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Abstract

Background: Per- and polyfluoroalkyl substances (PFAS) are ubiquitous in the serum of the 

general US population. Food, drinking water, consumer products, dust, and air have been assessed 

as PFAS exposure sources for humans. The effects of various types of carpeting on serum PFAS 

concentrations have been less studied, despite the known use of PFAS in stain-resistant carpet 

treatments.

Objective: This study aimed to examine the associations between serum PFAS concentrations 

and type of residential flooring among the general US population aged 12 years and older using 

the 2005–2006 National Health and Nutrition Examination Survey (NHANES).

Methods: We used multiple linear regressions adjusted for complex survey design and relevant 

covariates to analyze the relations between serum PFAS concentrations and type of floor covering 

(smooth surface, low pile carpet, medium to high pile carpet, and combination of carpet and 

smooth surface), as well as other potential exposure factors. We used multiple imputation to 

address missing values.

Results: We found significantly higher serum concentrations of perfluorohexane sulfonic acid 

(PFHxS) and 2-(N-methyl-perfluorooctane sulfonamido) acetic acid (MeFOSAA) in US residents 

residing in homes with low pile carpeting compared with those residing in homes with smooth 

surface. We concluded that among US residents aged 12 years and older residing in homes with 

low pile carpeting in the home in 2005–2006, on average 24% and 19% of the PFHxS and 

MeFOSAA body burdens, respectively, could be attributed to carpeting. We found associations 

between other types of floor covering (medium to high pile carpet, combination of carpet and 
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smooth surface) and some PFAS concentrations compared with the smooth surface, but these 

results were less consistent and generally not statistically significant. Additionally, a group Wald 

Chi-squared test showed a significant result for PFOS, indicating different contributions of various 

types of flooring to PFOS serum concentration.

Significance: Our results are representative of the general US population at the time of the 

survey, and potentially informative regarding ongoing PFAS exposure from a variety of sources 

including carpeting.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of human-made chemicals that 

widely exist in the environment, biota, and humans. Due to the strong single bond between 

carbon (C) and fluorine (F), which requires very high energy to dissociate, PFAS have 

unique physiochemical characteristics such as stability in extreme temperatures and water 

resistance (Faithfull and Weers, 1998). Strong carbon-fluorine bonds also make PFAS 

resistant to hydrolysis, microbial degradation, and metabolism by vertebrates (ATSDR, 

2018). Therefore, they have been used in a variety of applications, including textiles, 

carpeting, food packaging, nonstick cookware, and firefighting foams (Kissa, 2001). They 

persist indefinitely in the environment and bioaccumulate in humans and organisms (Buck et 

al., 2011). For example, the average half-lives for serum or plasma elimination of PFAS in 

humans were reported as about 2–4 years for perfluorooctanoic acid (PFOA) (Bartell et al., 

2010; Olsen et al., 2007; Worley et al., 2017), 3–27 years for perfluorooctane sulfonic acid 

(PFOS), 5–35 years for PFHxS (Olsen et al., 2007; Worley et al., 2017; Li et al., 2018; 

Zhang et al., 2013), and 2–4 years for perfluorononanoic acid (PFNA) (Zhang et al., 2013) 

in previous studies. Some studies have found associations between PFAS and a series of 

adverse health effects such as reduced fecundity (Vélez et al., 2015), low birthweight 

(Johnson et al., 2014), and cancers (Vieira et al., 2013).

Perfluoroalkyl carboxylic acids (PFCA, e.g., PFOA and PFNA) and perfluoroalkane sulfonic 

acid (PFSA, e.g., PFOS and PFHxS) both belong to perfluorinated acids (PFA) in the PFAS 

family (Buck et al., 2011; D’eon and Mabury, 2011). Long-chain PFAS (PFCA with ≥8 

carbons and PFSA with ≥6 carbons) have been shown to be more bioaccumulative than their 

short-chain analogues (Martin et al., 2003; Olsen et al., 2009), and therefore have attracted 

more attentions from the global scientific and regulatory community (Buck et al., 2011; US 

EPA, 2009). There are two main methods to produce PFAS: electrochemical fluorination 

(ECF) and telomerization. The ECF method was used by the 3M Company from 1949 to 

2001 to manufacture perfluorooctanesulfonyl fluoride (POSF)-based materials (including 

PFOS, MeFOSAA, EtFOSAA, and high-molecular-weight fluorinated polymers), PFCA 

(such as PFOA and PFNA) and their ammonium salts (Beesoon et al., 2011; Buck et al., 

2011; D’eon and Mabury, 2011). The ECF technique resulted in a mixture of linear (70–

80%) and branched (20–30%) isomers, while the telomerization method initially developed 

by the DuPont Company in the 1970s produced almost completely linear isomers. Starting 
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from 2002, the 3M Company, the major global manufacturer of PFOA, PFOS and related 

perfluorooctanesulfonyl fluoride compounds, ceased its production of these substances using 

the ECF technique due to health concerns, and has since introduced short-chain 

perfluoroalkane sulfonates and products such as perfluorobutane sulfonic acid (PFBS) 

(Zushi et al., 2012). In 2006, EPA initiated a global stewardship program to achieve a 95% 

reduction in PFOA and its precursors by 2010, and work towards the elimination of these 

chemicals by 2015. During this time the manufacture of PFOA, PFOS and their precursors 

was largely relocated to Asia, especially China (UNEP, 2015; Yue, 2008), where other 

manufacturers continued to use the ECF process to develop these substances (Buck et al., 

2011). Unlike PFOS, which was almost solely produced using the ECF technique, PFOA 

could be manufactured through not only the ECF method, but also telomerization, which 

was still in use after 2002 to produce fluorotelomer-based chemicals including 

polyfluoroalkyl phosphate esters (PAPs) and PFOA linear isomers. Additionally, some 

fluorotelomer-based materials such as PAP diesters (diPAPs) can be enzymatically 

hydrolyzed to produce 8:2 fluorotelomer alcohol (8:2 FTOH), an intermediate metabolite 

that is subsequently transformed into perfluoroalkyl carboxylic acids (PFCA) such as PFNA, 

PFOA, and PFHpA (Buck et al., 2011; D’eon and Mabury, 2007; D’eon and Mabury, 2011). 

NHANES data have accordingly shown a significant downward trend in serum 

concentrations of PFOS and PFHxS in the general US population since 1999 (Calafat et al., 

2007; Kato et al., 2011). However, PFOA did not decline as much as expected after the 

phase-out by 3M (Olsen et al., 2008; Beesoon et al., 2011) and remained essentially 

unchanged, and may have increased during 2003–2008 in the US (Kato et al., 2011) before 

declining slowly since 2008 (CDC, 2019). The percentage of linear isomer for PFOA was 

also found to be increasing during 1997–2012 in Sweden, indicating the ongoing production 

of fluorotelomer-based chemicals (Gebbink et al., 2015).

According to the Carpet and Rug Institute, most commercial and residential carpets and rugs 

in the US have been treated with perfluorooctane sulfonyl fluoride (POSF)-based materials 

in the manufacturing process to achieve stain resistance (DTSC, 2018). For example, 

sulfonamido-ethanol (MeFOSE) is a raw material used in textile and carpet products, and 

can be metabolized into MeFOSAA (aka M570), a precursor of PFOS; PFOS was a key 

ingredient in Scotchgard and had been extensively produced for use in carpet treatment until 

the phase-out. Perfluorohexane sulfonyl fluoride (PHxSF)-based derivatives such as PFHxS 

had also been produced by the 3M Company until the phase-out parallel to the phase-out of 

POSF-based products, and was used in specific postmarket carpet treatment products (Wang 

et al., 2014; Olsen et al., 2003). In 2009, PFOS and its precursors were added to Annex B of 

Stockholm Convention on Persistent Organic Pollutants (POPs). While this is an important 

step to restrict the production and use of PFOS and its precursors, a list of specific 

exemptions associated with this treaty still allows the mass production and almost all the 

historic uses of PFOS and its precursors, including the use in carpets, leather and apparel, 

textiles and upholstery, paper and packaging, coating and coating additives, and so forth 

(UNEP, 2010).

Dust ingestion has been associated with stain-resistant treatment of carpets or rugs, which is 

an important pathway for PFAS exposure (D’Hollander et al., 2010; Beesoon et al., 2012; 

Harris et al., 2017; Hu et al., 2018; Hurley et al., 2018; Karásková et al., 2016). Previous 
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studies have indicated the ubiquitous presence of diPAPs, 8:2 FTOH, PFCA, and some 

POSF-based materials in indoor dust or air, which could come from consumer products such 

as carpets, upholstery, and textiles (De Silva et al., 2012; Fraser et al., 2012; Kato et al., 

2009; Strynar et al., 2008; Winkens et al., 2018; Kubwabo et al., 2005). In a Canadian study 

conducted by Shoeib et al. (2005), MeFOSE and N-ethylperfluorooctane 

sulfonamidoethanol (EtFOSE) were detected at the median concentrations of 110 ng/g and 

120 ng/g in indoor air, respectively, 10–20 times higher than their outdoor concentrations. 

EtFOSE is a POSF-based raw material used in paper and packaging products, and it can be 

metabolized into EtFOSAA (Buck et al., 2011). Both EtFOSAA and MeFOSAA are 

precursors of perfluorooctane sulfonamidoacetic acid (FOSAA, aka M556), perfluorooctane 

sulfonamide (FOSA), and PFOS. A US study by Strynar and Lindstorm (2008) found 

ubiquitous existence of PFOS and PFOA in house dust, with median concentrations of 201 

and 142 ng/g, respectively. 8:2 FTOH, an important precursor for PFOA, was also detected 

with a maximum concentration of 1660 ng/g in the house dust. These results from previous 

studies highlight the potential of house dust and air as important pathways for human PFAS 

exposure.

Despite efforts to remove PFOA, PFOS, and PFOS precursors (MeFOSAA and EtFOSAA) 

produced using the ECF method, telomerization continued to be used to manufacture PFOA 

and related chemicals after the 2002 phase-out. A recent review paper revealed the large 

uncertainty about the amount of PFAS manufactured and imported due to the fact that a 

large part of the amounts has been claimed as confidential business information (CBI) and 

only substances manufactured or imported at above 11.34 tonnage per year at a single site 

have been reported (Glüge et al., 2020); also, PFAS that can break down into PFOA and 

PFOS are still in use in the US (BloombergLaw, 2020). Additionally, commercial and 

residential carpets treated with POSF-based materials such as MeFOSAA, PFOS, and 

PFHxS may not be replaced as frequently as other products. Thus, the PFAS-treated carpets 

before the phase-out may continue to be used in households and commercial settings. 

Besides, some short-chain PFAS have been introduced as alternative chemicals to long-chain 

PFAS (Birnbaum et al., 2015; Gomis et al., 2018). For example, PFBS has been extensively 

produced and used as a replacement of PFOS in the ScotchGard formulas, and 

perfluorobutanoic acid (PFBA) has also been introduced as an alternative to PFOA in recent 

years, which may also have adverse health effects despite their relatively shorter half-lives 

(Buck et al., 2011; Olsen et al., 2009; Eschauzier et al., 2010; Liu et al., 2020).

Some studies have reported positive associations between PFAS concentrations in serum or 

indoor dust and carpet (Beesoon et al., 2012; Harris et al., 2017; Hu et al., 2018; Hurley et 

al., 2018; Karásková et al., 2016). However, none of these studies distinguished between 

different types of carpets. Because different types of carpets were designed for different 

social settings and frequency of foot traffic, they may present distinct patterns of PFAS 

exposure contribution. For example, low pile carpets are designed for and more common in 

places with larger traffic than medium to high pile carpets, and may have different PFAS 

treatment. We here extend the previous work by investigating and quantifying the 

contribution of PFAS exposure from various types of floor coverings using the NHANES 

public-use database. In this study, we also accounted for other previously reported exposure 

pathways to PFAS, including dietary intake of fish and shellfish (Christensen et al., 2017), 
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fast food consumption (Susmann et al., 2019), water contamination by firefighting foams 

near military sites (Hu et al., 2016), and tap water sources (Shin et al., 2011a; Shin et al., 

2011b). We also accounted for kidney function (Jain et al., 2019) and special PFAS 

excretion pathways for females, including menstrual blood loss (Wu et al., 2015), maternal 

transfer to offspring through pregnancy (Beesoon et al., 2011) and breastfeeding (Fromme et 

al., 2010). To our knowledge, this is the first analysis that distinguishes low pile carpet from 

medium/high pile carpet, and focuses specifically on the association between carpet type and 

PFAS, which can inform PFAS exposure assessment from carpet more comprehensively.

Methods

We obtained data from the 2005–2006 NHANES data files. NHANES uses a complex, 

multistage, stratified, clustered, probability sampling design to select participants 

representative of the civilian, non-institutionalized US population (NCHS, 2012). It is a 

cross-sectional survey designed to monitor the health and nutritional status of adults and 

children in the US. NHANES survey includes interviews, physical examinations for every 

participant and laboratory tests for a subsample (NCHS, 2013). Sampling weights were 

created in the sample and subsamples in each 2-year cycle to account for oversampling, non-

response, and poststratification in the complex survey design (NCHS, 2012). Our analyses 

were restricted to the 2005–2006 cycle based on the availability of the key variable of 

interest: type of floor covering. This variable was not included in subsequent cycles of 

NHANES.

Serum PFAS Measurements.

In the 2005–2006 NHANES data, 12 PFAS were measured in a one-third subsample of 

eligible participants aged 12 years and older using tandem mass spectrometry, including 

PFOA, PFOS, PFHxS, 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid (EtFOSAA), 

MeFOSAA, perfluorodecanoic acid (PFDA), PFBS, perfluoroheptanoic acid (PFHpA), 

PFNA, perfluorooctane sulfonamide (PFOSA), perfluoroundecanoic acid (PFUnDA), and 

perfluorododecanoic acid (PFDoA). Procedures for collecting, storing, and handling 

specimens, and quality control have been described elsewhere (CDC, 2013). PFAS serum 

concentrations below the limit of detection (LOD) were substituted with a value of LOD 

divided by 2 (CDC, 2013). We restricted our analyses to the six PFAS (i.e., PFOA, PFOS, 

PFHxS, MeFOSAA, PFDA, and PFNA) with detection rates of >70% in the sample to avoid 

bias from the substitutions. The LOD was 0.1 ng/ml for PFOA, PFHxS, and PFNA; and 0.2 

ng/ml for PFOS, PFDA, and MeFOSAA (CDC, 2012).

Explanatory Variables.

We obtained NHANES variables relevant to known or suspected PFAS exposure pathways, 

including the type of floor covering (collected using household interview questionnaires) 

from the dust allergen subsample in the laboratory data; tap water source, self-reported fish 

and shellfish consumption in the past 30 days from the dietary interview component; the 

frequency of eating out per week from the dietary behavior questionnaire; serum creatinine 

(an indicator of kidney function) from the standard biochemistry profile; whether or not had 

at least one menstrual period in the past 12 months, number of pregnancies, and number of 
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children breastfed for at least one month from the reproductive health questionnaire data. We 

also obtained age, sex, race/ethnicity, education, family poverty income ratio (PIR), veteran/

military status, country of birth, and body mass index (BMI) from the demographic 

component of the survey. These have been established as predictors for serum PFAS 

concentrations in previous studies (Calafat et al., 2007; Kato et al., 2011; Christensen et al., 

2017; Susmann et al., 2019; Hu et al., 2016; Zhang et al., 2010; Jain, 2014). We 

recategorized race/ethnicity as Hispanic (including Mexican American and other Hispanic), 

non-Hispanic white, non-Hispanic black, and the others. We categorized education as less 

than college, some college, and above college.

The type of floor covering was categorized as smooth surface, low pile carpet, medium to 

high pile carpet, and combination of carpet and smooth surface. We recategorized the 

frequency of eating out per week as “Yes” and “No” based on the provided combination of 

numbers (1–21 times/week) and categories (never, more than 21 times per week, less than 

weekly) in the original variable, because this variable is not fully numeric. We checked the 

linearity of the relations between serum PFAS concentrations and age, family PIR, BMI, 

serum creatinine, number of pregnancies, and number of children breastfed for at least one 

month by examining both the scatter plots and plots of residuals against each of the predictor 

variables, and included these predictors as continuous variables in the regression models. We 

treated all “Refused” and “Don’t know” answers in the data as missing values. We checked 

data on sex, menstrual period, pregnancy, and breastfeeding against each other. For males, 

missing values in reproductive health information were substituted with “No” (menstrual 

period) or 0 (number of pregnancies and number of children breastfed). For females aged 55 

and older, missing values in “at least menstrual period in the last 12 months” were 

substituted with “No”. For females who were never pregnant, missing values in the number 

of pregnancies and the number of children breastfed for at least one month were substituted 

with 0. For females who never breastfed, the number of children breastfed for at least one 

month were also substituted with 0. After these substitutions, most variables have missing 

rates less than 10% except for type of floor covering (26.9%) and veteran/military status 

(19.4%). We compared the missing percentage of these variables with respect to other 

variables, and found the type of floor covering is missing at random (MAR) with respect to 

race/ethnicity and education; and veteran/military status is MAR with respect to country of 

birth, race/ethnicity, and education.

Statistical Analysis.

We fit multiple linear regression models adjusted for covariates using log-transformed serum 

PFAS concentrations while accounting for complex survey design (R package survey). We 

adjusted for the sampling weights of the serum PFAS subsample, the smallest analysis 

subpopulation in this study, for parameter estimates in regression models to reflect the 

probability of selection, nonresponse, and post-stratification (NHANES, 2020a). We also 

accounted for the pseudo-stratum and pseudo-PSU variables in order to produce 

asymptotically unbiased variance estimation in our regression models (NHANES, 2020b). 

Because of the dispersed distribution of missing values in different variables, listwise 

deletion of missing data that is performed as default in most statistical software packages 

including R would substantially reduce the sample size by 55%. Although listwise deletion 
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is acceptable when some observations are “missing completely at random” (MCAR) without 

respect to any of the other variables, multiple imputation performs better when missingness 

is covariate-dependent (Little and Rubin, 2020). We used multivariate imputation by chained 

equations (MICE) to create k=100 imputed datasets (R package mice). We applied Rubin’s 

rules (Rubin, 1987) to pool the results from k=100 analyses accounting for complex survey 

design based on the imputed datasets, averaging the estimates and computing the total 

variance over the repeated analyses. We also compared the results from regression analyses 

with those of complete case analysis (analysis of data after listwise deletion). We 

exponentiated the regression coefficients, subtracted by one, and multiplied by 100% to 

estimate the percent difference in PFAS concentrations associated with each predictor. For 

variables with more than two categories/levels, Wald Chi-squared tests of equivalence on 

multiple parameters can be used to test their effects. For example, to test the hypothesis that 

multiple types of flooring have no effect on serum PFAS concentrations, we conducted a 

simultaneous Wald Chi-squared test of equivalence for all parameters related to type of 

flooring. Because the education level of adolescents are mostly determined by their age 

rather than family socioeconomic status, in sensitivity analyses, we ran the analysis for 

adults (aged > 19) and adolescents (aged 12–19) separately.

Because PFAS do not tend to accumulate in the fat tissues (lipophobic property) (Benford et 

al., 2008), we did not include BMI (an indicator of body fatness) in the primary multiple 

regression models. PFAS has been suggested as a potential “cause” of body weight change 

(Liu et al., 2018), not the other way around, in which case, BMI would not confound the 

associations between type of flooring and serum PFAS; thus adjustment for BMI would not 

be necessary and could even induce selection bias under certain conditions (Rothman, 2012). 

In sensitivity analyses, we also fit multiple regression models with additional adjustment for 

BMI, following the practice in some previous studies (Harris et al., 2017; Christensen et al., 

2017; Susmann et al., 2019). We used R 4.0.0 for statistical analyses.

Results

Characteristics of study participants by type of residential floor covering are shown in Table 

1. Accounting for the complex survey design, we estimated the geometric means of PFAS 

serum concentrations by type of floor covering in the general US population during 2005–

2006 shown in Table 2. In general, we found higher geometric means of PFAS in people 

residing in homes with low pile carpets compared to those residing in homes with smooth 

surfaces and medium to high pile carpets. The pairwise Spearman correlation matrix among 

different serum PFAS concentrations is shown in Figure 1. The correlations among 

perfluoroalkyl carboxylic acids, including PFNA, PFDA, and PFOA are moderate to high, 

which is likely due to the fact that they have a common precursor 8:2 FTOH (Buck et al., 

2011). The high correlation between PFOA and PFOS has been reported elsewhere 

previously (Haug et al., 2009), indicating the likelihood of common exposure sources for 

these two legacy PFAS, such as food, dust, and air. However, the correlations among PFOS 

and its precursors MeFOSAA, PFHxS were not as high as expected, indicating the 

likelihood of other commercial sources of PFOS (e.g., di-SAmPAP) (Yeung et al., 2013).
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After imputation, the study participants (n = 2,323) represent 244 million general US 

population, half of whom resided in homes with low pile carpets. Adjusting for potential 

confounders, we found low pile carpets were associated with 32% (95% CI: 3%−70%) 

increase in serum PFHxS concentration and 25% (95% CI: 7%−45%) increase in serum 

MeFOSAA concentration compared to smooth surfaces (Table 3). Given the geometric 

means of 1.29 ng/ml and 0.31 ng/ml for PFHxS and MeFOSAA, respectively, for people 

residing in homes with smooth surfaces (Table 2), on average low pile carpets were 

associated with 0.41 ng/ml increase in PFHxS and 0.08 ng/ml increase in MeFOSAA, 

accounting for 24% and 19% of the geometric means of serum PFHxS and MeFOSAA 

concentrations, respectively, in people residing in homes with low pile carpets in the US.

The Wald Chi-squared test of equivalence for multiple parameters showed significant 

differences in serum PFOS and MeFOSAA concentrations among people who used different 

types of floor covering (p-value = 0.02 and 0.04, respectively; Table 3). Overall, multiple 

imputation and complete case analysis created similar results in regression analyses with the 

exception of PFHxS, for which the association with low pile carpets was not significant 

using complete case analysis (20%, 95% CI: [−14%, 67%], see Table S1 in the 

Supplementary material) but significant using multiple imputation (32%, 95% CI: [3%, 

70%], Table 3). Complete case analysis only included 1,044 observations in the adjusted 

model, losing 55% of the information, which may bias the results (Little and Rubin, 2020). 

Separate analysis for adults (n=1,593) produced similar results to the analysis using all 

participants (n=2,323) (Table S2), while the results for adolescents (n=730) were different, 

i.e., the effects of low pile carpet on PFHxS (29%, 95% CI: [−14%, 92%], Table S3) and 

MeFOSAA (13%, 95% CI: [−9%, 41%], Table S3) were not significant, which is likely due 

to the smaller sample size of adolescents and the less statistical power. Additional 

adjustment for BMI in the sensitivity analyses also produced similar results to the primary 

analysis (see Table S4 in the Supplementary material).

Other important predictors for PFAS in this study include race/ethnicity, country of birth, 

family PIR, shellfish consumption, tap water sources, menstruation period, similar to 

previous findings reported elsewhere (Calafat et al., 2007; Christensen et al. 2017; Haug et 

al., 2010; Hurley et al., 2016; Kato et al. 2011; Suominen et al., 2011; Yamaguchi et al., 

2013).

Discussion

In this study, we examined the associations between type of floor covering and serum PFAS 

concentrations. Descriptive statistics in Table 2 also showed higher geometric means of 

serum PFAS concentrations in people residing in homes with low pile carpets than people 

residing in homes with smooth surfaces and medium to high pile carpets. After adjusting for 

potential confounding variables in the multiple regression model, we found significantly 

higher serum PFHxS and MeFOSAA concentrations in people residing in homes with low 

pile carpets compared with those residing in homes with smooth surfaces, especially adults; 

while the effects of medium to high pile carpets and combination of carpet and smooth 

surface on serum PFAS concentrations were less clear, suggesting that low pile carpet is a 

more important source of exposure compared with other types of flooring. Because PFHxS 
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and MeFOSAA are both key ingredients in carpet treatment products that are intended for 

stain resistance, our results could be explained by the fact that low pile carpets frequently 

used in highly-trafficked spaces were more likely to have more extensive PFAS treatment. In 

addition, we concluded that among US residents using low pile carpeting in the home in 

2005–2006, on average 24% and 19% of the PFHxS and MeFOSAA body burdens, 

respectively, could be attributed solely to the carpeting.

A previous study by Harris et al. (2017) found higher serum PFOS, PFHxS, and MeFOSAA 

concentrations in US children aged 6–10 years who slept in a bedroom with carpeting or a 

rug, indicating hand-to-mouth transfer from treated carpets or inhalation of volatile 

precursors as important exposure pathways for children. Our study does not include children 

less than 12 years old, who are more likely than adolescents and adults to crawl on the 

ground and have their hands contact the carpets. Our results derived from the NHANES data 

are more representative of the general US population aged 12 and older, and can potentially 

inform the PFAS exposure from various types of flooring, especially low pile carpeting. 

Previous studies have indicated carpets as both a source and sink of PFAS chemicals. Given 

that the dust ingestion of children is about two times that of adults (Shoeib et al., 2005; 

Strynar et al., 2008), the PFAS exposure coming from house carpets for children less than 12 

years old is likely to be higher.

Similar to the previous studies (Beesoon et al., 2012; Hurley et al., 2018; Goosey and 

Harrad, 2011), we found that other long-chain PFAS such as PFHxS and MeFOSAA were 

elevated in individuals residing in homes with carpets. We also found somewhat different 

PFOS concentrations among people using various types of flooring, which may suggest 

distinct PFAS treatment or formulations for different types of carpets, and the potential for 

other PFAS to degrade or be metabolized to PFOS (ATSDR, 2018). However, the conclusion 

is tempered by the limitation of using p-value<0.05 to represent statistically significance in 

the Wald Chi-squared tests, especially with multiple testing (Wasserstein and Lazar, 2016). 

Our estimates with 95% confidence intervals in Table 3 more directly address effect sizes 

and their associated uncertainties.

This study has several noteworthy features. Among them is the use of multiple imputation to 

address missing values in the dataset, which appropriately accounted for the uncertainty of 

imputation. Additionally, we used statistical methods accounting for the complex survey 

design to obtain unbiased estimates of regression parameters and accurate variance 

estimation. Hu et al. (2018) have used the same data as us to assess the associations between 

PFAS and carpet. Based on the 2005–2006 NHANES data, they concluded that fully or 

partially carpet covered floors were associated with serum concentrations of PFOS, PFHxS, 

and MeFOSAA (p-value<0.05). However, they did not distinguish between the contributions 

of various types of carpeting. Although they may have applied sampling weights to obtain 

the regression parameter estimates that are representative of the general US population, their 

analysis did not appear to incorporate other attributes of the complex survey design (cluster 

and stratification) to obtain the correct variance estimation, given this limitation of the gam 
package in R that they used. Failure to account for the homogeneity of individuals within a 

cluster would lead to inaccurate lower variance estimates that bias the results of statistical 

hypothesis testing (NHANES, 2020b). Although Hu et al. (2018) applied statistical methods 
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to deal with left-censored data on serum PFAS concentrations, it is not clear how they 

addressed missing values in the explanatory variables.

Our study has several limitations. First, our analyses were restricted to the 2005–2006 cycle 

based on the unique availability of the key variable interest, type of floor covering in the 

NHANES datasets. Future research collecting and/or using more recent data from other 

sources would be a valuable addition to the present study. Second, although similar 

compositional patterns have been found in carpets and dust previously (Wu et al., 2020), 

there is a lack of linkage between PFAS in air and/or dust samples and PFAS in the house 

carpets in our study due to the limitation of the NHANES datasets. Also, lack of information 

on other furniture and upholstery, which may also be treated with PFAS, may also impact 

our inference due to the potential uncontrolled confounding. Third, although we tried to 

obtain a crude estimate of PFAS exposure through selection of several key dietary recall 

variables, there are no direct measurements of PFAS in the NHANES participants’ 

individual diets and drinking water. Although dietary seafood intake has been found to be a 

strong predictor of serum PFAS concentrations (Christensen et al., 2007), our use of seafood 

consumption in the past 30 days is limited in its ability to predict long-term seafood 

consumption. Previous studies have implicated consumption of PFAS-contaminated tap 

water as a significant predictor for serum PFAS concentrations (Shin et al., 2011a; Shin et 

al., 2011b) and published exposure-pharmacokinetic models predict that tap water 

contributions can be dominant at fairly low PFAS water concentrations (Bartell, 2017; Lu 

and Bartell, 2019). We did not adjust for the amount of tap water consumed due to the 

spatial heterogeneity of PFAS contamination in US public water supplies, the removal of 

geographical identifiers from public use NHANES data sets, and the limitations of using 

short-term recall data to represent long-term water consumption. Future research linking 

individual-level data from NHANES to the nationwide PFAS detection data in public water 

supplies (UCMR 3) would help assess the contributions of drinking water to serum PFAS.

Conclusions

This study found that low pile carpeting was associated with increased serum concentrations 

of PFHxS and MeFOSAA in the general US population, while no clear association has been 

observed between the other types of carpeting and serum PFAS concentrations. Further 

studies would be needed to fully understand PFAS formulations in different types of 

carpeting.
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Figure 1. 
Pairwise Spearman Correlation Matrix among Different PFAS in Serum
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