFOS, and PFDA. Several (PFHxS, PFOA, PFNA, and PFOS) were 

present in all of the serum samples, while PFHxA and PFDA were present in 83.8% and 

97.3% of the samples, respectively. Geometric means for these six analytes ranged from 

0.14–4.96 ng/mL serum. PFHxA was present in serum in the lowest concentrations of all six 

analytes, with a range of 0.01–1.00 ng/mL and a geometric mean of 0.14 ng/mL. In contrast, 

PFHxS and PFOS were present in the blood in higher concentrations. PFHxS concentrations 

ranged from 1.07–12.55 ng/mL serum, with a geometric mean of 3.12 ng/mL serum. PFOS 

concentrations ranged from 0.39–31.35 ng/mL serum, with a geometric mean of 4.96 ng/mL 

serum. PFAS concentrations in serum were higher in males compared to females, although 

this difference was only statistically significant for PFOS (p=0.04) and PFHxS (p<0.001) 

and suggestive for PFOA (p=0.09) and PFHxA (p=0.10). Correlations between participant 

age and PFAAs in serum were generally positive; but were only statistically significant for 

PFDA (rs=0.35; p=0.03). Levels of several PFAAs were significantly correlated with BMI, 
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including PFNA (rs=0.40; p=0.01), PFOS (rs=0.58; p=0.0002) and PFDA (rs=0.40; p=0.02). 

Other PFAAs were also positively correlated with BMI, but associations did not reach 

statistical significance.

3.3 Correlations within Serum

Several statistically significant correlations were observed between analytes within the 

cohort’s serum (Table 2). Spearman correlations between serum PFOA, PFNA, PFOS, and 

PFDA were significant (rs=0.55–0.75; p < 0.001 for all). Longer-chain compounds (i.e. ≥C8) 

generally were more significantly correlated amongst themselves than the six-carbon chain 

length PFAAs.

3.4 Comparison with NHANES and CHMS data

NHANES and CHMS are intended to be representative of the general population in the U.S. 

and Canada, respectively; therefore, we compared serum levels for five PFAAs that had 

available data from these biomonitoring programs with levels measured in this study (Figure 

1). Serum levels were generally very similar among the three groups; however, PFHxS and 

PFDA levels were higher in our population compared to both the NHANES and CHMS 

populations. To determine if levels were significantly different between the Duke cohort and 

NHANES (all within the U.S.), we used a multivariable regression model (controlling for 

age and sex). Levels of PFHxS and PFDA were significantly higher in the Duke cohort 

compared to measurements reported in NHANEs (Table S3). The Duke cohort serum 

samples had 3.51 (95% CI: 2.63, 4.67; p < 0.001) times as much PFHxS and 1.45 times 

(95% CI: 1.15, 1.86; p=0.002) as much PFDA as the NHANES cohort.

3.5 Serum Questionnaire Results

The administered survey included questions regarding personal behaviors that we 

hypothesized could influence exposure to PFASs. Multivariate models were conducted to 

examine the influence of these variables on serum PFAA levels (Table 3). After accounting 

for sex, the use of water filtration devices was positively associated with PFHxA, but 

negatively associated with PFOA serum levels. Interestingly, participants who used water 

filtration had 122% (p=0.04) higher PFHxA levels but approximately 30% (p=0.03) lower 

levels of PFOA in their serum, compared to those who did not use filtration devices (Figure 

2). In addition, microwave food intake was positively associated with PFHxS serum 

concentrations, while vacuuming frequency was negatively associated (Figure 3). For 

example, after accounting for sex, participants who ate microwave meals or popcorn more 

frequently had serum PFHxS levels that were 49% higher (p=0.003) than those who ate 

these foods less frequently. PFHxS levels were 57% higher in participants who reported 

vacuuming less frequently compared to participants who vacuumed more frequently 

(p=0.003). Although results were only statistically suggestive, they indicate that PFHxS 

levels may be higher for individuals who dust less frequently and those who do not use water 

filtration devices (Table 3 and Figure 3). Interestingly, we observed an inverse association 

between serum PFOS and stain-repellant or water-proof clothing; those who reported that 

they did not own water-proof or stain-repellant clothing had PFOS levels that were 86% 

higher than those who reporting owning these types of clothing (p=0.04; Table 3).
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3.6 Serum Albumin Sensitivity Analyses

Because some PFAAs are known to bind with high affinity to serum binding proteins (D’eon 

et al., 2010), we measured serum albumin in 36 of the serum samples (one sample did not 

have sufficient volume). The arithmetic mean of the normally-distributed albumin samples 

was 4.6 g/dL (σ = 0.4 g/dL). Albumin levels were found to be significantly correlated with 

PFHxS levels (rs= 0.34; p = 0.02). Other PFAAs did not follow this correlative trend. The 

inclusion of albumin in multivariable models had negligible impact on results and 

accordingly, these results are not reported here.

4. Discussion

Overall, our results indicate that exposures to PFASs are common but variable in our adult 

population. Even-chain PFCAs were generally detected more frequently in serum than odd-

chain compounds, reflective of the heavier usage of even-chain chemicals in commerce as 

well as degradation pathways of these compounds (Kotthoff et al., 2015). While we did not 

examine the presence of polyfluorinated substances (PFAA precursors) in the serum, we 

expect that our internal serum levels are adequately representative of exposure due to the 

short half-lives of known precursors in the body (Butt et al., 2014). Levels of these PFAAs in 

the serum were generally similar to those in the U.S. population, but our cohort tended to 

have slightly lower blood concentrations of PFOS, PFNA, and PFOA, which is consistent 

with research suggesting that serum levels may be declining (Olsen et al., 2012; Calafat et 

al., 2007; Kato et al., 2011). Conversely, our cohort’s serum concentrations of PFHxS were 

elevated compared to the U.S. population, and PFHxA was more frequently detected in this 

group than in previous studies (Olsen et al., 2012; Calafat et al., 2007; Health Canada, 

2013). Our study population differed from the NHANES population in several important 

ways which may explain patterns. First, data were collected at different points in time. In 

addition, our study population was general comprised of non-Hispanic white participants, 

groups which had high levels of several PFASs in serum samples, including PFHxS in 

NHANES (Calafat et al., 2007).

It is possible that there could be some laboratory bias in our measurement of PFHxS as the 

measured levels of this compound in our Standard Reference Material 1957 used to validate 

the serum method appeared to be ~ 30% higher than previously reported concentrations 

(5.20 ng/g compared to 4.0 ng/g determined in Keller et al., 2010). However, a 30% 

difference does not seem to be enough to explain the 3.5 time higher levels measured in this 

cohort compared to NHANES. Elevated PFHxS serum levels have been associated with 

exposure to aqueous film forming foam (AFFF)-impacted drinking water. A recent study 

suggested that AFFF use may be associated with elevated levels of PFAAs in drinking water 

(Hu et al., 2016). Given the longer half-life of PFHxS in serum, this may suggest past 

exposure to PFHxS in drinking water from sources that were recently contaminated. It is 

notable that many of the newly discovered PFASs in AFFF or AFFF-impacted drinking 

water could serve as precursors for PFHxS and/or PFHxA (Barzen-Hanson et al., 2017). For 

PFHxA, the high detection frequency of this PFAA compared to NHANES may be due to 

the fact that the laboratory where these samples were analyzed was recently established, 

resulting in very little blank contamination and low detection limits. Alternatively, a higher 
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detection frequency may also be reflective of the phase out of longer-chain PFASs such as 

PFOA, resulting in greater uses of PFHxA-derived products more recently.

Several factors were determined to have a significant impact on the levels of PFAAs present 

in the blood of our study participants. Sex was a major predictor of serum levels in multiple 

regressions, and males had 1.15–2.13 times as much serum PFAAs as females in our cohort. 

This is similar to previously published data, whereby males consistently had higher blood 

PFAS levels than females (Calafat et al., 2007; Health Canada, 2013). Higher serum levels in 

males could be due to a variety of reasons, including fewer excretion pathways compared to 

females, longer half lives in males, and behavioral differences leading to increased exposure 

(Fromme et al., 2009). Females are hypothesized to have lower serum half-lives of PFAAs 

due to sex-specific elimination pathways, including placental transfer of precursors and 

metabolites during pregnancy and breastfeeding as well as depuration during menstruation 

(Wong et al., 2014; Yang et al., 2016). Support for this theory comes from research 

indicating that women with hysterectomies have higher PFAA serum levels than those that 

do not, suggesting that menstruation is an important route of elimination for females (Knox 

et al., 2011). This study also found that postmenopausal females tended to have higher 

serum PFAA levels than those still menstruating, which also supports this theory (Knox et 

al., 2011; Taylor et al., 2014). To our knowledge, the females in the Duke cohort were 

nulliparous, so offloading during pregnancy and breastfeeding are not expected depuration 

mechanisms. However, the elimination of PFAAs through menstruation could explain some 

of the sex differences in serum levels in this group.

Additionally, sex-related differences in personal behaviors may also be driving higher serum 

levels of PFAAs in males. The results from the self-administered questionnaire provide more 

insight on how different behaviors may contribute to exposure, which has not been well 

explored previously in the literature. To our knowledge, this is the first investigation that has 

studied the associations between personal cleaning behaviors and serum PFAA levels. Our 

results indicated that there were several behaviors potentially associated with either 

increases or decreases in serum concentrations, including consumption of microwave meals, 

water filtration use, and vacuuming frequency. Interestingly, serum levels of PFHxS 

appeared most strongly associated with personal behaviors. Over all, our results suggest that 

improved hygiene (more frequent vacuuming and dusting) could be associated with 

decreases in PFHxS exposure. Most behaviors were associated with unidirectional changes 

across all PFAAs. However, water filtration appeared to be associated with higher PFHxA 

and lower PFOA levels in the serum. The reasons for this difference are unclear. Certainly, 

one might anticipate that sorption of PFOA may occur on most filter cartridges, and thus use 

of water filtration may reduce exposure to PFOA. However, it is unclear why PFHxA levels 

would increase with use of water filtration. It is possible that retention of PFHxA precursors 

could occur on water filtration devices, and transformation to PFHxA in a water filter could 

result in greater exposure. If drinking water is a source of PFOA exposure in this population, 

we would expect that lower water consumption rates would mute or mask an association 

with water filter use, compared to individuals who consumed more water on a daily basis. 

However, in our population, the water filter users consumed more water on average than 

individuals that did not use water filters. Therefore, these differences cannot be explained by 
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differences in water consumption rates. Differences in water consumption may also explain 

patterns observed for PFHxA.

Our results should be interpreted in the context of several important limitations. Our study 

population was relatively small and should not be considered representative of the general 

population; participants came from a single region of the U.S., were similar in age, and were 

generally not racially or ethnically diverse. Although this may limit the generalizability of 

our results to other populations, we would not expect impacts on the validity of observed 

associations. In addition, participants in our study population were surveyed and provided 

samples at one point in time. It is possible that participants could not recall certain pieces of 

information (e.g. whether or not their clothing was stain or water repellant). PFAAs have a 

relatively long half-life in the human body, suggesting that current serum levels represent 

both current and past exposures. Additional information on participants’ past behavior could 

provide additional insights in future studies.

5. Conclusion

While the size of the population in this study was rather small (n=37), our results indicate 

that exposure to PFAAs (or their precursors) is likely related to some personal behaviors. 

This information may be helpful in informing larger studies about information that should be 

collected to identify determinants of exposure. The higher concentrations of the PFHxS in 

this population compared to NHANES suggest that exposure could be increasing, and may 

be related to levels now being detected in water sources throughout the country (Hu et al., 

2016; Barzen-Hanson et al., 2017). Further studies should investigate the relationships 

between PFAS levels in drinking water and serum levels, taking into account personal 

behaviors that may determine exposure (e.g. water filters).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CI confidence interval

diPAPs di-substituted polyfluoroalkyl phosphates

FTOHs fluorotelomer alcohols

MDL method detection limit

monoPAPs mono-substituted polyfluoroalkyl phosphates

PFAAs perfluoroalkyl acids
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PFASs poly- and perfluoroalkyl substances

PFHxS perfluorohexane sulfonate

PFHxA perfluorohexanoic acid

PFOA perfluorooctanoic acid

PFOS perfluorooctane sulfonate

PFPeA perfluoropentanoic acid

PFNA perfluorononanoic acid

PFHpA perfluoroheptanoic acid
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Highlights

1. PFASs were measured in serum samples collected from North Carolina 

adults.

2. PFHxS levels were higher than other U.S. cohorts and were related to 

behavior.

3. PFOA, PFHxS and PFHxA were associated with the use of water filtration 

devices.
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Figure 1. 
Geometric mean concentrations of several PFAAs analytes and a comparison of 

concentrations reported from the NHANES and CHMS cohorts.
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Figure 2. 
Bean plots showing the distribution of serum PFOA and PFHxA by reported use of water 

filtration devices (green=No, blue=Yes). Dashed lines indicate the overall mean, black lines 

depict the median by category of filtration use and individual observations are shown with 

white dashes.
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Figure 3. 
Bean plots showing the distribution of serum PFHxS by category of reported dusting (A) 

and vacuuming frequency (B), consumption of microwave meals or popcorn (C) and the use 

of water filtration devices (D). Dashed lines indicate the overall mean, black lines depict the 

median by category and individual observations are shown with white dashes.
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Table 1

Levels of PFAAs in serum from 37 young adults.

Serum (ng/mL), n=37

Congener MDL % Detect GM Range

Perfluoropentanoic acid (PFPeA) 0.18 0 NA NA

Perfluorohexanoic acid (PFHxA) 0.03 83.8 0.14 ND-1.00

Perfluoroheptanoic acid (PFHpA) 0.07 32.4 NA ND-0.30

Perfluorooctanoic acid (PFOA) 0.06 100 1.57 0.30–4.07

Perfluorononanoic acid (PFNA) 0.02 100 0.67 0.23–4.02

Perfluorodecanoic acid (PFDA) 0.04 97.3 0.28 ND-1.60

Perfluorohexane sulfonate (PFHxS) 0.05 100 3.12 1.07–12.55

Perfluorooctane sulfonate (PFOS) 0.06 100 4.96 0.39–31.35

Abbreviations: % Detect, percent detectable. NA, not available, ND, not detected.
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