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Abstract

Background/Objective: Human exposure to per- and polyfluoroalkyl substances (PFAS) has 

changed since the early 2000s, in part, because of the phase-out and replacement of some long-

chain PFAS. Studies of PFAS exposure and its temporal changes have been limited to date mostly 

to adults and pregnant women. We examined temporal trends and determinants of PFAS serum 
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concentrations among mothers with a young child who participated in the CHARGE (CHildhood 

Autism Risk from Genetics and Environment) case-control study.

Methods: We quantified nine PFAS in serum samples collected from 2009 to 2016 in 450 

Northern California mothers when their child was 2 to 5 years old. Except for four compounds that 

were detected in less than 50% of the samples, we used multiple regression to estimate least 

square geometric means (LSGMs) of PFAS concentrations with adjustment for sampling year and 

other characteristics that may affect maternal concentrations (e.g., breastfeeding duration). We 

used time-related regression coefficients to calculate percent changes over the study period.

Results: LSGM concentrations of perfluorooctanoate (PFOA), perfluorooctane sulfonate 

(PFOS), and perfluorohexane sulfonate (PFHxS) decreased over the study period [percent change 

(95% confidence interval): −10.7% (−12.7%, −8.7%); −10.8% (−12.9%, −8.5%); −8.0% (−10.5%, 

−5.5%), respectively]. On the other hand, perfluorononanoate (PFNA) and perfluorodecanoate 

(PFDA) showed mixed time trends. Among the selected covariates, longer breastfeeding duration 

was associated with decreased maternal serum concentrations of PFOA, PFOS, PFHxS, PFNA and 

PFDA.

Conclusions: Our study demonstrated that body burden of some common long-chain PFAS 

among California mothers with a young child decreased over the study period and that 

breastfeeding appears to contribute to the elimination of PFAS in lactating mothers.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of fluorinated compounds, widely 

used for industrial and commercial applications including food packaging, paints, cookware, 

waterproof clothing, stain-resistant fabrics and firefighting foams (Buck et al., 2011; 

Lindstrom et al., 2011). PFAS migrate from food-contact paper or food packaging into foods 

(Begley et al., 2008; Begley et al., 2005) and are likely to be transferred from consumer 

products to indoor air and household dust (Eriksson and Karrman, 2015; Winkens et al., 

2017; Yao et al., 2018). Thus, PFAS have been detected in most of the serum samples of the 

general population worldwide (Eriksson et al., 2017; Haug et al., 2009; Hurley et al., 2018; 

Jain, 2018; Kato et al., 2011; Nost et al., 2014). Based on laboratory animal toxicity testing, 

some of the common long-chain PFAS including perfluorooctane sulfonate (PFOS) and 

perfluorooctanoate (PFOA) are known to have neurotoxicity (Austin et al., 2003; Harada et 

al., 2005), reproductive toxicity (Butenhoff et al., 2004; Vandenheuvel et al., 1992), 

hepatotoxicity (Kudo et al., 1999; Liu et al., 1996; Seacat et al., 2002; Vandenheuvel et al., 

1992), and developmental toxicity (Lau et al., 2004; Lau et al., 2006; Lau et al., 2003; 

Thibodeaux et al., 2003).

Increasing public health concern over toxicity from PFAS exposure in the early 2000s led to 

regulatory and voluntary efforts in restricting the production, use, and emissions of the 

common long-chain PFAS. One of the largest manufacturers of PFOS worldwide, 3M, 

voluntarily ceased the production of PFOS and its precursors in 2002 (EPA, 2017). The 

European Union (EU) restricted use of PFOS in finished and semi-finished products in 2006 

(EU, 2007). The U.S. Environmental Protection Agency (EPA) established a 2005/2010 

PFOA Steward Program for reducing emissions from factories and product content of PFOA 
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and its precursors (EPA, 2017). Consequently, the eight largest companies in the PFOA 

industry achieved complete elimination of PFOA from their production in 2015. In addition 

to PFOS and PFOA, national and/or regional regulations were enacted in several countries 

against the use of other long-chain PFAS in consumer products (Wang et al., 2017), 

including perfluorohexane sulfonate (PFHxS), perfluorononanoate (PFNA), 

perfluorodecanoate (PFDA), perfluoroundecanoate (PFUA), and 2-(N-methyl-

perfluorooctanesulfonamido) acetate (Me-FOSAA). As a result of the efforts for reducing 

exposures to some long-chain PFAS and their precursors since the early 2000s, serum 

concentrations of PFOS, PFOA, PFHxS, and Me-FOSAA (a derivative of PFOS) declined 

whereas those of PFNA, PFDA, and PFUA showed mixed time trends in the United States 

and some European countries (Bjerregaard-Olesen et al., 2016; Gribble et al., 2015; Hurley 

et al., 2018; Okada et al., 2013; Shu et al., 2018).

Children’s early life exposure to PFAS is of public health concern. However, studies of 

PFAS exposure and its temporal changes have been limited to date mostly to adults and 

pregnant women. For young children (e.g., 1 to 5 years old), their blood samples are not 

easy to obtain because of parents’ limited consent on sampling their child’s blood and 

child’s intentional refusal of blood sampling. As young children likely share a large portion 

of PFAS exposure sources (e.g., drinking water, food, house dust) with their mothers 

(Koppen et al., 2019; Song et al., 2013), studying PFAS exposure for mothers with a young 

child may help understand early childhood exposure to PFAS. In this study, we used 450 

serum samples collected from 450 mothers when the child was 2 to 5 years old in a case-

control study to (1) assess temporal trends of PFAS maternal serum concentrations and (2) 

identify determinants of PFAS maternal serum concentrations.

2. Methods

2.1. Study population and sample collection

This study included mothers participating in CHARGE (CHildhood Autism Risk from 

Genetics and Environment), a population-based case-control study designed to identify 

causes and contributing factors for autism (Hertz-Picciotto et al., 2006). Children with 

autism were primarily recruited through the California Department of Developmental 

Services, as well as from other studies and various clinics, by self- or provider referrals. The 

general population group (controls) were identified from state birth files and were 

frequency-matched to the age, sex, and catchment area distribution of the autism cases. 

Details of study design, recruitment, eligibility for cases and controls, sample size, exposure 

data, and developmental diagnosis are available elsewhere (Hertz-Picciotto et al., 2006).

CHARGE started collecting serum aliquots in 2009. For the current study, we selected 450 

mothers with sufficient volume of available blood serum for quantification of PFAS at the 

time of enrollment. Among the mothers who enrolled since 2009, approximately 36% of 

them were not included in the current study because they provided insufficient volume of 

available serum or had a child who had no diagnosis or incomplete diagnosis, was pending 

for diagnosis, or received a final diagnosis other than autism spectrum disorder or typical 

development by February 2017. We included samples collected between 2009 and 2016 in 

the current study. Two mothers who provided samples in January 2017 were also included in 
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a batch of 2016. The mean age of the child at the time of blood collection from mothers was 

just under four years (average ± Std. Dev.: 46.5 ± 9.5 months); the youngest and oldest 

children were 25 months and 61 months old, respectively. Serum was separated from the 

blood and placed in a −80°C freezer within 24 hours until analysis.

2.2. Quantification of PFAS in serum

We shipped 0.5 mL serum aliquots to the Centers for Disease Control and Prevention (CDC) 

for analysis. At CDC, we quantified serum concentrations of nine PFAS using solid-phase 

extraction linked with reversed-phase high-performance liquid chromatography-isotope 

dilution tandem mass spectrometry (Kato et al., 2011). We applied strict quality control/

quality assurance protocols to the analytical measurements. In addition to study samples, we 

analyzed 38 duplicates for quality assurance. Depending on the analyte and concentration, 

median relative standard deviations for 19 pairs of blind duplicates ranged from 0 to 6%, 

except for PFHxS (17%) and PFDA (20%).

The nine PFAS quantified in this study were: PFOA, PFOS, PFHxS, PFNA, PFDA, PFUA, 

perfluorododecanoate (PFDoDA), Me-FOSAA, and 2-(N-ethyl-perfluorooctane 

sulfonamido) acetate (Et-FOSAA). For all PFAS, the limit of detection (LOD) was 0.1 

ng/mL (nanograms per milliliter = ppb).

2.3. Statistical analysis

We conducted all statistical analyses using STATA/IC 15.1 (StataCorp LLC, College Station, 

TX, USA). For concentrations below the LOD, we assigned a value of LOD divided by the 

square root of 2 (Hornung, 1990). We used ln-transformed PFAS serum concentrations in 

the regression to account for skewed distributions. To test for significant changes in PFAS 

serum concentrations over time, we used multiple regression with adjustment for maternal 

race/ethnicity (white, Hispanic, others), maternal age (in years), breastfeeding duration (in 

months), maternal education (less than college, bachelor, graduate or professional), pre- 

pregnancy body mass index (BMI) (in kg/m2), homeownership (yes, no), and parity (1 to 7). 

After checking crude temporal trends from plots of the sampling time (years) versus yearly 

average PFAS serum concentrations, we centered our sampling years (2009–2016) at 2013 

to robustly account for nonlinear time trends of PFAS serum concentrations.

To estimate the least square mean (LSM) which is the mean of ln[C] for each sampling year, 

we used the estimated regression coefficients and the computed yearly-specific fractions and 

averages of the selected covariates. We also computed the least square geometric mean 

(LSGM) of PFAS serum concentrations for each sampling year, as exp(LSM) with 95% 

confidence intervals (CIs) as exp(LSM ± 1.97·SELSM), where SELSM is the standard error of 

the LSM. To construct CIs, we used a critical value 1.97 from the t-distribution, based on the 

degree of freedom given the numbers of both the study participants and the selected 

covariates. To examine the relative concentration changes over our study period, we 

computed average annual percent changes of PFAS serum concentrations using an equation 

[exp(aRGR) − 1] × 100% with 95% CIs as [exp(aRGR ± 1.97·SEβ) − 1], where aRGR is the 

average relative growth rate and SEβ is the standard error of time-related regression 

coefficients (refer to Supplemental Material for derivation). For PFUA, PFDoDA, Me-
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FOSAA, and Et-FOSAA, which were detected less than 50% in our serum samples, we did 

not perform the statistical analysis.

We also used multiple regression to examine the association between maternal PFAS serum 

concentrations and the covariates adjusted in the above regression (refer to Supplemental 

Material for details). To compare PFAS serum concentrations between CHARGE mothers 

and the general female population in the U.S. National Health and Nutrition Examination 

Survey (NHANES) (CDC, 2019), we computed geometric means (GMs) and 95% CIs of 

PFAS serum concentrations in CHARGE and NHANES by restricting our comparison to the 

same age range (i.e., 16 to 47 years of age in the two populations). Because NHANES 

documents biannual biomonitoring data, we grouped our 8-yearly data (2009–2016) every 

two years, resulting in the four cycles (i.e., 2009–2010, 2011–2012, 2013–2014, 2015–

2016), which are matched with NHANES survey cycles. Five PFAS detected in more than 

60% of the samples (i.e., PFOA, PFOS, PFHxS, PFNA, PFDA) were included in the 

comparison, while the remaining four PFAS (i.e., PFUA, PFDoDA, Me-FOSAA, Et-

FOSAA) were not included because of their relatively low detection frequencies (<50%) in 

the CHARGE subjects (Table 1).

3. Results

3.1. Characteristics of CHARGE mothers

The average age of the mothers at the time of blood serum collection was 30.3 years old, 

ranging from 16 to 47 years old. The average breastfeeding duration between the delivery of 

the participating child (or index child) and blood collection was 8.0 months. The mothers 

included in the study were 59.3% white, 20.2% Hispanic, and 20.4% others (28% black, 

48% Asian, and 24% multiracial). Summary statistics of other maternal characteristics are 

available in Table S1.

3.2. PFAS maternal serum concentrations

Four PFAS were detected in more than 90% of the samples: PFOA (100%), PFOS (100%), 

PFHxS (98%), and PFNA (95%) (see Table 1). PFDA, PFUA, and Me-FOSAA were 

detected in 68%, 35%, and 46% of the samples, respectively. The remaining two PFAS were 

detected in less than 5% of the samples: PFDoDA (3%) and Et-FOSAA (1%). The highest 

GM was observed in PFOS (3.29 ng/mL), followed by PFOA, PFNA, PFHxS, and PFDA 

(1.10, 0.49, 0.46, and 0.16 ng/mL, respectively). For PFOA, PFOS, PFHxS, and PFNA, the 

GMs of CHARGE mothers were lower than those of the general female population reported 

in NHANES during most of survey cycles (see Figure S1).

3.3. Temporal trends of PFAS maternal serum concentrations

After adjusting for the selected covariates, the LSGMs of PFOA, PFOS, and PFHxS linearly 

decreased during the study period [percent change (95% confidence interval): −10.7% 

(12.7%, −8.7%); −10.8% (−12.9%, −8.5%); −8.0% (−10.5%, −5.5%), respectively] (Figure 

1). The LSGMs of PFNA increased in early study years and decreased in later study years. 

On the other hand, the LSGMs of PFDA decreased in early study years and increased in 

later study years (Table S2).
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3.4. PFAS maternal serum concentrations by maternal characteristics

When analyses were stratified by race/ethnicity, we found that concentration patterns were 

different among different race/ethnicity groups. For example, for three PFAS showing linear 

decreasing trends among all mothers (i.e., PFOA, PFOS, PFHxS), LSGMs did not change or 

relatively slowly decreased over our study period for mothers who are neither white nor 

Hispanic, compared to white or Hispanic mothers (Figure S2, Table 2). When stratified by 

maternal education, we found that LSGMs of PFOS, PFHxS, and PFDA were the highest 

and declined relatively rapidly among mothers who had graduate or professional degrees 

(Figure S3), compared to mothers with less education (Table 2). For PFDA, LSGMs varied 

little in the ‘less than college’ subgroup. When stratified by homeownership, we observed 

that mothers who owned a home tended to have higher LSGMs of PFOA, PFOS, and PFDA 

than those who did not own a home (Results were not shown because of similar patterns 

with Figure S3). For PFDA, LSGMs were not different among mothers who did not own a 

home during our study period (Table 2).

For PFOA and PFDA, LSGMs increased with mother’s age [percent change (95% CIs) per 

one year of age: 1.2% (0.1%, 2.3%); 1.7% (0.3%, 3.2%), respectively] (Table 3). LSGMs of 

PFOA, PFOS, PFHxS, PFNA, and PFDA decreased with breastfeeding duration [percent 

change (95% CIs) per one month of breastfeeding: −2.8% (−3.5%, −2.2%); −2.0% (−2.6%, 

−1.3%); −1.8% (−2.6%, −1.1%); −1.5% (−2.3%, −0.7%); −1.3% (−2.1%, −0.5%), 

respectively]. We also found that LSGMs of PFNA and PFDA decreased with pre-pregnancy 

BMI [percent change (95% CIs) per one unit increase in the pre-pregnancy BMI (in kg/m2): 

−1.5% (−2.5%, −0.4%); −1.9% (−3.0%, 0.8%), respectively]. In addition, LSGMs of PFOS 

and PFHxS decreased with increasing parity [percent change (95% CIs) per each additional 

pregnancy: −8.6% (−14.1%, −2.8%); −14.5% (−20.2%, −8.3%), respectively].

4. Discussion

In this study, we used samples from mothers with a young child to examine temporal 

changes of PFAS maternal serum concentrations and to identify determinants of PFAS 

maternal serum concentrations. Our results showed that PFOA, PFOS, and PFHxS serum 

concentrations of mothers with a young child decreased during the study period. On the 

other hand, PFNA and PFDA maternal serum concentrations exhibited mixed time trends 

over the same period. Longer breastfeeding duration was associated with decreased maternal 

serum concentrations of PFOA, PFOS, PFHxS, PFNA, and PFDA, which were detected 

most frequently in our study subjects. Older mothers tended to have higher maternal serum 

concentrations of PFOA and PFDA. We also observed that pre-pregnancy BMI, parity, 

maternal education, race/ethnicity, and homeownership affected maternal serum 

concentrations of some PFAS.

The decreasing trends of PFOA, PFOS, and PFHxS observed in our study are consistent 

with those of other studies reported for other U.S. populations (Table S3) (Gribble et al., 

2015; Hurley et al., 2018; Olsen et al., 2012). The results of these studies and our current 

study suggest that serum concentrations of PFOA, PFOS, and PFHxS are decreasing in the 

U.S. general population. Furthermore, the decreasing trends of PFOA, PFOS, and PFHxS in 

this study are also consistent with results of other studies outside the USA (Bjerregaard-
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Olesen et al., 2016; Eriksson et al., 2017; Okada et al., 2013; Shu et al., 2018) (Table S3). 

Serum concentrations of PFNA and PFDA did not show decreasing time trends in the 

present study. Three studies reported downward trends of PFNA and PFDA serum 

concentrations within the U.S. (Gribble et al., 2015; Hurley et al., 2018; Jain, 2018), 

whereas one study reported increasing trends (Olsen et al., 2012) (Table S3). The 

inconsistent results of PFNA and PFDA among studies may partially relate to the differences 

in study populations, study periods, and concentrations.

Different annual percent changes may reflect physiological differences of individual PFAS. 

For example, for PFOA and PFOS that were relatively strictly regulated during similar time 

periods and have relatively similar biological elimination half-lives, we observed that the 

rates of decrease were almost identical for PFOA (−10.7% per year) and PFOS (−10.8% per 

year). However, PFHxS serum concentrations were decreasing rather slowly (8.0% per year) 

compared to PFOA and PFOS in the same population, although PFHxS was phased out in 

the early 2000s with PFOS (Calafat et al., 2007). The slower rate of decrease in PFHxS 

serum concentrations observed in this study is also consistent with results of previous 

studies (Bjerregaard-Olesen et al., 2016; Gribble et al., 2015; Hurley et al., 2018). One 

possible reason for the slower decrease of PFHxS serum concentrations is its longer 

biological elimination half-life (5.3 – 15.5 years) (Li et al., 2018; Olsen et al., 2007; Worley 

et al., 2017) than those of PFOA (2.4 – 3.9 years) (Bartell et al., 2010; Gomis et al., 2016; Li 

et al., 2018; Olsen et al., 2007; Russell et al., 2015; Worley et al., 2017) and PFOS (3.3 – 5.4 

years) (Li et al., 2018; Olsen et al., 2007; Worley et al., 2017). Moreover, because PFHxS 

was used in some Scotchgard formulation to treat carpets and furniture (Beesoon et al., 

2012) and these consumer items tend to have a long product life, it is likely that PFHxS 

exposure may continue for years after PFHxS was phased out for use.

Our study identified several determinants of maternal PFAS serum concentrations (Tables 2 

and 3, Figures S2, S3, and S4). For example, breastfeeding duration was found to be 

negatively associated with PFAS maternal serum concentrations for the five most frequently 

detected compounds (i.e., PFOA, PFOS, PFHxS, PFNA, PFDA) in the current study (Table 

2). This is additional evidence that lactation is a major excretion route of PFAS for nursing 

mothers, as presented in previous studies (Mogensen et al., 2015; Papadopoulou et al., 

2016). We observed differences in the PFAS maternal serum concentrations and rates of 

decrease with different maternal race/ethnicity. This differences might be, in part, due to 

differences in dietary habits or metabolism by different race/ethnicity (Jain, 2014; Johnson, 

1997). Higher maternal serum concentrations of PFOA and PFDA were associated with 

increased maternal age. This is consistent with a previous study reporting higher serum 

concentrations in older people (Bjermo et al., 2013). Older mothers are likely to have greater 

chances of PFAS exposure than younger mothers before the common long-chain PFAS were 

phased out. In addition, mothers with high parity had relatively low serum concentrations of 

PFOS and PFHxS. Multiple placental transfers of PFAS and subsequent lactational transfers 

may contribute to the low serum concentrations of the CHARGE mothers with high parity 

(Bjermo et al., 2013; Brantsaeter et al., 2013; Park et al., 2019). Mothers who received 

higher education tended to have high serum concentrations of PFOS, PFHxS, and PFDA in 

early study years, which were consistent with results of a previous study (Bjermo et al., 

2013). The fact that women in the United States with higher education were known to 
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consume more fast foods that likely contain PFAS in packaging materials may explain this 

finding (Hidaka et al., 2018). Mothers who had high pre-pregnancy BMI also had high 

maternal serum concentrations of PFNA and PFDA, which were consistent with results of 

previous studies (Fei et al., 2007; Olsen et al., 1998).

There are limitations and strengths of this study. We cannot ascertain that our study results 

(e.g., decreasing trends in maternal PFAS serum concentrations, determinants of maternal 

PFAS serum concentrations) are applicable to the U.S. general female population, because 

our study population was limited to a select group of mothers with a young child, living in 

California. For PFOA, PFOS, PFHxS, and PFNA, serum concentrations of the CHARGE 

mothers were overall lower than those of the NHANES participants. The differences in 

PFAS serum concentrations between our study and NHANES (Figure S1) may relate to 

breastfeeding practices and child birth within our study population. For PFNA and PFDA 

showing a mixed trend or no significant trend in our study, their concentrations were 

decreasing in NHANES. We did not directly determine the degree to which concentrations 

decreased because of those factors individually. Furthermore, temporal trends of PFAS 

serum concentrations within same participants over time were not examined in the current 

study because our samples were from a case-control study with a single sample for each 

individual woman. In spite of these limitations, results in our study can help us understand 

exposure to common long-chain PFAS and their time trends among mothers with a young 

child. From the investigation of the relationship between breastfeeding duration and 

maternal serum concentrations, which has not been thoroughly evaluated by previous studies 

on PFAS temporal trend, we found that breastfeeding duration was inversely associated (p-

values <0.01) with maternal serum concentrations of the five most dominant compounds 

(i.e., PFOA, PFOS, PFHxS, PFNA, PFDA) in the current study.

While there is a public health need to estimate PFAS body burden levels in young children, 

PFAS concentrations in cord blood are problematic, as evidenced by the weak to moderate 

correlations between PFAS concentrations in cord blood and those in 3-year-old child’s 

serum: 0.45 for PFOA, 0.21 for PFOS, and 0.46 for PFHxS (Kingsley et al., 2018). Among 

infants who exclusively breastfed without consuming other foods, their PFAS serum 

concentrations increased 27.8% for PFOA, 29.2% for PFOS, 20.8% for PFNA, and 18.1% 

for PFDA per month of breastfeeding (Mogensen et al., 2015), suggesting that breastfeeding 

duration would be another important predictor of young children’s PFAS exposure. PFAS 

serum concentrations of mothers with a young child were positively associated with those of 

their young child (Wu et al. 2015). Our results further support the importance of accounting 

for breastfeeding histories in a pharmacokinetic model with PFAS serum concentrations 

collected from mothers with a young child to help estimate or reconstruct early childhood 

exposure.

In addition to the compounds detected in our serum samples, other 8 PFAS were detected in 

residential indoor dust (Shin et al., 2019). It is known that thousands of PFAS are, or have 

been, on the global market (Wang et al., 2017). Since the common long-chain PFAS, 

including PFOA, PFOS, and PFHxS, were phased out, there must be increasing trends in the 

production of replacement to these long-chain PFAS or novel PFAS. In addition, there are 

many overlooked compounds that are structurally similar to PFOS, PFOA, or their 
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precursors, and are produced in high volumes (e.g., >10 tones per year, see references 6 to 9 

in Wang et al. 2017). Because of structural similarity among many PFAS, future 

biomonitoring studies may need to include a large number of PFAS that have been detected 

in environmental samples, food, or consumer products.

5. Conclusions

We reported time trends in PFAS serum concentrations among 450 Northern California 

women with a young child between 2009 and 2016. Maternal serum concentrations of 

PFOA, PFOS, and PFHxS monotonically decreased during the study period, while those of 

PFNA and PFDA exhibited mixed trends. The current study also found that breastfeeding 

duration was negatively associated with maternal serum concentrations of PFOA, PFOS, 

PFHxS, PFNA, and PFDA, adding to the existing evidence that lactation is a major excretion 

route of the common long-chain PFAS for nursing mothers. To improve our understanding 

of PFAS exposure trends, further biomonitoring studies are recommended to include 

substitutes of the common long-chain PFAS and other PFAS frequently detected in indoor 

dust and other exposure matrix.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• PFOA, PFOS, and PFHxS monotonically decreased during the study period.

• PFNA and PFUA exhibited mixed trends.

• Breastfeeding contributed to the elimination of the common PFAS in lactating 

mothers

• Our study participants had lower PFAS serum concentrations than NHANES 

participants
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Figure 1. 
Least square geometric means (LSGMs) of PFAS maternal serum concentrations during our 

study period and annual average percent change (95% confidence interval). The LSGMs in 

this figure were estimated from our regression models after adjusting for selected covariates.
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