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Abstract

Perfluorinated compounds (PFCs) have been widely used in industrial applications and consumer 

products. Their persistent nature and potential health impacts are of concern. Given the high cost 

of collecting serum samples, this study is to understand whether we can quantify PFC serum 

concentrations using factors extracted from questionnaire responses and indirect measurements, 

and whether a single serum measurement can be used to classify an individual’s exposure over a 

one-year period. The study population included three demographic groups: young children (2–8 

years old) (N=67), parents of young children (<55 years old) (N=90), and older adults (>55 years 

old) (N=59). PFC serum concentrations, house dust concentrations, and questionnaires were 

collected. The geometric mean of perfluorooctane sulfonic acid (PFOS) was highest for the older 

adults. In contrast, the geometric mean of perfluorooctanoic acid (PFOA) was highest for children. 

Serum concentrations of the parent and the child from the same family were moderately correlated 

(Spearman correlation (r)=0.26–0.79, p<0.05), indicating common sources within a family. For 

adults, age, having occupational exposure or having used fire extinguisher, frequencies of 
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consuming butter/margarine, pork, canned meat entrées, tuna and white fish, freshwater fish, and 

whether they ate microwave popcorn were significantly positively associated with serum 

concentrations of individual PFCs. For children, residential dust concentrations, frequency of 

wearing waterproof clothes, frequency of having canned fish, hotdogs, chicken nuggets, French 

fries, and chips, and whether they ate microwave popcorn were significant positive predictors of 

individual PFC serum concentrations. In addition, the serum concentrations collected in a subset 

of young children (N=20) and the parents (N=42) one year later were strongly correlated (r=0.68–

0.98, p<0.001) with the levels measured at the first visits, but showed a decreasing trend. Children 

had moderate correlation (r=0.43) between serum and dust concentrations of PFOS, indicating 

indoor sources contribute to exposure. In conclusion, besides food intake, occupational exposure, 

consumer product use, and exposure to residential dust contribute to PFC exposure. The 

downward temporal trend of serum concentrations reflects the reduction of PFCs use in recent 

years while the year-to-year correlation indicates that a single serum measurement could be an 

estimate of exposure relative to the population for a one-year period in epidemiology studies.

Keywords

Perfluorinated compounds; Serum; Children; Within-family correlation; Temporal variation

1. Introduction

Perfluorinated compounds (PFCs) have been widely used in industrial applications and 

consumer products, such as water- and stain-resistant coatings for textiles, oil-resistant 

coatings for food packaging and cookware, fire-fighting foams, paints, waxes and polishes 

(Renner, 2001; Seacat et al., 2002). The strong carbon–fluorine bond gives the PFCs their 

stable and persistent nature in the environment (Blake et al., 1997). PFCs have been detected 

in human and animals, and have fairly long elimination half-lives (3–9 years) in the body 

(Olsen et al., 2007). PFCs bind to proteins and are distributed mainly to the blood serum, 

kidney, and liver (Lau et al., 2007). They have been associated with increased cholesterol 

and uric acid (Costa et al., 2009; Sakr et al., 2007; Steenland et al., 2010), thyroid disruption 

(Emmett et al., 2006; Melzer et al., 2010), immune system effects (Fairley et al., 2007; 

Grandjean et al., 2012; Yang et al., 2002), neurological effects, such as attention deficit 

hyperactivity disorder (ADHD) among children (Hoffman et al., 2010); reduced human 

fertility (Joensen et al., 2009), and cancer (Alexander et al., 2003; Gilliland and Mandel, 

1993, 2005a). In particular, some PFCs, depending on their chemical structures, can cross 

the placenta and result in exposure for fetus (Apelberg et al., 2007; Inoue et al., 2004; Kim 

et al., 2011; Olsen et al., 2009).

In recent years, as manufacturers have voluntarily eliminated or modified the production of 

PFOS and PFOA, the concentrations of these PFCs have been decreasing in people and in 

the ecosystem (CDC, 2012; Lindstrom et al., 2011). For example, perfluorooctane sulfonic 

acid (PFOS) was phased out in the United States in 2002. Since then, a decreasing trend in 

the concentrations of this compound in the general population has been observed. However, 

other PFCs are being used to replace PFOS and PFOA.
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There have been a number of studies to quantify the distribution of serum PFC levels in 

adults, including the National Health and Nutrition Examination Survey (NHANES) and 

studies of American Red Cross adult blood donors (Kato et al., 2011a; Olsen et al., 2011). 

However, there is less data available on children, a sensitive population (Kato et al., 2009; 

Mondal et al., 2012; Olsen et al., 2004). There is no information on similarities in PFC 

exposure between family members within the general population, with the only study 

focusing on mother–child pairs in a U.S. community known to have contaminated water 

(Mondal et al., 2012).

Studies examining temporal trends in the population have found levels for some compounds 

having reached their highest levels and now going down over time (i.e. PFOS), while levels 

of other compounds have been increasing (i.e. PFNA) (Kato et al., 2011a). The long half-

lives of PFCs in the human body indicate that an individual’s serum levels are thought not 

likely to change substantively within one or two years relative to other members of the 

population, enabling one to use a single serum measure as an estimate of exposure for such a 

time period in an epidemiology study. However, there is limited information to date 

evaluating change over time within individuals in a non-occupational exposed population.

The contribution of various food categories to serum PFC levels has been evaluated using 

both exposure models utilizing food intake levels combined with measured data on 

concentrations using a market basket approach and through correlation between food intake 

rates and serum levels within a population. Fish and other seafood are thought to be major 

contributors to serum PFCs, especially in populations with high consumption of seafood 

(Haug et al., 2010; Noorlander et al., 2011; Zhang et al., 2011). Meat is another important 

contributor in many countries and regions, e.g. Denmark, Norway, and Sweden (Halldorsson 

et al., 2008; Jain, 2014; Tittlemier et al., 2007; Vestergren et al., 2012). Popcorn and snacks 

are also identified as important predictors of serum PFCs, likely due to the transfer of PFCs 

from food packaging (Halldorsson et al., 2008; Ji et al., 2012). Other food types have been 

identified less consistently, such as, vegetable and potato in Korean population (Ji et al., 

2012), and cereals and dairy products, vegetables and fruit in Swedish population 

(Vestergren et al., 2012). However, the contribution of specific food types to serum PFCs 

concentrations varies by geographical region, population characteristics, and also varies 

between specific PFC compounds (Jain, 2014; Zhang et al., 2011). Information on dietary 

predictors in U.S. is still limited (Jain, 2014).

While food has been identified as the major pathway for the majority of the population in 

several studies that modeled PFC exposure through multiple pathways (Egeghy and Lorber, 

2011; Trudel et al., 2008; Vestergren et al., 2012), dust ingestion was postulated to be 

important for children and potentially for adults with considerable use of consumer products 

(Egeghy and Lorber, 2011; Haug et al., 2011; Shoeib et al., 2011). Recently, there have been 

a number of studies measuring concentrations in indoor dust and air (D’Hollander et al., 

2010; Ericson Jogsten et al., 2012; Haug et al., 2011; Knobeloch et al., 2012; Shoeib et al., 

2011). Two studies found a correlation between indoor environmental measurements and 

serum levels among adult populations (Fraser et al., 2011; Haug et al., 2011). More data are 

needed to determine the relative contributions of food and dust to serum PFCs for both adult 

and child populations.
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The goals of this study were twofold. First, examine the relationship in PFCs concentrations 

between family members and temporal change of PFC serum levels both in the context of 

understanding exposures and providing information useful for evaluating the needed 

measurements in an epidemiology study. Second, determine the relationship between serum 

concentration of PFCs and questionnaire responses on factors including housing 

characteristics, food intake frequency, and use of consumer products, as well as PFC 

concentrations measured in residential dust.

2. Methods

2.1. Study population

Study of Use of Products and Exposure-Related Behavior (SUPERB) collected information 

on consumer product use, food consumption patterns, and time-activity patterns, by surveys 

and house visits. Briefly, 499 homes with young children born between 2000 and 2005 were 

identified through birth certificate records in northern California counties, and 156 

households with older adults were selected randomly from housing units in the southern 

portion of California’s Central Valley.

A total of 139 households were recruited into this sub-study to determine biomarker levels 

and indoor levels of a suite of organic compounds. Households were contacted randomly 

until the specified sample size was obtained. From the 90 northern California households, 

we included both a parent (98% under 55 years) and a young child under the age of 8 years 

(93% under 5 years). In the 49 households from California’s Central Valley, the study 

participants were older adults (96% over 55 years); from 10 households we obtained 

samples for both the husband and wife. After the first study visit, 42 households with a 

parent-child pair were visited a second time approximately one-year later (mean: 341 days; 

range: 225–505 days). During this second visit, participants provided a second serum sample 

to determine the temporal variability of the concentrations of PFCs. Neither of these study 

regions is known to have elevated environmental contamination from local industrial 

sources.

SUPERB had a higher fraction of female participants, 82% among the parents of the young 

children group and 65% among the older adult group. As a result, in this study, we had a 

female versus male ratio of 9:1 for the parents of young children and a ratio of 7:3 for older 

adults. Young children’s sex ratio is 1:1. In addition, although SUPERB tried to over-sample 

participants without a high school diploma, the participating households still had a higher 

education level than the general population, suggesting higher socioeconomic level of our 

study participants. Specifically, for the sub-study, education levels were even higher, with 

99% of the adults having ≥12 years of education. Demographic information is presented in 

the supplementary materials (Table S1). Additional details on the recruitment for SUPERB 

can be found in Hertz-Picciotto et al. (2010). The demographic characteristics should be 

noted when interpreting results.

All recruitment and data collection protocols were approved by the institutional review 

boards at the University of California at Davis and the Centers for Disease Control and 
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Prevention (CDC), and informed consent for participation was obtained upon enrollment 

into the study.

2.2. Data collection

Field staff visited participants’ homes to collect blood samples between December 2007 and 

November 2009. Trained phlebotomy staff collected blood into a 10 ml red top 

Vacutainer™ (Becton-Dickinson, Rutherford, NJ) with no anticoagulant, and transported the 

blood tubes on ice for processing and storage. Blood was allowed to clot for at least 2 h after 

collection prior to processing. Then, it was centrifuged at 2400 rpm for 15 min. To obtain 

maximum serum yield, a second centrifugation was performed for 10 min, if needed. Serum 

was divided into aliquots for analysis; 1 ml was placed in a 2 ml Nalgene® cryovial (Sigma-

Aldrich Co. LLC., St Louis, MO) for PFC measurements. All the sample preparation and 

processing procedures were conducted under a chemical fume hood. Aliquots were stored at 

−80 °C until shipping overnight on dry ice to CDC for analysis. Blood was not successfully 

collected from some young children (N=23) because they were not cooperative.

Dust samples were collected at the same visit by a field staff during the home visit using a 

high volume small surface sampler (HVS3) (CS3 Industries, OR) following a standard 

protocol (ASTM, 1994). The sampling area is approximately 3600 in2 (~2.3 m2) of carpet or 

area rug in the main living area of the home. However, in some households, the amount of 

dust yielded was insufficient for chemical analysis. Samples were stored at −20 °C until 

analysis.

A home walk-through questionnaire was completed by field staff at the home visit. 

Participants were asked the age and size of the home, and whether they rented or owned 

their home.

A phone interview was conducted within one month following the home visit, collecting 

further information on housing characteristics, activities that may result in contact to PFCs 

(e.g., general frequency of floor polishing, surface coating, using fire-fighting foam, using 

stain- or water-repellant product, using nonstick cookware, and wearing stain-repellant 

garments), and a food frequency questionnaire for commonly consumed food items thought 

to have a high content of PFCs (Domingo, 2012; Schecter et al., 2010), including butter or 

margarine, fast food, beef, pork, dairy fat, tuna and white fish, fresh water fish, potatoes, 

crackers, cookies, and microwave popcorn. The length of breastfeeding for children was also 

asked. We note that not all participants answered all questions. Sample sizes are listed for 

each analysis.

A second visit approximately one year later included a blood draw and dust collection.

2.3. Sample analysis

Eight PFCs, perfluorohexane sulfonic acid (PFHxS), perfluorooctane sulfonic acid (PFOS), 

perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid 

(PFDA), perfluorooctane sulfonamide (PFOSA), 2-(N-methyl-perfluorooctane sulfonamide) 

acetic acid (Me-PFOSA-ACOH), and 2-(N-ethyl-perfluorooctane sulfonamide) acetic acid 

(Et-PFOSA-AcOH) were measured at the CDC using online solid-phase extraction coupled 
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to reversed-phase high-performance liquid chromatography–isotope dilution tandem mass 

spectrometry as described before (Kato et al., 2011b). The limits of detection (LOD) can be 

found in the supplementary materials (Table S2). In addition to the calibration standards, 

blanks and quality control (QC) materials, prepared in calf serum, were analyzed along with 

each batch of samples to ensure the accuracy and reliability of the data. The concentrations 

of the QCs were evaluated using standard statistical probability rules (Caudill et al., 2008).

Dust samples were extracted and analyzed following the methods of Strynar and Lindstrom 

(2008) and updated in Reiner et al. (2013) (Caudill et al., 2008). Dust was sieved to ≤150 

μm and 100+/−5 mg of dust was analyzed. The PFC concentrations were determined by 

LC/MS/MS. PFOS, PFHxS, PFOA, PFNA, and PFDA were quantified in the dust samples. 

The overall precision was 12.4% (relative standard deviation), calculated based on 40 

duplicate samples.

2.4. Data analysis

As the serum concentrations of PFCs were log-distributed, geometric mean and geometric 

standard deviation were calculated. The PFC concentrations below the LOD were replaced 

by the LOD divided by √2 for the analyzes. The natural log-transformed serum 

concentrations were compared among the three demographic groups using ANOVA. We 

also calculated the Spearman correlation coefficients between the serum concentrations of 

the parent and the child from the same household. Among the older couples, sex differences 

and correlation within the couple were also quantified using ANOVA based on natural log-

transformed data and Spearman correlation coefficients.

To seek potential predictors of serum concentrations of PFCs collected at the first visit in a 

multiple regression model, a number of variables were examined: housing characteristics, 

food intake, occupational exposure, and other factors including use of nonstick cookware, 

stain-repellent for furniture and carpet, and fire-fighting foams. The tested housing variables 

included dwelling type (apartment vs. single family house), ownership (rent vs. own), age of 

the house (built before or after 1977 when the California Title 24 was implemented which 

results in better insulated houses tending to have lower air exchange rates (CEC, 2005)), 

housing value, and housing size. The age and size of the home were confirmed using 

publicly available data.

Food intake frequency was recorded in categorical format, including choices of “Never”, 

“Less than once per week”, “Once per week”, “2–3 times per week”, “4–6 times per week”, 

“Once per day”, and “More than once per day”, and they were converted into a numeric 

format in times per week, with values of 0, 0.5, 1, 2.5, 5, 7, 14 respectively. We note that the 

portion size was not collected in this study.

Consumer products examined were: frequency of using nonstick cookware, frequency of 

using stain-repellant products, having used a fire extinguisher, having used house-care 

products that potentially contain PFCs (e.g., polishing and coating), frequency of wearing 

waterproof clothing, and frequency of wearing stain-resistant clothing. Frequencies were 

also recorded in categorical format, such as “Never”, “Once a week or more”, “1–3 times 

per month”, “3–11 times per month”, “Once or twice per year”, “Once every 2–5 years”, 
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“Less than once every 5 years”, and “Don’t know”. Categories were regrouped based on the 

distribution of individual variables.

The modeling was conducted in two stages. At the first stage, variables were screened to 

determine if they should be included in the second stage of modeling. For housing variables 

and consumer product use, each group of related factors were included as independent 

variables in a mixed-effect multiple regression model for each PFC to predict natural log-

transformed serum concentration of the PFC. All of the three demographic groups were in 

the same model. A random effect for household was included to account for similarities in 

study participants from the same household. Variables with p<0.10 were included in the 

second stage model. For food intake frequency variables, a traditional stepwise selection 

method was used to screen variables for adults and children, respectively, where effects 

entering a multiple linear regression model at the significance level of 0.15 and staying in 

the model at the significance level of 0.10. The selected model is chosen to yield the 

minimum Akaike information criterion (AIC) value. At the second stage, variables with 

p<0.10 in the first stage of modeling were considered potential contributors to PFC 

exposure. A second stage multiple linear regression model, including all factors selected in 

the first stage, was used to determine their impact on serum concentrations for each PFC. At 

this stage, adults and children were modeled separately and occupational exposure variables 

were only included in the model for adults.

Temporal variability in the serum concentrations of PFCs was examined in a subset of the 

participating households with young children, including 42 adults and 19 children. Temporal 

change and Spearman correlation coefficients were calculated between the serum PFC 

concentrations obtained in these two visits. Year-to-year difference was expressed as

The distribution of dust concentrations was calculated for the households with young 

children in Northern California and the households of older adults in central California, 

respectively. The dust concentrations were matched with participants’ PFC serum 

concentration by household. Spearman correlation coefficients between dust and serum 

concentrations were calculated. Data below LOQ were replaced by the LOD divided by √2. 

Dust concentrations were evaluated in the second stage of the multiple regression modeling, 

in predicting PFC serum concentrations.

All statistical analyzes were conducted using SAS 9.2 for Windows® (SAS Institute Inc., 

Cary, NC, USA). Statistical significance was set as α=0.05 (two-sided).

3. Results

3.1. Distribution of serum concentrations

The geometric mean serum concentrations of PFCs are presented in Table 1. Two PFCs, 

PFOSA and Et-PFOSA-AcOH, were detected in <4% of the samples, and thus were not 

shown in the table and were not included in the following analysis. The older adult 

population had the highest PFOS geometric mean, and children had slightly higher levels 
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than the parents. In contrast, for PFOA, a chemical still used in commerce, children had the 

highest geometric mean, while the adults’ concentrations were much lower (p<0.001). 

Concentrations of PFOA, PFNA, PFDA, and Me-PFOSA-AcOH were generally higher in 

children than both adult groups, while for PFOS and PFHxS, older adults had the highest 

concentrations (Table S3).

Serum concentrations of the parent and the child from the same family were weakly 

correlated for most of the PFCs (Table 2). When including only the households with the 

mothers (N=61), the parent-child correlation coefficients increased slightly. A fairly high 

correlation was observed for Me-PFOSA-AcOH. This high correlation for Me-PFOSA-

AcOH remains even when the samples with undetected levels are excluded (R=0.76, N=54). 

The concentrations within the two members of the older couple from the same household 

were not statistically correlated for several PFCs, with significant correlations only observed 

for PFOS and Me-PFOSA-AcOH. Among our small sample population, older males had 

higher, though not statistically significant, concentrations of PFOS (p=0.09), PFOA 

(p=0.10), and PFNA (p=0.10) than their female spouses. The wife of one older couple was a 

nurse. Though no occupational exposure activities were reported, this woman had high 

serum concentrations of PFOA and PFHxS (both above the 95th percentile of the older 

adults’ distribution). After removing this household, PFOA became significantly higher 

among males than females (p=0.04).

The serum concentrations of all PFCs within a person were statistically correlated (Table 3). 

Moderate to strong correlations were observed among PFOS, PFOA, PFNA, and PFHxS, 

while Me-PFOSA-AcOH was less correlated with the other compounds.

3.2. Association with dust level in the main living area

Concentrations of five PFCs in dust samples were not statistically different between the 

houses with young children and the houses of older adults (Table 4). PFOA had highest dust 

concentrations among the five chemicals.

The correlation between serum and dust concentrations was generally low. Statistically 

significant correlations were observed for PFOS among children (R=0.44, p=0.001) and for 

PFDA among children (R=0.26, p=0.04) and parents (R=0.27, p=0.02). Dust concentrations 

of PFOA were marginally correlated to older adults’ serum concentration (R=0.26, p=0.06). 

No other statistically significant correlations were observed.

3.3. Predictor analysis

3.3.1. Variables screening stage—Multiple linear regression models were run for each 

category of variables (housing variables, consumer product use, and food intake). As can be 

seen in Table 1, PFC serum concentrations were significantly different among the three 

demographic groups. We include the participants’ actual age in all regression models. 

Housing variables were not significantly associated with the concentration of serum PFCs 

(see results in Table S4).

Intake frequencies of different food categories were identified as significant predictors for 

adults and children, respectively. For adults, intake of butter/margarine, pork, canned meat 
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entrées (e.g., stews, chili, ravioli), tuna and white fish, freshwater fish, French fries, and 

graham crackers as well as microwave popcorn were associated with elevated serum 

concentrations of individual PFCs (Table S5). The intake of canned meat, canned fish and 

crackers other than graham crackers were negatively associated with PFC serum 

concentrations, but the reasons are unclear. For children, intake of poultry, canned fish, 

hotdogs, and chicken nuggets as well as microwave popcorn were associated with elevated 

serum concentrations of individual PFCs (Table S6). In addition, the length for which a 

child was breastfed was associated with the serum concentrations of PFOS and PFHxS, with 

the children breastfed more than 6 months having higher serum concentrations than those 

breastfed less than 1.5 months.

For factors related to consumer product use, we observed significantly higher concentrations 

of PFOS (p=0.04) and marginally significantly higher concentrations of PFDA (p=0.07), 

PFOA (p=0.07) and PFHxS (p=0.05) for participants wearing stain-repellant clothes once 

per week or more (N=9 among 119 individuals responding). In addition, a questionnaire 

asked if the participant or others in their work environment used products likely to contain 

PFCs including stain-repellant (like Scotchgard) for sealants or stains (N=1), waxes (N=4), 

lubricants (N=6), polishes (N=4), fast food packaging (like French fry boxes and paper 

wrappings) (N=3), paint (N=4), lacquer or varnish (N=2), floor treatments (N=2), or any sort 

of water- or soil-repellant (N=1). Only half of the participants (9 out of 17) who reported 

having occupation exposure based on a positive response to use of any of the products above 

had higher serum concentrations observed (defined as >70th percentile). The occupations of 

those nine reporting occupational exposure and also having high serum PFC levels included 

some professions that seemed to plausibly come in contact with these chemicals (tile setter, 

farmer, house cleaner and dental hygienist) while for others the use was less obvious from 

the job title (such as elementary school teacher, training supervisor, marriage counselor). 

Two of these participants did not report their job titles. We suspect it is difficult for 

participants to identify occupational exposure. We created a variable to label the participants 

who reported occupational exposure and had elevated serum PFC concentrations as well as 

participants who had used firefighting foams (N=4, likely nonoccupational exposure as three 

were employed in office environments and one was retired), as that exposure may confound 

the impact of other variables. Higher concentrations were observed among people with such 

exposure. No correlation was observed with the use of non-stick cookware (N=100 among 

138 households responding) or the use of stain-repellant for carpet or furniture (N=28 among 

139 households responding).

3.3.2. Second stage model—Results of the second stage models for adults and children 

are shown in Tables 5 and 6, respectively. For adults, age is positively associated with serum 

concentrations for all PFCs except PFDA, and having occupational exposure or having used 

fire extinguisher is a significant predictor for all PFCs except Me-PFOSA-AcOH. 

Significant food predictors were basically consistent with the model that only included food. 

The dust concentration was not statistically significant when included in the models with 

food and other exposures, suggesting that it was not a major exposure route for the adult 

population. The variance explained by the second stage model (R-square) ranges from 0.20 
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to 0.51 for different PFCs, much improved from the food-only model with R-square of 0.13–

0.44.

For children, age is only positively associated with serum concentrations of PFNA, but not 

related to other PFCs. The dust concentration and the frequency of wearing waterproof 

clothes were positive predictors for PFOS and PFNA. Having been breastfed for a longer 

time period is significantly positively associated with PFOS, PFOA, and PFHxS serum 

concentrations, and positive associations with frequencies of food items varied by 

compound. The variance explained as indicated by the R-square values improved from 0.05–

0.36 for the model with only food variables to 0.13–0.51 for the second stage model, 

indicating the influence of exposure through residential dust and wearing waterproof 

clothes.

3.4. Temporal variability of PFC serum concentrations

The serum correlations between the two concentrations measured one year apart from the 

same individual were highly correlated for most of the PFCs, especially for parents of young 

children, who had correlations of 0.83–0.98 between two measurements for the 

concentrations of different compounds. Temporal correlations for children were slightly 

lower but also significant (r=0.68–0.95).

The distributions of the percent of change in serum concentrations over a one-year interval 

for young children and their parents are presented in Fig. 1. Overall, serum concentrations 

decreased for most of the PFCs, and a greater decreasing trend was observed for young 

children than their parents. More than half of the young children (47–79% varied by 

compound) had a >15% decrease in serum concentrations. Compared to children, parents’ 

serum PFC concentrations were more consistent over time, with 31–64% of the participants 

having <15% change in serum concentrations from one year to the next. In particular, a 

significant decreasing trend was observed for PFOA, with 79% of the young children and 

64% of the parents showing a >15% decrease in concentrations over the one year period.

4. Discussion

This study updates the existing knowledge on human exposure levels to PFCs. In particular, 

it provides valuable data on young children exposure to PFCs, correlations between PFC 

serum concentrations of family members, and temporal trend of PFC serum levels, which 

have rarely been reported before. This study also provides new evidences on the 

contribution of food and consumer products to PFC exposure.

Compared with previous studies, we observe much lower serum concentrations of PFOS for 

all demographic groups, consistent with the decreasing trend over time observed in other 

studies resulting after the phase-out of this compound (Kato et al., 2011a; Vestergren and 

Cousins, 2009). The PFOA concentrations we observed for parents of young children were 

also lower than the NHANES 2007–2008 (GM=4.13 ng/ml) and American Red Cross blood 

donors’ concentrations in 2006 (GM=3.44 ng/ml) (Olsen et al., 2011), while our older 

adults’ concentrations were close to American Red Cross blood donors’ average. Further, 

we observed a significant decrease of PFOA serum concentrations over one year interval in 

Wu et al. Page 10

Environ Res. Author manuscript; available in PMC 2016 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



our study. In contrast, there has been an increasing trend in PFNA concentrations since 

2000. The geometric mean of PFNA concentrations for the older adults in our study was 

0.97 ng/ml, consistent with the American Red Cross blood donors’ concentrations in 2006 

(GM=0.97 ng/ml) and NHANES 2007–2008 (GM=1.49 ng/ml) (Olsen et al., 2011). Our 

PFHxS concentrations of older adults were similar to NHANES 2007–2008 (GM=1.96 ng/

ml), but parents of young children were much lower. We note that the older adult 

participants were recruited in a different region from the households with young children. 

There is no known environmental source of contamination in either region.

Limited serum data of PFCs for young children in the United States are available. Based on 

measurements on children ages 2–12 years between 1994 and 1995, Olsen et al. (2004) 

reported the geometric mean concentrations of PFOS and PFHxS at 37.5 ng/ml and 4.5 

ng/ml. The children in our study were mainly born after PFOS was phased out, and thus the 

concentrations we observed were 6 times and 3.4 times lower than those observed by Olsen 

et al. for PFOS and PFHxS respectively. For PFOA which continued to be used after 2002, 

our observed concentrations were similar to the concentration (4.9 ng/ml) reported by Olsen 

et al. Our concentrations were in the same range as those observed in Texas children in 2009 

(Schecter et al., 2012). Gump et al. (2011) reported higher PFOS concentration but lower 

concentrations of PFOA, PFNA, and PFDA than our observations in a study in New York 

State.

Comparing the distribution of serum PFC concentration across the three demographic 

groups, we find that older adults had the highest levels for PFOS and PFHxS, and that 

children had the highest levels for all others, with parents always having the lowest levels. It 

is important to note that the majority of our parents were female, and they delivered one of 

their children between 2000 and 2005. It has been found that females generally have lower 

levels of PFCs than males (Kato et al., 2011a), and child birth and breastfeeding could 

further greatly reduce women’s body burden of PFCs (Brantsæter et al., 2013; Fei et al., 

2007; Mondal et al., 2012). Having recently been pregnant, combined with the phase-out of 

PFOS in 2002 and recent reductions in PFOA means that their body burden would not be 

likely to return to the same level as before pregnancy for these two compounds. Children 

often have higher exposure levels than adults, particularly if one route of exposure is 

through dermal and non-dietary intake, or if exposure through breast milk contributes. This 

would explain why children had the highest levels for many of the compounds. Children had 

lower levels of PFOS than older adults, likely because children were not alive for the full 

use period of PFOS coupled with the relatively long half-life of this compound (4.8 years, 

Olsen et al., 2007). Children’s serum PFOS concentrations were found significantly 

associated with PFOS concentration in residential dust, indicating the contribution from 

indoor exposure and the durability of this chemical in the environment. There have been two 

studies which have measured the half-life in the body of PFHxS as compared to other PFCs, 

and while the actual value varied significantly between the studies, both found PFHxS to 

have the longest half-life (Olsen et al., 2007; Zhang et al., 2013). This could explain why 

children had lower levels than older adults. It was thought that family members, who share 

the same indoor environment and eat similar food, may have similar serum concentrations of 

PFCs. However, except for Me-PFOSA-AcOH we only found moderate correlation for other 

PFCs between young children and their parents. For all compounds, the geometric means of 
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the children’s serum levels were higher than the parents. This is expected since children 

come in more contact with their environment and eat more food relative to their bodyweight. 

Also, there may be differences in the mechanism of excretion and accumulation of PFCs 

between household members.

Similar to findings that males across the population had higher levels than females (Calafat 

et al., 2007; Fromme et al., 2009; Ji et al., 2012; Kato et al., 2011a), we observed higher 

PFC concentrations among males than females within an older couple from the same family, 

though not statistically significant, providing additional data on sex-related differences in 

PFC concentrations.

Also, we reported temporal variation of serum concentrations of the same participants. The 

high correlation between the two measurements one year apart for children and parents of 

young children suggests that a single serum concentration might be a good indicator of the 

relative rank of PFC exposure among a population. We observed a general decreasing trend 

for many of the compounds, likely due to a reduction in exposure as these compounds are 

phased out. However, due to the relatively long half-life in the human body, reductions in 

serum levels are gradual, and thus the relative ranking of an individual remains relatively 

stable. The change of serum concentrations we observed results from the reduced external 

sources and subsequent decay of the internal dose. PFOA was undergoing significant 

reductions in production and use by the manufacturers during the time period of sample 

collection, resulting in the greatest decreases in serum concentrations compared to other 

PFCs we examined. The half-life of PFOA has been reported to be between 2.3 and 3.5 

years (Brede et al., 2010; Olsen et al., 2007; Zhang et al., 2013), which would correspond to 

a drop in one year between 18% and 26% with removal of all sources, consistent with the 

observed decreases of 18% and 24% for adults and children. PFOS has a longer half-life and 

although no longer in commerce, remains in the environment and has a slightly smaller year-

to-year decrease. PFHxS and PFNA are both still actively in commerce and have relatively 

longer biological half-lives and are relatively constant in adults (Zhang et al., 2013). There 

were decreases in these compounds for the children, likely due to the children growing and 

reduced exposure per unit body weight as they age.

Dietary intake has been confirmed as a major pathway of exposure to certain PFCs 

(Tittlemier et al., 2007; Trudel et al., 2008; Vestergren and Cousins, 2009). We observed 

that consumption of butter or margarine was significantly associated with PFNA and PFDA 

serum concentrations, probably because the packaging is usually oil-resistant and contains 

PFCs. Consumption of beef and pork was associated with PFOS and PFDA respectively, 

consistent with previous findings about red meat. Red meat, animal fats, fish, pizza, fast 

food, and snacks (e.g., popcorn, potato chips) were found associated with PFOS and/or 

PFOA body burden in previous work (Domingo, 2012; Halldorsson et al., 2008; Tittlemier 

et al., 2006). Our study also found that consumption of microwave popcorn was a significant 

predictor of serum concentration of PFOS. In addition, fish has been identified as a major 

contributor of PFOS and PFOA exposure especially among populations with high fish 

consumption (Clarke et al., 2010; Haug et al., 2010; Noorlander et al., 2011). However, our 

study participants had relatively low fish consumption rate, and significant associations were 
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observed between freshwater fish and PFOS, between tuna and white fish and PFHxS and 

PFDA but not PFOS or PFOA.

It is also noted that many foods predict PFC serum concentrations of adults and children 

groups differently. For instance, pork, beef, butter/margarine, and freshwater fish were 

significantly associated with several serum PFCs for adults but not for any PFCs children. 

The reason might be due to the different diet of adults and children. Another example is 

microwave popcorn, which predicts PFOS concentrations among adults but predicts Me-

PFOSA-AcOH among children. The reason for this difference remains unclear.

The PFC dust concentrations vary widely in a wide range worldwide, with the mean PFOS 

and PFOA concentrations (ng/g) ranging from 7 to 310 and 10 to 300, respectively (Ericson 

Jogsten et al., 2012; Goosey and Harrad, 2011; Haug et al., 2011; Shoeib et al., 2011). Our 

observations were comparable with two studies in North America, yet with lower PFOS 

levels. A study conducted in 39 Wisconsin homes in 2008 reported median residential dust 

concentrations of PFOS and PFOA at 47 ng/g and 44 ng/g (Knobeloch et al., 2012). Shoeib 

et al. (2011) reported median residential dust concentrations of PFOS and PFOA at 71 ng/g 

and 30 ng/g in Vancouver, Canada. Dust has been reported to be a significant contributor in 

some populations and in some countries (Haug et al., 2011; Shoeib et al., 2011). However, 

in U.S., dust has been estimated to be a minor source compared to food intake (Egeghy and 

Lorber, 2011; Vestergren et al., 2012), and our study results echo these findings in adults. 

Dust concentrations were, however, significant predictors for PFOS and PFNA serum 

concentrations of children, indicating that indoor exposures may be more important for 

children.

The results of this study are subject to several limitations. First, our study population has 

higher education levels than the general population, and the parents of the young children 

who participated in our study are predominantly females who had delivered a child recently. 

So far, there is limited information on the impact of education level as a marker of 

socioeconomic status on PFC exposure level. Therefore, caution needs to be taken when 

comparing our results with other studies. The correlations of serum concentrations between 

parent and child from the same family also need validation in further studies. Second, the 

sample sizes for the older couple group were small and replication in a larger cohort study 

would be useful. Third, even though we identified a number of significant predictors of 

serum concentrations of PFCs, these variables only explain a modest portion of the variance 

of serum PFC concentrations. One reason might be that the responses to use frequencies of 

consumer products and food intake frequencies were categorical and thus may not be able to 

quantify exposure precisely. For children, the R2 was lower likely because non-dietary 

ingestion plays a role.

5. Conclusions

The concentrations and the decreasing trend we observed in this study reflect the reduction 

of production and use of PFOS and PFOA in recent years. The temporal trend of PFC serum 

levels suggests single serum measurement could be an estimate of exposure relative to other 

members of the population for a longer time period in epidemiology studies. The 
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correlations between PFC serum concentrations of family members are weak to moderate, 

indicating that there is some commonality of sources of exposure within a family. Finally, 

the variables we examined related to food intake frequency, consumer use, and occupational 

exposure, only explain a portion of the variation of PFC exposure. Further studies are 

required to identify more predictors.
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Fig. 1. 
Percent of change of PFCs concentrations between year for young children (N=19) and 

parents of young children (N=39).
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