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Abstract

Background: Although potential neurotoxicity of perfluoroalkyl and polyfluoroalkyl substances
(PFAS) is suggested, previous epidemiologic studies have reported a ‘protective’ association
between serum PFAS concentration and cognition function. Poor outcome assessment, residual
confounding, non-monotonic dose-responses (NMDRs), and the role of reduced kidney function in
PFAS excretion may be alternative explanations of these findings.

Objectives: We examined the association of perfluoroalkyls with cognitive functions assessed
using the Consortium to Establish a Registry for Alzheimer’s Disease word learning and recall; the
Animal Fluency; and the Digit Symbol Substitution tests.

Methods: We included 903 adults aged =60 years from the National Health and Nutrition
Examination Survey (NHANES) 2011-2014. We computed a composite z-score as an average of
four individual cognitive z-scores and used it as the outcome. Linear and generalized additive
models were used to evaluate linear and non-linear associations.

Results: With the linearity assumption, perfluorooctanoate (PFOA) and perfluorononanoate
(PFNA) were significantly positively associated with composite z-score after adjustment for age,
sex, race/ethnicity, education, smoking, poverty-income ratio, health insurance, food security,
alcohol, and physical activity. Smoothing plots suggested NMDRs, especially for perfluorooctane
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sulfonate (PFOS) with a U-shape dose-response. When restricting to participants without chronic
kidney disease (CKD) (n=613), the positive associations for PFOA and PFNA observed in the
whole population diminished, whereas PFOS was inversely and significantly associated with
composite z-score. Also, negative confounding effects of fish/seafood consumption seem to be
substantial. Effect estimates of composite z-score were —0.055 (95% CI: -0.097, —-0.012, P=0.01)
for a doubling increase in PFOS.

Discussion: These findings suggest that the previous epidemiologic findings of a “protective’
association between PFAS and cognition may be explained by CKD, NMDRs and confounding by
fish consumption. PFOS at the current population exposure level in the U.S. may be a risk factor
for cognitive decline in older adults with normal kidney function.

INTRODUCTION

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a family of man-made compounds
extensively used in surface coating and protectant formulations (ATSDR 2018). Please
notice that PFAS is used in this paper only if a set of chemicals analyzed includes both
perfluoroalkyls and polyfluoroalkyls. These “forever chemicals”, especially long-chain
PFAS, have been a significant public health concern given their non-biodegradable property
in the environment (Post et al., 2017; Prevedouros et al., 2006) and potential human
exposure through contaminated drinking water and food (Sunderland et al., 2019).
Numerous epidemiologic studies have reported potential links between PFAS, mainly
perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS), and a wide range of
adverse health endpoints including increased lipid levels, liver damage, and thyroid
dysfunction (ATSDR 2018). Activation of peroxisome proliferator-activated receptor-alpha
(PPARa), a ligand-activated transcription factor that plays a role in lipid homeostasis,
inflammation, and peroxisome proliferation, is an established mode of action for PFAS
health effects (Ren et al., 2009; Takacs and Abbott, 2007; Wolf et al., 2008) although other
putative mechanisms have been proposed, such as gap junctional inhibition to disrupt cell-
cell communication, mitochondrial dysfunction, interference of protein binding, partitioning
into lipid bilayers, oxidative stress, alterations in calcium homeostasis and related signaling
pathways (Lau 2015). However, there is limited human data on the neurotoxicity of PFAS.
To date, only three epidemiologic studies have evaluated the association between PFAS
exposure and cognition in adults (Gallo et al., 2013; Power et al., 2013; Shrestha et al.,
2017).

A cross-sectional study using data from participants from the 1999-2000 and 2003-2008
National Health and Nutrition Examination Surveys (NHANES) (n=1,766, age 60-85 years)
reported non-significant inverse associations between perfluoroalkyls and self-reported
cognitive limitation due to difficulty remembering or periods of confusion (Power et al.,
2013). These associations were stronger and became statistically significant among non-
medicated diabetics. Another cross-sectional study with 21,024 older adults (aged =50
years) who were exposed to high levels of PFOA from a chemical facility in the Mid-Ohio
Valley, West Virginia and participated in the C8 Health Project reported statistically
significant inverse associations of self-reported short-term memory loss with PFOS, PFOA,
and perfluorohexane sulfonate (PFHXxS) (Gallo et al., 2013). A study of 126 older adults
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aged 55—-74 years and living in upper Hudson River communities which utilized various
neuropsychological assessment tools (e.g., the California Verbal Learning Test, the Wechsler
Memory Scale, the Wisconsin Card Sorting Test) also observed that higher PFOA and PFOS
concentrations were associated with better performance in memory and learning, executive
function and visuospatial function (Shrestha et al., 2017). These studies postulated that the
observed neuroprotective associations could be due to the activation of PPARs (PPARa and
PPAR<y) and their anti-inflammatory effects (Gallo et al., 2013; Power et al., 2013; Shrestha
et al., 2017) as PFAS have affinity for PPARs and thus serve as PPAR agonists (Jiang 2015).
However, the epidemiologic evidence of increased serum lipid levels, particularly total
cholesterol and low-density lipoprotein (LDL) cholesterol, contradicts the PPAR agonist
hypothesis (Eriksen et al., 2013; Frisbee et al., 2010; Lin et al., 2019; Nelson et al., 2010;
Starling et al., 2014; Steenland et al., 2009).

The present study explored if there are other possible explanations that can address the
“protective” association between perfluoroalkyls and cognitive function: 1) use of more
valid outcome measurements; 2) adjustment for residual confounding; 3) non-monotonic
dose-responses (NMDRs); and 4) the role of reduced kidney function in PFAS excretion.
First, except for Shrestha et al. (2017), the other two studies relied on self-reported, binary,
cognitive limitation or short-term memory loss (Gallo et al., 2013; Power et al., 2013),
raising potential outcome misclassification. Second, the previous findings could also be
subject to potential negative confounding, such as fish consumption which may be a
protective factor for cognitive decline (Kokubun et al., 2020; Zhang et al., 2015) but a major
dietary source of PFAS exposure (Christensen et al., 2017; Fromme et al., 2009; Jain, 2014).
Other residual confounding may include tobacco smoke and nicotine (Campos et al., 2017;
Swan and Lessov-Schlaggar, 2007). Third, PFAS as endocrine disrupting chemicals may
have NMDRs, i.e., the shapes of dose-response curves are non-linear, such as U- or J-shapes
(Vandenberg et al., 2012). Conventional regression modeling with the linearity assumption
may not capture NMDRs. Finally, reduced kidney function or chronic kidney disease (CKD)
may play a role in evaluating the association between PFAS and cognition, given that
reduced kidney function can lead to alterations in serum concentrations of PFAS. Reduced
kidney function may decrease PFAS excretion, resulting in higher PFAS serum
concentrations which are the consequences of reduced kidney function, not the causes (i.e.,
reverse causation) (Dhingra et al., 2017; Shankar et al., 2011). Another study reported an
inverted U-shaped association between PFAS and declining estimated glomerular filtration
rate (eGFR) of advancing stages of kidney disease (Jain and Ducatman, 2019). Individuals at
different stages of kidney disease may have altered balance of glomerular secretion and
reabsorption which influences the serum concentrations of PFAS (Han et al., 2012).
Additionally, CKD has been associated with poor cognitive function (Berger et al., 2016;
Brodski et al., 2019; Etgen et al., 2012). Therefore, reduced kidney function/CKD may be
another potential confounder that was not considered in the previous studies. On the other
hand, PFAS exposure has been associated with a lower eGFR and a higher prevalence of
CKD (Conway et al., 2018; Watkins et al., 2013). Hence, evaluation of the PFAS health
effects may be complicated if the population of interest includes affected individuals whose
proxy exposure (serum PFAS concentrations) do not necessarily reflect true exposure.
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Restriction to individuals with normal kidney function may provide an ideal population that
allows us to evaluate causal effects of PFAS in older populations.

To address these gaps, we examined the association of perfluoroalkyls with cognitive
functions assessed using the Consortium to Establish a Registry for Alzheimer’s disease
(CERAD) word learning and recall tests, the Animal Fluency test, and the Digit Symbol
Substitution test which are widely used as sensitive tests for detecting mild cognitive
impairment (Shankle et al., 2005), in older adults of the general United States (U.S.)
population.

Study population

The NHANES is a complex, multistage survey combining interviews and physical
examinations together to assess health and nutritional status on the noninstitutionalized U.S.
population. We used data from the 2011-2012 and 2013-2014 cycles where the CERAD
cognition assessments were conducted. Participants aged 60 years and older were eligible as
cognitive assessments were only administered in this age range. For this analysis, 988 older
adults who participated in the sub-study of the perfluoroalkyls measurement were eligible.
Among them, 85 participants who did not complete any of the four cognitive function test
batteries described below were excluded, yielding the final sample size to 903 participants.

Cognitive Function Assessment

Three cognitive assessments were conducted in NHANES 2011-2014 including the CERAD
Word Learning subtest, the Animal Fluency test, and the Digit Symbol Substitution test
(DSST). The CERAD Word Learning subtest, consisting of three consecutive learning trials
and a delayed recall, evaluates immediate and delayed learning ability for new verbal
information (Morris, 1989). For the learning trials, participants read aloud 10 unrelated
words, one at a time, as they were presented in large bolded letters on a computer monitor.
Right after the tenth word, participants recalled as many words as possible. The order of the
10 words was changed in each trial. The delayed world recall trial was conducted after the
other two cognitive tests (Animal Fluency and DSST) were completed. The maximum score
on each trial is 10. The Animal fluency test examines categorical verbal fluency, a
component of executive function in which participants were asked to name as many animals
as possible in one minute (Strauss et al., 2006). The DSST, a component of the Wechsler
Adult Intelligence Test (WAIS-I11), is used to evaluate the brain function on processing
speed, sustained attention, and working memory (Wechsler, 1997). The exercise was
conducted using a paper form that has a key at the top containing nine numbers paired with
symbols. Participants drew symbols corresponding to nine numbers in the 133 boxes for 2
minutes. The score was the number of correctly drawn symbols. The maximum score is 133.
Generally higher scores indicate better cognitive function.

In this study, we computed “global cognition” as a summary score of the four cognitive tests
(CERAD Word List Learning Test, CERAD Word List Recall Test, Animal Fluency Test and
DSST) because individual cognitive assessments have several limitations such as inter- and
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intra-individual variations, and floor and ceiling effects (Li et al., 2018). Global cognition
was created by the average of the standardized z-scores of each test.

Perfluoroalkyls assessment

Covariates

Serum perfluoroalkyl concentrations were measured in a one-third randomly selected
participants aged 12 years and older. Details of samples collection, storage, preparation, and
detection are discussed in elsewhere (CDC/NCHS, 2013, 2012). Briefly, perfluoroalkyls
were measured using online-solid phase extraction coupled to High Performance Liquid
Chromatography-Turbo lon Spray ionization-tandem Mass Spectrometry. The lower limit of
detection (LLOD) was 0.1 ng/mL for all analytes. We selected four perfluoroalkyl
compounds, PFOS, PFOA, PFHxS, and perfluorononanoate (PFNA), which were detected in
almost all participants (the detection rates >98%). The concentrations below LLOD were
replaced with a value of LLOD/V2 (0.07 ng/mL). In NHANES 2013-2014, linear PFOA (n-
PFOA), sum of branched isomers of PFOA (Sb-PFOA, branched PFOA isomers), linear
PFOS (n-PFOS), and sum of perfluoromethylheptane sulfonate isomers (Sm-PFOS,
monomethyl branched PFOS isomers) were measured instead of total concentrations. We
calculated the sum of isomers for PFOA and PFOS, respectively, as NHANES suggested
that the sum of isomers from 2013-2014 cycle was comparable to the total concentrations
reported in previous cycles. Comprehensive quality assurance (QA)/quality control (QC)
procedures were conducted including analysis of QC pools. The coefficients of variation
were 10.3-11.9% for the low QC pools; and 8.6-12.8% for the high QC pools (CDC/NCHS,
2013, 2012).

Sociodemographic and behavioral factors were obtained by self-reported questionnaires. We
considered a group of covariates as per Power et al. (2013): age (continuous, years), sex
(male, female), race/ethnicity (Mexican American, other Hispanic, non-Hispanic white, non-
Hispanic black, non-Hispanic Asian, and other), education (<high school, high school, >high
school), poverty-income ratio (<1, 1-1.25, 1.25-<2, 2-<4, =24), health insurance (hone or
single service, government, private, multiple), food security (fully secure, not fully secure),
smoking status (never, former, current), alcohol consumption (Never, <1 drink per day, >1
drink per day), total recreational physical activity (continuous, metabolic equivalent (MET)
score), and NHANES survey cycles (2011-2012, 2013-2014). We additionally considered
the following potential confounders as they were identified to be associated with serum
PFAS concentrations and cognition: 1) measures of tobacco smoke and nicotine other than
smoking status: smoking intensity (pack-years: 0, <20, =20) and serum cotinine
concentrations (Campos et al., 2017; Swan and Lessov-Schlaggar, 2007); and 2) fish and
shellfish consumption (frequency during the past 30 days: never, 1 to <4 times, =4 times)
(Christensen et al., 2017; Fromme et al., 2009; Jain, 2014). CKD status was determined
using either eGFR <60 mL/min/1.73 m? or urinary albumin to creatinine ratio (ACR) =30
mg/g (Vassalotti et al., 2007). eGFR was estimated using the CKD-EPI Creatinine Equation
(Levey and Stevens, 2010).
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Statistical analysis

Analyses incorporated primary sampling units (clusters), strata and sampling weights as per
guidelines to account for the complex sampling design of NHANES (NCHS, 2011).
Participant characteristics and composite z-score of cognition were summarized using means
or geometric means (standard errors, SEs) for continuous variables, and percentages for
categorical variables. Detection rates, geometric means (95% confidence intervals, 95%
Cls), and quantiles of PFAS concentrations were calculated. There were missing
observations in the covariates listed above. To maximize the sample size and power and to
achieve valid inference, we used multiple imputations by fully conditional specification (also
known as multiple imputation by chained equation, MICE) with PROC MI in SAS (van
Buuren, 2007). This procedure imputed plausible data values from a distribution specifically
generated for each data point. Twenty datasets were created with imputations for missing
covariates and computed pooled parameter estimates and SEs using PROC MIANALYZE in
SAS.

To determine the relationship between serum concentrations of PFAS and cognition z-score,
we utilized the PROC SURVEYREG procedure in SAS. Separate sequential models were
constructed to check if the previously observed protective effects of perfluoroalkyls on
cognition could be explained by different potential confounders. Initial models (Model 1)
were adjusted for age, sex, race/ethnicity, education, poverty-income ratio, health insurance,
food security, smoking status, alcohol consumption, total recreational physical activity and
NHANES cycles, in line with Power et al. (2013). We additionally included smoking pack-
years and serum cotinine (log-transformed) (Model 2); fish and shellfish consumption
(Model 3); and CKD status (Model 4). Serum concentrations of PFAS were log-transformed
with base 2 and modeled as linear continuous variables. Thus, effect estimates were
presented for a doubling increase in perfluoroalkyl concentrations. To reduce the possibility
of residual confounding, all of the following analyses were adjusted for covariates as
controlled for in Model 4. As a sensitivity analysis, we repeated analyses using observed
data allowing missing values. We assessed potential effect modification by sex by including
an interaction term between perfluoroalkyls and sex.

To evaluate NMDRs between PFAS exposure and cognition, we applied generalized additive
models (GAMSs) with penalized splines to visualize the shape of the associations. Penalized
spline was chosen because it determines smoothness (or wiggliness) of the dose-response
curves without any a priori shapes based on the bias-variance tradeoff and the minimum
prediction errors (Wood, 2006). The gam() function from the mgcv package in R (version
4.0; R Foundation for Statistical Computing) was used. Sampling weights were incorporated
into the GAMs.

To evaluate the impact of CKD, the analysis was restricted to participants without CKD.
Potential NMDRs were also evaluated in this subpopulation. We also included an interaction
term between perfluoroalkyls and CKD status and evaluated effect modification by CKD.
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RESULTS

A total of 903 adults aged 60 years and older were included for analysis. The mean age of
the study participants was 69.4 (SE=0.3) years and 54.2% were females (Table 1). The
composite z-score for global cognition had a normal distribution with the mean of 0.27
(SE=0.04) and ranged from —2.19 to 2.10. Geometric means of serum concentrations were
8.38 ng/mL (95% ClI: 7.69-9.13) for PFOS; 2.62 ng/mL (95% Cl: 2.45-2.80) for PFOA; 1.84
ng/mL (95% ClI: 1.68-2.02) for PFHxS; and 0.95 ng/mL (95% CI: 0.87-1.03) for PFNA.
More details of the distributions of perfluoroalkyls are presented in Table S1.

We first constructed a model for the association between perfluoroalkyls and the composite
z-score for global cognition that is comparable to the model by Power et al. (2013). After
adjustment for age, sex, race/ethnicity, education, poverty-income ratio, health insurance,
food security, smoking status, alcohol consumption, total recreational physical activity, and
NHANES survey cycles (Model 1), PFOA and PFNA were, when these variables were fit as
a logarithmic form, statistically significantly, positively associated with the composite z-
score: 0.067 (95% ClI: 0.009, 0.12, £=0.02) for a doubling increase in PFOA,; 0.065 (95%
Cl: 0.023, 0.11, ~P=0.002) for PFNA (Table 2). PFOS and PFHXxS were not significantly
associated with the composite z-score. Additional adjustment for smoking pack-years and
serum cotinine (Model 2) did not change the significances and magnitudes of the
associations. Additional adjustment for fish and shellfish consumption (Model 3) shifted the
directionality of the associations to the left: positive associations for PFOA and PFNA
toward the null (0.059 (95% CI: 0.001, 0.12, A=0.05) for a doubling increase in PFOA;
0.057 (95% CI: 0.014, 0.10, P=0.01) for PFNA), whereas the null association for PFOS
away from the null (-0.009 (95% CI: —0.049, 0.031, P=0.66) for PFOS). The results
essentially remained the same with additional adjustment for CKD (Model 4). In sensitivity
analyses, the results were similar with wider confidence intervals when observed data
instead of imputed data were used (Table S2). There was no significant evidence of effect
modification by sex although the magnitudes of the associations for PFOA and PFNA were
larger in females (Table S3).

We evaluated potential non-linearity using smoothing plots (Figure 1). For PFOA, the dose-
response shape was monotonic and positive until the median (2 ng/mL, log,-transformed
value=1) and then leveled off. There was a clear linear positive association between PFNA
and composite z-score. PFHXS had a weak, positive association. Whereas, a non-monotonic,
inverted U-shape dose-response relationship was seen for PFOS: a positive association
between 1 ng/mL (log,-transformed value=0) and 8 ng/mL (log,-transformed value=3,
approximately the 40™ percentile) and then a decline through the end. This inverted U-shape
association seemed to result in an overall null association with the linearity assumption
reported in Table 2.

When analysis was restricted to participants without CKD (n=613) (Table 3), the positive
associations for PFOA and PFNA observed in the whole population diminished and were no
longer statistically significant, whereas PFOS was inversely and significantly associated with
composite z-score. Also, confounding effects of fish and seafood consumption seem to be
substantial. In fully adjusted models including fish and seafood consumption (Model 3),
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effect estimates of composite z-score were —0.055 (95% CI: —0.097, —0.012, ~£=0.01) for a
doubling increase in PFOS; 0.023 (95% CI: —-0.060, 0.11, £=0.59) for PFOA; 0.016 (95%
Cl: -0.025, 0.058, P=0.44) for PFNA; and -0.005 (95% CI: -0.055, 0.046, P=0.85) for
PFHxS. Smoothing plots confirm the inverse association for PFOS and weak associations
for other compounds (Figure 2). A test for effect modification by CKD status using the
model including an interaction between perfluoroalkyls and CKD revealed that the
difference in effects for PFOS between participants with and without CKD was statistically
significant (P for interaction=0.02) (Table S4).

DISCUSSION

Although biological plausibility of the association between PFAS and cognitive decline has
been postulated, findings from previous epidemiologic studies were not supportive and even
contradictory suggesting neuroprotective effects of PFAS. The present study explored if
alternative approaches could explain such findings: 1) use of more valid outcome
measurements; 2) accounting for residual confounding; 3) NMDRs; and 4) restriction to
participants without CKD. We did not find much differences with the well-validated
cognitive function test tools, the CERAD (Consortium to Establish a Registry for Alzheimer
Disease) cognition test batteries. Confounding by fish and seafood consumption seems to be
critical and should not be dismissed. The present study also revealed potential NMDR
relationships, especially an inverted U-shape for PFOS, suggesting that neurotoxicity of
PFAS may depend on dose or other susceptibility factors may play a role. Reduced kidney
function/CKD could be one such factor.

The implication of kidney function and kidney failure for human studies of PFAS and
disease states has been recently discussed by Jain and Ducatman (2019). They compared
serum concentrations of perfluoroalkyls across the stages of glomerular function and found
inverted U-shaped distributions, i.e., perfluoroalkyl concentrations increased through the
stage-3A (eGFR =45 mL/min/1.73 m2) but decreased in the stage 3B and 4 combined (eGFR
15-44 mL/min/1.73 m2) (Jain and Ducatman, 2019). The inverted U-shaped association
between serum perfluoroalkyl concentrations and eGFR stages could be attributed to altered
balance of reabsorption and secretion in progressive kidney disease compared to healthy
kidney. Therefore, kidney function should be taken into account in epidemiologic studies
where PFAS are assessed in blood and the health outcomes of interest are associated with
reduced kidney function and CKD (Jain and Ducatman, 2019). The present study supports
this notion and suggests that epidemiologic results of the association between serum PFAS
concentrations and cognitive decline in older adults may mislead true causal associations
unless reduced kidney functions are not considered. In our case, CKD seems to be an effect
modifier rather than a confounder. True causal associations between PFAS exposure and
cognitive decline may be observed only if the analysis is restricted to individuals with
normal kidney functions.

Other important factors that may complicate evaluation of PFAS health effects in human
populations are menstruation, parturition, breastfeeding, and other characteristics that
influence the levels of PFAS elimination, especially among women of reproductive age
(Ding et al., 2020; Park et al., 2019; Taylor et al., 2014; Wong et al., 2014). Menstrual
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bleeding, menopause, parity, and breastfeeding have been associated with lower blood PFAS
concentrations (Ding et al., 2020; Park et al., 2019; Taylor et al., 2014; Wong et al., 2014). A
study of the association between serum perfluoroalkyl concentrations and ovarian hormone
concentrations in naturally cycling women reported a significant inverse association between
PFOS and estradiol only among nulliparous women, but not parous women (Barrett et al.,
2015). The authors proposed to examine nulliparous women for evaluating the effects of
PFAS on ovarian function because nulliparous women can serve as a “cleaner” population
for the possible ovarian toxicity of PFAS (Barrett et al., 2015). The present study did not
further exclude female participants due to menopausal status, parity, or history of
breastfeeding because eligible participants were aged 60 years and older and therefore their
serum perfluoroalkyl concentrations may not be influenced by the aforementioned
reproductive characteristics due to the reaccumulation of perfluoroalkyls. In fact, we did not
see different perfluoroalkyl concentrations in relation to time since menopause or the
number of live births in the included female participants (data not shown). Altogether,
factors that are involved in the PFAS elimination pathways should be taken into account in
PFAS epidemiologic studies in which PFAS exposure is determined in blood specimens;
stratification and restriction can provide a clear picture of plausible causal associations
instead of adjustment as a confounder; and which factors should be considered depend on
the life stages of the population and clinical outcomes of interest.

Differential associations by CKD may not be the only reason for the observed potential
NMDRs, especially for PFOS, in the present study. NMDR curves are defined as “a
nonlinear relationship between dose and effect where the slope of the curve changes sign
somewhere within the range of doses examined” (Vandenberg et al., 2012). This is a
common feature of endocrine disrupting chemicals like PFAS. A few experimental and
epidemiological studies have reported non-linear relationships with PFAS exposure (Bodin
et al. 2016; Ding and Park 2020; Hu et al. 2014; Lauritzen et al. 2018; Melzer et al. 2010).
Liao et al. (2009a) evaluated neurotoxicity of PFOS using cultured rat hippocampal neurons
and observed that glutamate-activated currents were elevated in a low dose of PFOS (1 uM)
but suppressed in high doses (10 and 100 uM), suggesting an inverted U-shape (Liao et al.
2009a). A similar NMDR shape was observed in the association between prenatal exposure
to PFAS as maternal serum concentrations and BMI z-score and other adiposity measures in
children (Braun et al. 2016; Lauritzen et al. 2018). On the other hand, other studies reported
non-monotonic J-shaped curves, suggesting a threshold effect such that adverse effects start
if exposure levels (doses) are greater than a certain threshold level. Hu et al. reported non-
monotonic J-shaped curves in the associations of perfluoroalkyl acids individually and as
mixtures with cellular viability of a human liver cell line (Hu et al., 2014). A recent study
using NHANES data showed NMDR relationships with thresholds between PFNA and
PFDA and hearing impairment, suggesting that ototoxicity of long chain perfluoroalkyl
acids may be manifested when exposure exceeds certain levels (Ding and Park, 2020).

Several potential mechanisms have been proposed to demonstrate NMDRs including
cytotoxicity, cell- and tissue-specific receptors and cofactors, receptor selectivity, receptor
down-regulation and desensitization, receptor competition, and endocrine negative feedback
loops (Vandenberg et al., 2012). The nervous system appears to be one of the most sensitive
targets of PFAS toxicity. Previous reviews of mechanistic studies have raised concerns that
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PFAS are neurotoxic chemicals (Mariussen, 2012; Wang et al., 2019). Activation of PPARa
or PPARy that plays a role in lipid homeostasis, inflammation, and peroxisome
proliferation, is a putative underlying mechanism demonstrating protective neurologic
effects of PFAS (Ren et al., 2009; Takacs and Abbott, 2007; Wolf et al., 2008). PFAS may
also disrupt the thyroid system, calcium homeostasis and its related signal pathway,
synaptogenesis and synaptic plasticity, neurotransmitters as well as neural cell proliferation
and differentiation (Mariussen, 2012; Wang et al., 2019). Some of these effects of PFAS are
independent of PPAR activation. Thyroid hormones play key roles in the central nervous
system that can manifest as changes in cognitive function (Bavarsad et al., 2019). Low
thyroxine (T4) levels were associated with cognitive decline in euthyroid older women
(\Volpato et al., 2002). It is of interest that the thyroid system seems particularly vulnerable to
disruption by PFAS in humans (Bloom et al. 2010; Ji et al. 2012; Lewis et al. 2015; Melzer
et al. 2010; Knox et al. 2011; Shrestha et al. 2015; Wang et al. 2014). PFOA and PFOS have
been associated with dysregulation of Ca2* homeostasis (the most important universal
second messenger of cells) in hippocampal neurons, which in turn results in extracellular
influx and release of intracellular calcium store and hence excitotoxicity and neuronal loss
(Mariussen, 2012; Wang et al., 2019). Whether these different mechanisms turn on and off
depending on different doses of PFAS found in the human population and hence leading to
non-monotonic responses in neuronal cells remain uncertain.

The present study shows an adverse cognitive effect only with PFOS, but not with PFOA,
PFNA, and PFHXS. This raises a question, does neurotoxicity of PFAS depend on the
functional group, carboxylate vs. sulfonate, and/or the carbon chain lengths? Liao et al.
(2009b) tested differential neurotoxicity (e.g., synaptic transmission, calcium current, and
neurite growth) of PFAS with varying chain lengths and the functional group on cultured rat
hippocampal neurons and observed that larger adverse effects were exhibited in PFAS with
longer chain lengths and the sulfonate functional group (PFOS over PFOA), which is in line
with our findings (Liao et al. 2009b) Another study using cultured rat cerebellar granule
neurons also confirmed that the cytotoxicity of these neurons increases with increasing
carbon chain lengths and the sulfonate functional group leads to a greater toxicity than the
carboxylate group if the chain length is the same (Berntsen et al., 2017). It should be noted
that the doses used in these experimental studies are at the range of or higher than serum
concentrations found in occupationally exposed workers. Also, serum concentrations of
PFOS (geometric mean=8.38 ng/mL) in the present study were 3-8 times higher than those
of PFOA (2.62 ng/mL), PFHxS (1.84 ng/mL) and PFNA (0.95 ng/mL) (Table 1). Therefore,
the observed differences in the present study may not necessarily reflect differential
responses to chain lengths or functional groups but dose-dependent non-monotonic
responses.

The present study also suggests that potential confounding by fish and shellfish consumption
could be more than negligible. This phenomenon was more substantial when the analysis
was restricted to participants without CKD. For example, the effect estimates changed from
-0.037 (95% CI, —0.081, 0.0006; ~=0.09) to —0.055 (95% CI, -0.097, —0.012; P=0.01) of
the composite z-score for PFOS among participants without CKD (Table 2), approximately a
50% change in the magnitude and a change in statistical significance at a=0.05. Negative
confounding by fish consumption or omega-3 fatty acids is well understood in
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epidemiologic research on environmental toxicants (Choi et al., 2008). Neurotoxicity and
cardiovascular toxicity of methylmercury could be masked if potential negative confounding
by beneficial nutrients, omega-3 fatty acids, that share the common sources of exposure with
methylmercury, fish consumption (Choi et al., 2009, 2008; Guallar et al., 2002). Fish
consumption is a major dietary source of PFAS exposure (Christensen et al., 2017; Fromme
et al., 2009; Jain, 2014), whereas it is an important source of beneficial nutrients including
omega-3 fatty acids against cognitive decline (Kokubun et al., 2020; Zhang et al., 2015). Our
findings add to the current literature that negative confounding by fish consumption in the
evaluation of neurotoxicants should not be ignored to make unconfounded causal inference.

Our study still has numerous limitations. This study was conducted using NHANES data
which is an important strength in terms of generalizability of the findings, but its cross-
sectional nature raises an issue of validity of causal inference including reverse causation
(Dhingra et al., 2017). Restriction to participants without CKD could be an analytic
approach to addressing such a limitation. Epidemiologic studies of PFAS and longitudinal
trajectories of cognitive function are urgently needed to address this issue and replicate our
findings.

In conclusion, our study suggests that the previous epidemiologic findings of a ‘protective’
association between PFAS and cognition may be explained by CKD, NMDRs and
confounding by fish consumption. Taken all these into account, exposure to PFOS at the
current population exposure level in the US may be an unrecognized risk factor for cognitive
decline in older adults with normal kidney function. The present study suggests important
implications for designing and analyzing epidemiologic studies of PFAS and neurological
outcomes. Epidemiologists should consider data collection/measurements on factors
influencing serum concentrations through the PFAS elimination pathways. For age-related
outcomes such as cognitive decline, kidney function measures and CKD are a critical factor.
Dose-response studies beyond linearity should be part of data analysis. It is important to
include a wide range of PFAS exposures during the design stage which can allow us to
distinguish between biologically relevant NMDRs vs. sampling issues. Finally, negative
confounding by fish consumption should be included to make a proper causal inference.
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. We examined the association of perfluoroalkyls with cognitive functions

. Non-monotonic dose-responses were observed

. Perfluorooctane sulfonate (PFOS) had a U-shape dose-response

. Substantial negative confounding effects of fish/seafood consumption were
observed

. PFOS may be a risk factor for cognitive decline in older adults with normal

kidney function
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Smoothing plots of the association between serum perfluoroalkyl concentrations
(transformed with log base 2) and global cognition (composite z-score). All models were
adjusted for age, sex, race/ethnicity, education, poverty-income ratio, health insurance, food
security, smoking status, alcohol consumption, total recreational activity, NHANES cycles,
smoking pack-years, serum cotinine (log-transformed), fish and shellfish consumption, and
chronic kidney disease status. Perfluoroalkyl variables were fit using penalized splines in
generalized additive models. The regression models were weighted with the sampling

weights to account for the NHANES sampling design.
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Figure 2.
Smoothing plots of the association between serum perfluoroalkyl concentrations

(transformed with log base 2) and global cognition (composite z-score) in participants
without chronic kidney disease. All models were adjusted for age, sex, race/ethnicity,
education, poverty-income ratio, health insurance, food security, smoking status, alcohol
consumption, total recreational activity, NHANES cycles, smoking pack-years, serum
cotinine (log-transformed), fish and shellfish consumption. Perfluoroalkyl variables were fit
using penalized splines in generalized additive models. The regression models were
weighted with the sampling weights to account for the NHANES sampling design.
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Survey-weighted characteristics of study participants aged 60 years 674 and older (n=903).

Table 1.

Characteristic

Unweighted N

Weighted mean (95% CI) or %

Perfluorooctane sulfonate (PFOS), ng/mL 903 8.38 *(7.69-9.13)
Perfluorooctanoate (PFOA), ng/mL 903 2.62 *(2.45-2.80)
Perfluorohexane sulfonate (PFHxS), ng/mL 903 1.84 *(1.68-2.02)
Perfluorononanoate (PFNA), ng/mL 903 0.95 *(0.87-1.03)
Global cognition (composite z-score) 903 0.27 (0.18, 0.36)
Age, years 903 69.4 (68.8, 70.0)
Body mass index, kg/m? 891 28.8 (28.2, 29.3)
Physical activity, metabolic equivalent score 902 10.1 (7.59, 12.7)
Serum cotinine, ng/mL 903 0.077 *(0,052, 0.11)
Sex
Male 443 45.8%
Female 460 54.2%
Race/ethnicity
Non-Hispanic white 432 80.7%
Non-Hispanic black 218 8.0%
Mexican American 77 3.1%
Other Hispanics 94 3.7%
Non-Hispanic Asian 73 3.2%
Others 9 1.3%
Education 902
<High school 247 18.1%
High school or equivalent 212 22.6%
Some college 246 32.1%
College graduate 197 27.2%
Poverty-income ratio 813
<1 134 8.7%
1-1.25 86 7.3%
1.25-<2 144 14.7%
2-<4 224 31.7%
24 225 37.6%
Health insurance 902
None or single service plan 77 5.0%
Government insurance 345 29.2%
Private insurance 208 26.9%
Multiple insurance 272 38.9%
Food security 898
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Characteristic

Unweighted N

Weighted mean (95% CI) or %

Not fully secured 174 11.3%

Fully secured 724 88.7%
Smoking status 902

Never smoker 428 48.1%

Former smoker 356 41.3%

Current smoker 118 10.6%
Alcohol consumption 716

Never 274 31.3%

<1 drink per day 359 55.9%

>1 drink per day 83 12.8%
NHANES cycles 903

2011-2012 392 45.0%

2013-2014 511 54.9%
Smoking intensity 878

Never smoker 428 49.1%

<20 pack-years 268 27.5%

>20 pack-years 182 23.4%
Fish consumption 828

Never 174 18.9%

1-<4 times in the past 30 days 332 38.8%

>4 times in the past 30 days 322 42.3%
Shellfish consumption 830

Never 434 48.9%

1-<4 times in the past 30 days 276 35.5%

>4 times in the past 30 days 120 15.6%
Chronic kidney disease 903

No 613 72.2%

Yes 290 27.8%

*
Geometric mean.
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Table 2.

Pooled effect estimates (Bs) “and 95% Confidence Intervals (Cls) of composite z-score for global cognitionf
per doubling increase in serum perfluoroalkyl concentrations among 903 adults 60 years and older.

B(95% CI) P value

PFOS

Model 14 | —0.001 (-0.040, 0.038) 0.97

Model 20 | -0.001 (-0.040,0.038) | 0.96

Model 3¢ | —0.009 (-0.049, 0.031) 0.66

Model 47 | —0.009 (-0.048,0.030) | 0.64

PFOA
Model 12 |  0.067 (0.009, 0.12) 0.02
Model 22 | 0.065 (0.008, 0.12) 0.02
Model 3¢ 0.059 (0.001, 0.12) 0.05
Model 22 | 0.059 (0.003, 0.12) 0.04
PFHxS

Model 12 | 0.026 (-0.013,0.064) | 0.20

Model 22 | 0.026 (-0.012,0.064) | 0.8

Model 3¢ | 0.021(-0017,0.059) | 028

Model 47 | 0.021(-0.016,0.058) | 027

PENA

Model 12 | 0.065 (0.023,0.11) 0.002

Model 22 | 0.066 (0.026, 0.11) 0.001

Model 3¢ | 0.057 (0.014, 0.10) 0.01

Model 47 | 0.057 (0.015, 0.10) 0.008

PFOS, perfluorooctane sulfonate; PFOA, perfluorooctanoate; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate.

a . . . . . . . .
Model 1 was adjusted for age, sex, race/ethnicity, education, poverty-income ratio, health insurance, food security, smoking status, alcohol
consumption, total recreational activity, and NHANES cycles. Complex survey designs were taken into account in the analyses

bModeI 2: Model 1 + smoking pack-years, serum cotinine (log-transformed)

cModeI 3: Model 2 + fish and shellfish consumption

dModeI 4: Model 3 + CKD status.

*
Estimates were pooled with 20 imputed data.

fGIobaI cognition was created by the average of the standardized z-scores of the four cognitive tests (CERAD Word List Learning Test, CERAD
Word List Recall Test, Animal Fluency Test and Digit Symbol Substitution Test).
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Table 3.

Page 22

Pooled effect estimates (Bs) “and 95% Confidence Intervals (Cls) of composite z-score for global cognitionf

per doubling increase in serum perfluoroalkyl concentrations among 613 adults without chronic kidney

disease.
B(95% ClI) P value
PFOS
Model 17 | —0.036 (-0.079, 0.007) 0.10
Model 20 | 0037 (-0.081,0.006) | 0.09
Model 3¢ | —0.055 (-0.097, -0.012) | 0.01
PFOA
Model 14 |  0.043 (-0.039, 0.13) 0.30
Model 20 | 0.037 (-0.047,0.12) 0.39
Model 3¢ |  0.023 (-0.060, 0.11) 0.59
PFHXS
Model 14 | 0.007 (-0.047, 0.060) 0.81
Model 22 | 0.004 (-0.048, 0.055) 0.89
Model 3¢ | —0.005 (-0.055, 0.046) 0.85
PFNA
Model 12 | 0.037 (-0.009, 0.084) 0.12
Model 22 | 0.036 (-0.010, 0.082) 0.13
Model 3¢ | 0.016 (-0.025, 0.058) 0.44

PFOS, perfluorooctane sulfonale; PFOA, perfluorooctanoate; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate.

a . - . . . . . .
Model 1 was adjusted for age, sex, race/ethnicity, education, poverty-income ratio, health insurance, food security, smoking status, alcohol
consumption, total recreational activity, and NHANES cycles. Complex survey designs were taken into account in the analyses

b

Model 2: Model 1 + smoking pack-years, serum cotinine (log-transformed)

“Model 3: Model 2 + fish and shellfish consumption.

*
Estimates were pooled with 20 imputed data.

fGIobaI cognition was created by the average of the standardized z-scores of the four cognitive tests (CERAD Word List Learning Test, CERAD

Word List Recall Test, Animal Fluency Test and Digit Symbol Substitution Test).
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