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Abstract

Background: Toxicological studies highlight the potential neurotoxicity of perfluoroalkyl 

substances (PFAS) during fetal development. However, few epidemiological studies have 

examined the impact of childhood PFAS on neurodevelopment.

Methods: We employed data from 208 children in the Health Outcomes and Measures of the 

Environment Study, a birth cohort (Cincinnati, OH), to examine associations of six serum PFAS 

concentrations measured at 3 and 8 years with executive function assessed at 8 years using the 

validated parent-completed Behavior Rating Inventory of Executive Function survey. We used 

multiple informant models to identify susceptible windows of neurotoxicity to PFAS and executive 

function. We investigated trajectories of PFAS concentrations and whether sex modified these 

associations.

Results: Each ln-increase in perfluorononanoate (PFNA) at 8 years was associated with a 3.4-

point increase (95% CI 0.4, 6.3) in metacognition score, indicating poorer function. Children with 

PFNA above the median at 8 years had poorer global executive functioning compared to children 
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with concentrations consistently below median levels (β=6.5, 95% CI 0.2, 12.9). Higher 

concurrent PFNA was associated with poorer behavior regulation among males, while associations 

among females were null (pPFNA×sex=0.018). Children with higher concurrent perfluorooctanoate 

(PFOA) had increased odds of being at risk of having clinical impairments in metacognition 

(OR=3.18, 95% CI 1.17, 8.60). There were no associations between perfluorooctane sulfonate and 

perfluorohexane sulfonate and executive function.

Conclusions: PFNA and PFOA at 8 years, but not 3 years, may be related to poorer executive 

function at 8 years. Results need to be confirmed in cohort studies with larger sample sizes.
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1. Introduction

Perfluoroalkyl substances (PFAS) have unique hydrophilic, oleophobic, and lipophobic 

physiochemical characteristics that render them ideal surfactants for food packaging, 

nonstick cookware, and textile surface treatments. Since their introduction in the 1950s, 

widespread use in an array of commercial products and industrial processes has resulted in 

their ubiquitous detection in wildlife and human tissue worldwide (Lau et al. 2007). Despite 

the voluntary phase-out by major manufacturers in the United States (Lau et al. 2007; 

Lindstrom et al. 2011), adverse health effects from PFAS remain a global concern due to 

their long half-lives (Olsen et al. 2007).

Laboratory studies highlight PFAS’ roles as potential neurotoxicants, with reports of 

pronounced effects on cognition and behavior in mice exposed to PFAS during development 

(Fuentes et al. 2007; Johansson et al. 2008; Johansson et al. 2009; Viberg et al. 2013). 

Biological mechanisms for PFAS neurotoxicity include alteration of levels of neuroproteins 

and neurotransmitters involved in synaptogenesis and synaptic plasticity, alteration of 

neurochemical signaling and homeostasis, disruption of neural cell differentiation, induction 

of neuronal cell apoptosis, promotion of reactive oxidative stress, and disruption of thyroid 

hormone homeostasis (Berntsen et al. 2017; Eggers Pedersen et al. 2015; Johansson et al. 

2009; Lee and Viberg 2013; Lee et al. 2013; Lee et al. 2016; Liu et al. 2013; Liu et al. 2015; 

Long et al. 2013; Reistad et al. 2013; Slotkin et al. 2008; Yu et al. 2016). Few 

epidemiological studies have investigated the potential neurotoxicity of childhood PFAS 

exposures and reported mixed findings of increased impulsivity (Gump et al. 2011), 

contradictory conclusions regarding ADHD diagnoses (Hoffman et al. 2010; Stein and 

Savitz 2011), and higher full-scale IQ with increased PFAS concentrations (Stein et al. 

2013). Contradictory findings have been reported for associations between childhood 

concentrations of PFAS and reading and language abilities, with better scores among 

children with higher PFAS concentrations in the Health Outcomes and Measures of the 

Environment (HOME) Study while null associations were noted in the C8 Health Project 

(Mid-Ohio Valley, US) (Stein et al. 2013; Zhang et al. 2018). The C8 Health Project also 

reported no relationship between childhood perfluorooctanoate (PFOA) and visual spatial 

processing, but observed that higher PFOA concentrations were associated with decreased 

ADHD characteristics (Stein et al. 2013).
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The relationship between childhood PFAS and executive function, which is an interplay of 

constructs constituting cognitive and social-emotional control, has only been investigated in 

the C8 Health Project, with a focus solely on PFOA (Stein et al. 2014). The C8 investigators 

found no statistically significant association between PFOA and maternal reports of 

executive function; however, when they stratified by sex, they observed a favorable 

association among males (e.g., higher PFOA concentrations associated with better executive 

function) and an adverse association among females. Previously, prenatal concentrations of 

perfluorooctane sulfonate (PFOS) were significantly associated with poorer executive 

function scores based on parent assessments (Vuong et al. 2016). Effect modification by sex 

was also noted, with poorer scores on the metacognition index and global executive 

composite with higher prenatal PFOS concentrations in females, but not in males. However, 

no association was found between prenatal PFOA concentrations and executive function in 

the HOME Study. The aims of the current study were to examine the relationships of six 

PFAS measured at ages 3 and 8 years with executive function at age 8 years to identify 

susceptible windows of neurotoxicity during childhood and to investigate whether child sex 

modified these associations.

2. Methods

2.1 Population and study design

The study population was from the prospective pregnancy and birth cohort, the HOME 

Study (2003-2006, Cincinnati, OH, USA). Details on the HOME Study have been described 

previously (Braun et al. 2017). Briefly, inclusion criteria for pregnant women were: 1) ≥18 

years of age; 2) 16±3 weeks of gestation; 3) living in housing built before 1978; 4) receiving 

and planning to continue prenatal care and deliver at one of the collaborating obstetric 

practices; 5) HIV negative status; and 6) not taking any medications related to seizures, 

thyroid disorders, or chemotherapy/radiation. After excluding children with missing 

information on PFAS and/or executive function assessment, we had 208 (53%) of the 390 

live-born singletons available for the present study. This study was approved by the 

institutional review board (IRB) at the Cincinnati Children’s Hospital Medical Center 

(CCHMC), and collaborating institutions used the CCHMC IRB as the IRB of record.

2.2 Childhood PFAS concentrations

2.2.1 Measurement of child serum PFAS concentrations—We measured serum 

concentrations of PFOA, PFOS, perfluorohexane sulfonate (PFHxS), perfluorononanoate 

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

perfluorooctane sulfonamide) acetate (Me-PFOSA-AcOH, also known as Me-FOSAA), and 

2-(N-ethyl-perfluorooctane sulfonamide) acetate (Et-PFOSA-AcOH) at ages 3 and 8 years 

(2006-2014). Quantification was completed using on-line solid-phase extraction coupled to 

high-performance liquid chromatography-isotope dilution tandem mass spectrometry (Kato 

et al. 2011). To account for potential matrix effects, calibration standards were spiked into 

calf serum (Kato et al. 2014). Reagent blanks and low-concentration and high-concentration 

quality control (QC) materials were included in each analytical batch. The limit of detection 

(LOD) was 0.1 ng/mL, except for 0.2 ng/mL for PFOS. The coefficient of variation of the 

repeated measurements of the QC materials was ~6%.
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2.2.2 PFAS trajectory characterization—Trajectories of childhood PFAS were 

categorized into four groups based on PFAS concentrations relative to the median value of 

each PFAS at 3 and 8 years: 1) consistently low; 2) low to high; 3) high to low; and 4) 

consistently high. For example, the median level of PFOA at ages 3 and 8 years were 5.4 and 

2.4 ng/mL, respectively (Table S1). Children with a PFOA measurement at age 3 years that 

was <5.4 ng/mL who also had a PFOA measurement at age 8 years ≥2.4 ng/mL were 

considered to have a “low to high” PFOA trajectory. In addition, children with PFOS 

concentrations ≥6.1 ng/mL at age 3 years and ≥3.6 ng/mL at age 8 years were categorized as 

having a “consistently high” PFOS trajectory. Thus, a child would have different trajectories 

per PFAS compound.

2.3 Executive function

The Behavior Rating Inventory of Executive Function (BRIEF), a valid and reliable 

questionnaire to assess executive function (Gioia et al. 2000; Skogerbo et al. 2012), was 

completed by one parent (>95% were mothers) who had extensive contact with the child. 

Eight subscales are used to derive a summary measure of global executive composite along 

with two indices: 1) behavior regulation index [subscales: inhibit + shift + emotional 

control]; and 2) metacognition index [subscales: initiation + working memory + plan/

organize + organization of materials + monitor]. BRIEF scores are standardized to T-scores 

based on sex- and age-specific norms, with higher scores indicating poorer executive 

function. T-scores 1.5 standard deviations (SDs) above the mean (50±10) are considered 

clinically significant (Gioia et al. 2000). However, given our modest sample size, we 

examined “at risk” BRIEF scores, defined as 1 SD above the mean (≥60) (Table S2).

2.4 Statistical analyses

We detected four PFAS (PFOA, PFOS, PFHxS, PFNA) in over 97% of serum samples at 

ages 3 and 8 years (Table S3). Values <LOD were replaced with LOD/√2 (Hornung and 

Reed 1990). Given the range of PFAS concentrations, we ln-transformed all PFAS 

concentrations to reduce the influence of outliers. We used multiple informant models to 

estimate βs and 95% confidence intervals (CIs) for repeated measures of ln-transformed 

PFAS in relation to BRIEF measures at age 8 years. Multiple informant models are non-

standard versions of generalized estimating equations that can incorporate repeated measures 

of exposure in the model to identify potential windows of susceptibility (Sanchez et al. 

2011). PFOA, PFOS, PFHxS, PFNA, PFDA, and Me-PFOSA-AcOH were modeled 

individually. Some interaction terms between PFAS and age at exposure had a p<0.10; 

therefore, we report age-specific βs. We also examined whether ln-transformed childhood 

PFAS concentrations were associated with increased risk of having an “at risk” BRIEF score 

(≥60) using multiple informant models to generate odds ratios (ORs) and corresponding 

95% CIs.

Associations between trajectories of childhood PFAS concentrations and BRIEF scores were 

examined using multiple linear regression in 131 children who had PFAS measurements at 

both 3 and 8 years. We also examined whether the association between PFAS at 8 years and 

BRIEF scores were modified by child sex. We used multiple linear regression and included 

the interaction term between PFAS×child sex, with p<0.10 considered statistically 
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significant. Lastly, we performed mutual adjustment for PFAS that were observed to be 

significantly associated with BRIEF scores in our main analyses between continuous 

measures of PFAS concentrations and continuous and dichotomized BRIEF scores. 

Covariates in the final models were based on a review of the literature and bivariate analyses 

(p<0.10) and included (categorized according to Table 1): maternal age, race/ethnicity, 

household income, child sex, maternal marijuana use, maternal serum cotinine (continuous), 

maternal blood lead (continuous), maternal depression, vitamin use, maternal IQ, marital 

status, Home Observation for Measurement of the Environment (HOME) score, and whether 

the child was ever breastfed.

3. Results

3.1 Participant characteristics

Of the 208 children, 55% were females and 45% were males (Table 1). Mothers who were 

older, non-Hispanic white, married or living with a partner, and whose HOME score was 

≥40 had children with significantly higher concentrations of PFOA, PFOS, and PFHxS at 

age 8 years. PFOA and PFOS concentrations were also significantly higher among children 

living in households with annual incomes ≥$80,000 and those who were ever breastfed. In 

contrast, children whose mothers were younger and who had lower HOME scores had 

significantly lower PFNA at 8 years. Children in the HOME Study had a global executive 

composite mean score (48.3±10.6) that was slightly below the population mean of 50±10 

(higher scores indicate poorer global executive functioning). Significantly higher global 

executive composite scores were observed among children whose mothers were non-

Hispanic black or others, used marijuana during pregnancy, did not take daily vitamin 

supplementation, and experienced moderate/severe depression. Global executive composite 

scores were also significantly higher among children living in households with low income 

and HOME scores <40.

3.2 Childhood PFAS concentrations

Serum concentrations of PFAS declined from age 3 to 8 years (Table S3). Concentrations of 

PFOS was the highest among PFAS in the HOME Study, followed by PFOA, PFHxS, and 

PFNA (Tables S1 and S3). Concentrations of PFOS were 6.6±1.9 ng/mL and 3.9±1.7 ng/mL 

at age 3 and 8 years, respectively. PFOA concentrations were lower, with concentrations of 

5.4±1.7 ng/mL and 2.4±1.5 ng/mL at age 3 and 8 years, respectively. At age 3 years PFNA 

concentrations were 1.4±1.9 ng/mL, while at age 8 years concentrations declined to 0.8±1.8 

ng/mL. PFAS measured at age 3 (rs=0.23-0.70) and 8 years (rs=0.15-0.65) were significantly 

correlated with each other (Table S4).

3.3 Childhood PFAS and executive function

3.3.1 Childhood PFAS and BRIEF scores—Positive associations were observed 

between PFNA concentrations at age 8 years and metacognition index scores (Figure 1). 

Each natural-log unit increase in PFNA was associated with a 3.4-point increase (95% CI 

0.4, 6.3) on the metacognition index. Children who had higher PFNA concentrations at age 8 

years had higher scores on several subscales of the metacognition index, including initiate, 

plan/organize, and organization of materials (Figure S1). In addition, PFNA at 8 years was 
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significantly associated with poorer global executive functioning. In contrast, PFNA 

concentrations at age 3 years were associated with lower scores for metacognition and 

global executive functioning, albeit associations were not statistically significant.

3.3.2 Childhood PFAS and “at risk” BRIEF scores—Children who had higher 

serum concentrations of PFNA at age 8 years had increased odds of having an “at risk” 

behavior regulation index score ≥60 (Table 2). This positive association was also present 

within the subscales of inhibit, shift, and emotional control of the behavior regulation index 

(Table S5). Similar associations were noted for the metacognition index and its subscales of 

working memory, plan/organize, and organization of materials. In addition, PFOA was 

associated with higher odds of having an “at risk” score on the shift, emotional control, and 

metacognition index. An increase in ln-PFDA at 3 years and ln-PFNA at 8 years was 

associated with ~3-fold greater odds of having an “at risk” score on global executive 

composite. No remarkable associations were observed for PFOS, PFHxS, and Me-PFOSA-

AcOH.

3.3.3 Trajectories of childhood PFAS and BRIEF scores—Among 122 children, 

children with a “high to low” trajectory of PFNA concentrations had poorer scores on the 

behavior regulation index and those with a “low to high” trajectory had poorer global 

executive composite scores (Figure 2). Although not statistically significant, we observed a 

pattern where children who had serum PFOA concentrations above the median at age 8 

years had higher behavior regulation index, metacognition index, and global executive 

composite scores compared to those with consistently low serum PFOA concentrations. The 

analyses of PFHxS, PFDA, and Me-PFOSA-AcOH exposure trajectories did not suggest 

marked differences in BRIEF scores between the four groups. And while we observed a few 

statistically significant associations between trajectories of exposures for PFOS and a pattern 

of associations for PFOA, there is not sufficient evidence from our findings to indicate 

exposure trajectories of PFAS during childhood are associated with BRIEF-assessed 

executive function.

3.3.4 Mutual adjustment of PFAS—Mutual adjustment of PFOA and PFNA yielded 

similar conclusions (Table S6). Higher scores on metacognition index (β=3.1, 95% CI −0.1, 

6.3) and global executive composite (β=2.8, 95% CI −0.1, 5.7) were observed with increased 

8 year PFNA concentrations. The association between PFOA at 8 years and increased risk of 

having an emotional control score ≥60 (OR=4.44, 95% CI 1.61, 12.29) remained after 

mutual adjustment for PFNA; however, previous adverse associations between 8 year PFOA 

concentrations and metacognition index were not statistically significant.

3.4 Effect measure modification by child sex

We observed effect measure modification by child sex for serum PFNA concentrations at 

age 8 years and behavior regulation (pPFNA×sex=0.018) (Table 3). Males had significantly 

higher scores with an increase in ln-PFNA (β=5.4, 95% CI 1.5, 9.3), while null associations 

were observed among females (β=−0.7, 95% CI −4.1, 2.7). Child sex also modified the 

relationship between PFNA at age 8 years and shift and emotional control subscales (Table 
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S7). We also noted poorer scores on these subscales among males, whereas non-significant 

associations were present among females.

4. Discussion

We observed higher PFNA concentrations at age 8 years were associated with poorer 

metacognition and global executive functioning scores and increased odds of being “at risk” 

for behavior regulation and global executive functioning problems. A potential adverse 

association was also observed with 8 year concentrations of PFOA, but to a lesser extent. In 

particular, a positive association was observed between PFOA concentrations at age 8 years 

and “at risk” scores for inhibitory control, cognitive flexibility (shift), emotional control, as 

well as metacognition. Children who had high (≥median) concentrations of PFNA at any 

time or high concentrations of PFOA at age 8 years had poorer executive function. However, 

while poorer BRIEF scores were observed between PFNA and PFOA at 8 years in the 

multiple informant models, there is no clear evidence from the trajectory analysis that there 

is a window of susceptibility for childhood exposure to PFAS.

While few studies have examined PFNA neurotoxicity in children, there is evidence 

indicating that PFNA disrupts thyroid hormone homeostasis, which is important for brain 

development even after birth as thyroid hormones are involved in myelination of neurons. 

Maternal thyroid hormone disruption has been associated with poorer executive function in 

children (Andersen et al. 2018; Ghassabian et al. 2011). In addition, executive function has 

been reported to be influenced by thyroid hormones during adulthood (Constant et al. 2005; 

Grigorova and Sherwin 2012; Zhu et al. 2006). Long-term PFNA exposure in zebrafish from 

early life to adulthood resulted in elevated plasma triiodothyronine levels in adult zebrafish 

and histological changes in thyroid follicles of males (Liu et al. 2011). This may be due to 

PFNA’s ability to inhibit the UDP-glycosyltransferase pathway, thereby reducing biliary 

elimination of thyroid hormones. PFNA has also been reported to increase oxidative stress in 

zebrafish and green mussels (Liu et al. 2013; Liu et al. 2015). Oxidative stress can result in 

cellular dysfunction or even cell death. The brain is particularly vulnerable since it has high 

levels of oxygen coupled with a poor antioxidant defense system that can be overwhelmed 

by oxidative stress (Berntsen et al. 2017).

For PFOA, mice with neonatal exposure had increased levels of calcium/calmodulin-

dependent protein kinase II, growth-associated protein-43, and synaptophysin in the 

hippocampus as well as increased synaptophysin and tau in the cerebral cortex (Johansson et 

al. 2009). These proteins are involved in the regulation of synaptogenesis, synaptic plasticity, 

axonal growth and modulation, and growth of neuronal processes. Neonatal exposure to 

PFOA also affected the cholinergic system in adult mice, manifesting as a hypoactive 

response to nicotine (Johansson et al. 2008). Metabolic profiles in the brain of juvenile male 

mice exposed to PFOA for 28 days had altered concentrations of neurotransmitters 

serotonin, dopamine, norepinephrine, and glutamate (Yu et al. 2016).

Only PFNA and PFOA demonstrated a potential adverse relationship with executive 

function in the present study. We previously reported prenatal exposure to PFOS was 

associated with poorer executive function in children (Vuong et al. 2016). However, 
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associations between childhood concentrations of PFOS and executive function were null. 

This may be due to varying concentrations between windows of exposure. PFOS 

concentrations during gestation was 12.3±1.0 ng/mL compared to 6.6±1.9 ng/mL at age 3 

years and 3.9±ng/mL at age 8 years. Structural differences between PFAS may provide clues 

as to why childhood PFNA and PFOA may be associated with executive function more than 

the other PFAS compounds. While PFOS has a greater potential for genotoxicity due to the 

sulfonate group having stronger chemical interactions with DNA molecules, PFNA 

accumulation in the brain might be much higher. The average PFNA concentration in the 

brain tissue of 20 deceased humans was 29.7 ng/g compared to 1.9 ng/g of PFOS (Perez et 

al. 2013). PFNA is more hydrophobic than PFOS and may have a stronger potential for 

binding and interacting with proteins and enzymes (Liu et al. 2013). In addition, PFOA and 

PFNA were observed to cause more membrane instability than the minor inductions of 

PFOS (Liu et al. 2013).

Only the C8 Health Study has examined childhood PFOA (2-8 years) and executive function 

(6-12 years), but they reported sex-modified associations between PFOA and executive 

function despite null findings in children overall (Stein et al. 2014). Females with PFOA 

concentrations in the highest quartile of exposure had marginally significant poorer global 

executive composite scores, while better scores were noted for males with comparable 

PFOA concentrations. In our study, we only found that sex modified associations between 8 

year concentrations of PFNA and behavior regulation and its subscales, with males having 

worse scores.

Discrepancies between our findings and those reported in the C8 Health Study may be due 

to differences in the study population, executive function assessment, PFAS concentrations, 

statistical methods, and confounder adjustment. Compared with the C8 Health Study, which 

included predominantly Non-Hispanic whites (>95%) (Stein et al. 2014), the HOME Study 

was comprised of ~60% Non-Hispanic whites. Secondly, the C8 Health Study had a two-

pronged approach with the BRIEF, relying on a parent and a teacher, whereas our study used 

only one parent’s assessment. Nevertheless, the C8 Health Study reported similar null 

associations with both maternal- and teacher-completed BRIEF assessments. Third, 

differences in PFAS concentrations between the children in the C8 Health Study and the 

HOME Study may play a role. The C8 Health Study population in the Mid-Ohio Valley was 

exposed to PFOA-contaminated drinking water, which is why the median PFOA 

concentration in the C8 Health Study children at age 2-8 years was 35.1 ng/mL compared to 

5.4 and 2.4 ng/mL at ages 3 and 8 years, respectively, in the HOME Study. Differences in 

the timing of the measurements may have also contributed to the divergent conclusions. 

Lastly, we also adjusted for other potential neurotoxicants (lead and tobacco smoke), race/

ethnicity, maternal depression, and whether the child was ever breastfed.

Effect modification by child sex may be due to differences in the elimination rate. The half-

life of PFNA in rats is profoundly shorter in females (1.4 days) compared to males (30.6 

days) (Tatum-Gibbs et al. 2011). In humans, there are marked differences in the clearance of 

PFHxS and PFOS between sexes, with PFHxS and PFOS having a significantly longer half-

life in males than in females (Li et al. 2018). For PFOS, the half-life in males is 4.6 years 
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compared to 3.1 years in females. The degree of variation in the elimination rate for PFNA 

in humans has yet to be determined.

The major strength in our study lies in its longitudinal design, allowing for the two PFAS 

measurements during childhood, which enabled us to explore trajectories of exposure. We 

were also able to test for susceptible windows of neurotoxicity during childhood using 

multiple informant models. While residual confounding is always a concern, we were able to 

adjust for maternal IQ and depression, whether the child was ever breastfed, socioeconomic 

status, the home environment, and other neurotoxicant exposures.

The current study has some limitations. First, selection bias may be a concern. However, no 

significant differences were noted between those included in the present study and those lost 

to follow-up aside from maternal blood lead levels. Outcome misclassification is possible, 

because we relied on one parent for the BRIEF survey. Further, the BRIEF survey is a 

parent-report measure and is only one of the assessment tools that can be used to measure 

executive function. We did not analyze associations between PFAS concentrations and 

executive function using different assessment tools. Third, we acknowledge that 

dichotomizing BRIEF scores with a cutoff at 1 SD from the mean is not clinically 

significant, but findings imply an underlying association that indicates PFNA and PFOA 

may adversely affect executive function. Fourth, while the usage of multiple informant 

models greatly reduced the number of models in our study, multiple comparisons continue to 

be a concern as there is no reduction in type 1 error. Lastly, we are limited by our sample 

size thus results for our trajectory analyses and effect measure modification by sex should be 

cautiously interpreted.

5. Conclusions

Evidence from the present study indicates that higher concentrations of PFNA at 8 years 

and, to a lesser extent, PFOA are associated with higher scores on the BRIEF survey at 8 

years, indicating poorer parent-reported executive function in children. While associations 

were only observed with PFAS concentrations at age 8 years, this may not necessarily 

indicate age 8 as a sensitive window of susceptibility. Rather, it may be that PFAS’ 

cumulative exposure may play a role in executive function. The relationship between PFNA 

and executive function may be sexually dimorphic, with males more sensitive to PFNA 

neurotoxicity. The associations of childhood PFOS and PFHxS exposures with executive 

function were generally null. Further examination to determine PFAS’ potential 

neurotoxicity in humans is still warranted with regard to executive function, given the 

associations we found between PFNA and PFOA concentrations at age 8 years and poorer 

executive function. Limited number of epidemiological studies have examined PFAS and 

executive function, which is vital for daily complex activities, academic achievement, as 

well as social and behavioral interactions.
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Figure 1. 
Estimated associations between childhood serum concentrations of PFAS (ng/mL) and 

BRIEF summary measures at 8 years, HOME Study. Adjusted by maternal age, race/

ethnicity, household income, child sex, maternal marijuana use, maternal blood lead, 

maternal serum cotinine, maternal depression, vitamin use, maternal IQ, marital status, 

Home Observation for Measurement of the Environment Score, and whether the child was 

ever breastfed. Asterisks indicate associations which were statistically significant (p<0.05). 

Abbreviations: BRI, behavior regulation index; MI, metacognition index; GEC, global 

executive composite.
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Figure 2. 
Estimated associations between trajectories of childhood serum concentrations of PFAS 

(ng/mL) from ages 3 and 8 years and BRIEF summary measures at 8 years, HOME Study. 

Asterisks indicate associations which were statistically significant (p<0.05). Adjusted by 

maternal age, race/ethnicity, household income, child sex, maternal marijuana use, maternal 

blood lead, maternal serum cotinine, maternal depression, vitamin use, maternal IQ, marital 
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status, Home Observation for Measurement of the Environment Score, and whether the child 

was ever breastfed.
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Table 2.

Odds ratios and 95% confidence intervals of having a BRIEF summary measure score ≥60 at age 8 years by a 

ln-increase in childhood serum concentrations of perfluoroalkyl substances (ng/mL), HOME Study
a

PFAS
Child Age

Behavior Regulation Index Metacognition Index Global Executive Composite

OR (95% CI) OR (95% CI) OR (95% CI)

PFOA

 3 years 1.01 (0.29, 3.53) 1.30 (0.47, 3.57) 1.39 (0.45, 4.24)

 8 years 1.56 (0.49, 4.92) 3.18 (1.17, 8.60)* 2.69 (0.92, 7.90)

PFOS

 3 years 0.66 (0.29, 1.51) 0.83 (0.42, 1.63) 0.95 (0.45, 2.01)

 8 years 0.40 (0.14, 1.14) 1.53 (0.67, 3.52) 1.04 (0.41, 2.68)

PFHxS

 3 years 1.01 (0.60, 1.70) 1.04 (0.69, 1.55) 1.05 (0.67, 1.66)

 8 years 0.54 (0.22, 1.32) 1.10 (0.58, 2.09) 0.65 (0.32, 1.32)

PFNA

 3 years 1.48 (0.90, 2.43) 0.88 (0.51, 1.53) 1.43 (0.87, 2.33)

 8 years 2.75 (1.30, 5.79)* 2.94 (1.52, 5.69)* 3.07 (1.60, 5.90)*

PFDA

 3 years 1.95 (0.83, 4.62) 1.73 (0.73, 4.09) 2.95 (1.20, 7.23)*

 8 years 1.70 (0.59, 4.88) 2.11 (0.83, 5.35) 2.69 (0.95, 7.60)

Me-PFOSA-AcOH

 3 years 0.85 (0.59, 1.23) 0.99 (0.69, 1.42) 0.93 (0.64, 1.35)

 8 years 0.79 (0.52, 1.19) 1.16 (0.76, 1.77) 1.13 (0.74, 1.72)

n=185 (PFOA, PFOS, PFHxS, PFNA, Me-PFOSA-AcOH); n=161 (PFDA)

a
Adjusted by maternal age, race/ethnicity, household income, child sex, maternal marijuana use, maternal blood lead, maternal serum cotinine, 

maternal depression, vitamin use, maternal IQ, marital status, Home Observation for Measurement of the Environment Score, and whether the child 
was ever breastfed.

*
p<0.05
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Table 3.

β-coefficients and 95% CIs for associations of concurrent perfluoroalkyl substances (ng/mL) and BRIEF 

summary measures at 8 years by child sex.
a

PFAS
Interaction Males Females

p-value β (95% CI) β (95% CI)

PFOA

 Behavior regulation index 0.222 3.4 (−1.9, 8.7) −1.0 (−6.6, 4.5)

 Metacognition index 0.851 4.0 (−2.0, 10.1) 3.2 (−3.1, 9.6)

 Global executive composite 0.551 4.1 (−1.7, 9.9) 1.7 (−4.4, 7.8)

PFOS

 Behavior regulation index 0.795 −0.1 (−4.7, 4.6) −0.9 (−5.1, 3.3)

 Metacognition index 0.915 1.4 (−4.0, 6.7) 1.0 (−3.8, 5.8)

 Global executive composite 0.847 0.9 (−4.2, 6.0) 0.3 (−4.3, 4.9)

PFHxS

 Behavior regulation index 0.379 −0.2 (−3.5, 3.1) −2.1 (−5.1, 0.8)

 Metacognition index 0.323 1.2 (−2.6, 5.0) −1.3 (−4.7, 2.1)

 Global executive composite 0.285 0.8 (−2.8, 4.4) −1.8 (−5.0, 1.4)

PFNA

 Behavior regulation index 0.018 5.4 (1.5, 9.3)* −0.7 (−4.1, 2.7)

 Metacognition index 0.512 5.0 (0.5, 9.5)* 3.1 (−0.8, 7.0)

 Global executive composite 0.166 5.7 (1.4, 10.0)* 1.8 (−2.0, 5.5)

PFDA

 Behavior regulation index 0.646 0.4 (−6.1, 7.0) 2.5 (−3.4, 8.4)

 Metacognition index 0.372 −0.1 (−7.3, 7.2) 4.3 (−2.2, 10.9)

 Global executive composite 0.450 0.1 (−7.0, 7.2) 3.8 (−2.6, 10.2)

Me-PFOSA-AcOH

 Behavior regulation index 0.060 −1.6 (−3.8, 0.7) 1.3 (−0.6, 3.2)

 Metacognition index 0.063 −1.3 (−3.8, 1.2) 1.9 (−0.2, 4.0)

 Global executive composite 0.052 −1.4 (−3.8, 1.0) 1.8 (−0.2, 3.8)

n=122 (PFOA, PFOS, PFHxS, PFNA, Me-PFOSA-AcOH); n=96 (PFDA)

a
Adjusted by maternal age, race/ethnicity, household income, child sex, maternal marijuana use, maternal blood lead, maternal serum cotinine, 

maternal depression, vitamin use, maternal IQ, marital status, Home Observation for Measurement of the Environment Score, and whether the child 
was ever breastfed.

*
p<0.05
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