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Abstract

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous persistent organic pol-

lutants. The neurotoxic and cardiometabolic effects of PFAS are well documented,

leading to the hypothesis that exposure increases dementia risk. However, empiri-

cal data on PFAS in relation to cognitive impairment and dementia are weak, limited,

and inconsistent. This report reviews the literature on PFAS and cognitive impairment

and provides a rationale and overview of the PFAS VascCog Longitudinal Study, a new

study using the population-based NorthernManhattan Study cohort, to prospectively

examine serum concentrations of 13 PFAS in relation to lipids, carotid atherosclerosis,

cognitive impairment, and dementia. We hypothesize that PFAS deleteriously impact

cognition through a pathway involving hyperlipidemia and atherosclerosis. Rigorous

examination of PFASexposure in relation to dementia is needed to informpublic health

policies on PFAS-containing products, support regulations to reduce community expo-

sure, and provide new avenues to protect cognitive health and impact dementia at the

individual and community levels.
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Highlights

∙ PFAS exposure increases cardiometabolic risk factors and neurotoxicity.

∙ Data on PFAS in relation to cognitive health is limited, weak, and controversial.

∙ Wehypothesize that PFAS exposure increases dementia risk.

∙ We hypothesize a mechanistic pathway involving hyperlipidemia and atherosclero-

sis.

∙ Rigorous study of PFAS exposure and dementia risk can inform public health policy.

1 BACKGROUND

Lifestyle intervention strategies to prevent or delay cognitive decline

have mainly focused on modifying cardiometabolic risk factors, which
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have demonstrated modest success, underscoring the need to identify

more modifiable targets.1 Examining causal environmental toxicants

offers an opportunity to study a class of contaminants that have been

linked to a host of negative health outcomes, which include cognition,
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and offers an opportunity to inform effective interventions at the indi-

vidual and community level.2 Specifically, persistent organic pollutants

(POPs) represent modifiable environmental toxicants, characterized

by stability and persistence in the environment, bioaccumulation in liv-

ing organisms, and expansive distribution.3 A rapidly growing body of

literature has shown that POPs exert broad adverse health impacts,

including disrupted cardiometabolic function, delayed or abnormal

neurodevelopment, and diminished childhood cognition.4–6 Per- and

polyfluoroalkyl substances (PFAS) are a class of artificial POPs, char-

acterized by a backbone of a chain of carbon atoms bonded to fluorine

atoms, sometimes with a functional group at the end of the carbon

chain. The exceptional stability of PFAS is attributed to the strength of

the carbon–fluorine bonds andmakes PFAS resistant to heat, chemical,

and biological degradation. It is for this reason that PFAS have become

commonly referred to as forever chemicals, referring to their remark-

able resistance to degradation in the environment. PFAS vary by the

length of their carbon backbone, and non-polymeric PFAS have been

commonly divided into categories based on chain length. Long-chain

PFAS (e.g., perfluorooctane sulfonate [PFOS] and perfluorooctanoic

acid [PFOA]) include perfluoroalkyl sulfonic acids with six or more

carbon atoms and perfluoroalkyl carboxylic acids with seven or more

carbon atoms, and are often referred to as legacy compounds. Short-

chain PFAS (e.g., GenX) were largely developed as alternatives due to

rising concerns about the environmental health impacts of the long-

chain PFAS, although both are highly persistent in the environment.

The goal of this manuscript is to review the current state of research

exploring the potential deleterious impacts of PFAS exposure on cog-

nitive health, a pressing environmental issue that has not received

sufficient attention, and introduce a newly funded study that will

address this looming health threat.

1.1 PFAS: Environmental sources

PFAS were developed over 70 years ago and added to commercial

products to make them stain, water, and grease/oil resistant. PFAS

were intentionally added to a wide range of consumer products,

including furniture, cookware, home décor, carpet, clothing, outdoor

gear, personal care products, dental floss, contact lenses, medical

devices, car interiors, stains/sealants, luggage, baby gear, sanitary

products, cleaning products, pesticides, artificial turf, and food pack-

aging/wrappers. PFAS are also intentionally added to certain types of

firefighting foam (aqueous film-forming foam) commonly used to treat

fires at military sites, airports, chemical plants, and other locations,

resulting in widespread ground contamination near those sites. The

persistent nature of PFAS, which are resistant to degradation, widely

used in consumer products and firefighting foams, commonly produced

and used, and discharged at industrial sites, has therefore resulted in

significant pervasive PFAS contamination in soil, water, air, and food.

PFAS can enter the environment through manufacturing, use, emis-

sions, spills, and disposal, which then lead to contamination of soil,

water, air, and uptake by plants, followed by consumption by animals

and humans.7 Soil contamination is particularly high around waste dis-

posal sites, manufacturing facilities, military facilities, and airports. A

recent study by the US Geological Survey NationalWater Quality Pro-

gram predicted PFAS occurrence prior to treatment in groundwater at

the depths of drinking-water supplies across the conterminous United

States. Theirmodel estimates that 71 to 95million people in theUnited

States use drinking water derived from groundwater with detectable

concentrations of PFAS, corresponding to approximately 20% of the

US population.8 The concentrations of PFAS in groundwater and drink-

ing water vary widely across the country. However, it is important to

note that bottled water is also frequently and similarly contaminated

with PFAS. Dietary sources of PFAS aremany and varied, with seafood,

animal products, andparticularly processed foods contributing toPFAS

exposure.9,10

1.2 PFAS: Human exposure

Humans are exposed to PFAS through ingestion (e.g., through food,

water, cookware coating, dental floss, dust, microplastics), inhalation,

and dermal contact (e.g., personal care products, makeup, clothing,

carpet, furniture, cars, artificial turf). PFAS are both hydrophilic and

hydrophobic and, unlike some POPs, do not accumulate in adipose tis-

sue, but instead bind to proteins and accumulate in other organs.11

Following exposure, PFAS are distributed throughout the body, accu-

mulating in the liver, brain, kidneys, blood, bones, and lungs. The liver

is the organ with the most substantial burden of PFAS accumulation,

but there is also experimental evidence for high levels of accumula-

tion in the brain and, in particular, the brainstem, thalamus, cerebellum,

and hypothalamus.7 PFAS are not readily metabolized, with excre-

tion through urine occurring at a very slow rate, and bioaccumulate

and persist in human bodies, with typical half-lives of several years,

but ranging from days to decades depending on the compound.11

Notably, long-chain PFAS have reduced renal clearance and longer

half-lives in the body, leading to greater concern about their health

impacts. PFAS molecular weight and chain length and the presence

of functional groups all play a role in the accumulation and excretion

rate.7

US National Health and Nutrition Examination Survey (NHANES)

data show that 100% of the US population has detectable levels of

some PFAS in serum.12 In fact, NHANES data show that detectable

levels of multiple PFAS are pervasive in human serum, regardless of

age, sex, race, and ethnicity. NHANES data have been used to evaluate

trends in five of the most common PFAS (PFOS, PFOA, PFHxS, per-

fluorodecanoic acid [PFDA], and perfluorononanoic acid [PFNA]) since

1999 to estimate the distribution in the general population.13 The two

PFASwith the highest serumconcentrations are the legacy compounds

PFOA and PFOS, but they are also the two whose concentrations

have markedly declined over time. PFOS levels dramatically declined

between 1999 and 2013, as it was phased out of production and use in

the United States in 2002. PFOA levels declined later, starting around

2008, as US manufacturers eliminated PFOA emissions and product

content in 2015. These legacy PFAS have been primarily replaced with

alternative PFAS, which have remained largely detectable in human
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serum based on NHANES data from 1999 to 2018. In fact, since 2016,

serum concentrations of PFDA, PFOA, and PFHxS have increased in at

least one racial/ethnic group.13 NHANES data have also shown some

differences in PFAS concentrations across the population by age, sex,

race, and ethnicity. Overall, PFAS concentrations were higher in adults

compared to teenagers, and males compared to females.13 Race and

ethnic associations varied somewhat across specific PFAS and over

time, but PFOA and PFOS concentrations in recent years have tended

to be higher in Asian and non-HispanicWhite populations, followed by

non-Hispanic Black populations, compared to Hispanics.13 PFAS expo-

sure is a worldwide health threat, and data on exposure burden and

associated health effects have also come frommany regions outside of

the United States.14–16 Studies have shown both ubiquitous exposure

and geographic variability in PFAS burdenwithin theUnited States and

globally.15,17

1.3 PFAS: Health outcomes

The established health impacts of PFAS exposure are many. Increased

PFAS exposure is associated with an increased risk of various can-

cers (including kidney, testicular and prostate cancers), liver damage

(e.g., elevated liver enzymes and fatty liver disease), reproductive

effects (e.g., decreased fertility andpreeclampsia), immune systemdys-

function (e.g., reduced vaccine response and higher infection rates),

and developmental effects from in utero exposure (e.g., low birth-

weight, developmental delays, neurodevelopmental disorders, acceler-

ated puberty, behavioral problems).7,18 PFAS exposure has also been

hypothesized to increase the risk of dementia, but the evidence is

lacking.19,20

1.3.1 Neurotoxicty

The molecular mechanisms of toxicity support both direct and indi-

rect routes of PFAS neurotoxicity. PFAS are believed to cross and

impair the blood–brain barrier and accumulate in the brain, where

they can directly impact neuronal function, disrupting neurotransmit-

ters, neural cell proliferation and differentiation, calcium homeostasis

and signaling, synaptogenesis, and plasticity.7 The neurotoxic effects of

PFAS also involve neuroinflammation, oxidative stress, endocrine dis-

ruption (particularly thyroid effects), mitochondrial dysfunction, and,

notably, the activation of peroxisome proliferator-activated receptor-

alpha (PPARα).21 Neurotransmitter disruption has been shown partic-

ularly in relation to the dopamine and glutamate systems, with PFAS

exposure increasing glutamate levels in the hippocampus, increasing

catecholamine levels in the hypothalamus, and decreasing dopamine

levels throughout the brain.22 Disruption of the gut–brain axis has

also been hypothesized to play a role in the indirect neurotoxicity

of PFAS.7 In adult mice, PFOS exposure resulted in hippocampal cell

apoptosis, increase in glutamate in the hippocampus and decrease in

dopamine in the caudate putamen, and impaired spatial learning and

memory.23 In vitro data from mice have also shown that PFOS expo-

sure altered the protein levels of Alzheimer’s disease (AD)-related

biomarkers, including both amyloid and tau pathways.24

1.3.2 Cerebrovascular health

There is a compelling argument to be made for PFAS exerting a selec-

tive effect on vascular cognitive impairment. There is a growing body

of evidence showing that higher PFAS exposure is associated with vas-

cular health outcomes, including an increased risk of diabetes, insulin

resistance, hypertension, obesity, and hyperlipidemia, across various

study populations in many countries.14,16,25–33 These health effects

are noteworthy due to the broad impact of these vascular risk fac-

tors for both heart and brain health, including stroke, myocardial

infarction, vascular death, and dementia. The frequency of vascular

dementia has been estimated to include up to 85% of all dementia

patients, which underscores that the majority of AD patients have not

just a purely neurodegenerative form but also a substantial vascular

involvement.34 Vascular health risk factors, like hypertension, obe-

sity, diabetes, and hypercholesterolemia, are well established strong

modifiable predictors of dementia.35–38 The unweighted population

attributable fraction for dementia in relation to obesity has been esti-

mated to be 3.8%, hypertension 5.9%, diabetes 6.4%, and high LDL

cholesterol 18.7%, with relative risk estimates of 1.2 or higher.39

1.4 PFAS and dementia: epidemiological evidence

Growing evidence of the effects of PFAS on vascular risk factors, neu-

rotoxicity, and cognitive development collectively point to their poten-

tially important role in dementia.31–33„40–43 However, observational

epidemiological data on the relationship between PFAS and cogni-

tive health are limited, weak, and controversial. The lack of consensus

likely stems from significant interstudy methodological shortcomings

that prevent a meaningful interpretation of the existing data. Table

S1 provides a description of the existing studies on the relationship

between PFAS exposure and adult cognitive impairment in humans.

Four cross-sectional studies showed better cognition with increased

PFAS exposure,44–47 an outcome hypothesized to result from the pre-

sumably anti-inflammatory effects of PFAS. Two studies employed only

a single question as the primary outcome, in which participants self-

rated (yes/no) whether they had experienced memory problems.44,45

Only one study used a full neuropsychological battery, and only found

better performance on 3/31 subtest scores, and did not control for

multiple comparisons due to the small sample size.46 Only one cross-

sectional study of NHANES participants over age 60 looked at the

mixed effects of PFAS and reported a protective association with a

short cognitive battery, driven by PFOA.47 Other important shortcom-

ings that limit the interpretation and/or generalizability of the existing

data include homogeneous populations, no control for key confound-

ing variables including diet and kidney function, no consideration for

non-monotonic dose–response relationships, no prospective data, and

no analysis of composite PFAS burden. The unexpected findings from
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these methodologically limited studies are hard to reconcile with the

literature showing associations between increased PFAS exposure and

an increasedburdenof vascular risk factors that are strongpredictorsof

cognitive decline and dementia. Importantly, a recent analysis explored

alternative explanations for the positive associations between PFAS

and cognitive performance and examined four PFAS in relation to

average cognitive z-scores among 903 adults from NHANES.48 When

some of the aforementioned concerns – for example, excluding par-

ticipants with chronic kidney disease and adjusting for diet – were

addressed, PFOS exhibited a non-monotonic dose–response relation-

ship with worse composite cognition score, supporting the hypothesis

that PFAS increase the risk of late-life cognitive decline. This study

demonstrates the importance of employingmethodological rigor.

An innovative analysis usingdata fromtheFrenchThree-City cohort

underscored the importance of incorporating diet data when study-

ing the link between PFAS and dementia risk.49 This study estimated

the dietary intake of 167 contaminants, including PFAS, based on mul-

tiple diet behavior assessments and information about food chemical

content from the French second Total Diet Study, and found that

among cohort members with higher fat intake, increased PFAS con-

sumption (as well as five additional contaminants) was associated with

an increased risk of incident dementia during follow-up.

Data from Italy have also supported the hypothesis that PFAS expo-

suremay increase AD risk. Highermortality due to ADwas observed in

municipalities with known PFAS contamination of drinking water due

to the emissions of a manufacturing company in the Veneto Region

during 1980–2013, compared to uncontaminatedmunicipalities.50

Most recently, a pilot study in France measured 18 PFAS in the

cerebrospinal fluid (CSF) of eight hospitalized patients with suspected

normal pressure hydrocephaly. This study provided preliminary evi-

dence that PFAS, and PFOS specifically, was found in the CSF samples

from all patients, but the concentrations were higher in patients with

both AD biomarkers and cognitive impairment, compared to patients

with only one or neither.19 This novel finding suggests that central ner-

vous system PFAS burden may impact both the clinical and biological

hallmarks of AD and builds on emerging evidence that PFAS accumu-

late in CSF over time and associate with weakening of the blood–brain

barrier. Another recent study using cerebral organoids showed that

exposure to a mixture of three PFAS induced amyloid beta accumula-

tion and tau phosphorylation, indicative of AD neurotoxicity, as well as

lipid disturbances.20

1.5 Mechanistic pathways linking PFASs and
dementia

One mechanistic pathway through which PFAS may impact cognitive

impairment anddementia involves dyslipidemia and atherosclerosis, as

shown in Figure 1. Several studies have shown that higher PFAS expo-

sure, particularly PFOA and PFOS, is associated with elevated serum

lipid levels,51–57 though the results across studies and across specific

PFAS have not been entirely consistent,58,59 and data on many preva-

lent PFAS (e.g., PFDAandPFNA), aswell as non-traditional lipid param-

eters (e.g., high-density lipoprotein [HDL] subfractions, apolipopro-

teins) are lacking, underscoring the need for further research to better

understand the impacts of total PFAS burden on the full spectrum of

lipid metabolism.60–62 Prospective data on the relationship between

PFASexposure and lipidmarkers are also limited, but changes inplasma

PFAS over a decade have been positively associated with progression

of plasma lipids.31 The mechanisms through which PFAS impact lipid

metabolism are not well understood. They include the activation of

PPARα, disruption of the hepatocyte nuclear factor 4-alpha signaling

pathway, and influences on theexpressionof hepatic genes that control

lipid metabolism.21,63

Carotid atherosclerosis is considered a risk factor for cognitive

impairment and dementia,64 and PFAS exposure is hypothesized to

impact the development of atherosclerosis, with dyslipidemia likely

mediating these associations. One prospective cohort study showed

that changes in the plasma levels of several PFAS over 10 years were

associated with increased carotid intima-media thickness (IMT).65 In

a cross-sectional study, several PFAS were positively associated with

carotid atherosclerosis in women, but not in men.66 Higher serum con-

centrations of individual PFAS have been associated with increased

IMT in adolescents and young adults.67 There are limited data on the

relationship between PFAS and carotid plaque. One study showed an

association with an increased risk of carotid plaque in women, but not

in men.66 In addition, PFAS may be directly prothrombotic through

platelet adhesion and aggregation.33

Hypertension and diabetes may also mediate impacts of PFAS

exposure on both carotid atherosclerosis68 as well as cognitive

impairment.39 A meta-analysis of 14 studies with over 71,000 partic-

ipants showed that higher PFAS exposure, and particularly PFHxS and

PFDA, was associated with an increased risk of hypertension.69 A sys-

tematic review and meta-analysis including 22 studies concluded that

the association between PFAS and incident type 2 diabetes mellitus

was consistently significant in cohort studies, but not in case-control

and cross-sectional studies.70 In addition, though many studies have

demonstrated significant associations between PFAS exposure and

insulin resistance and glucose tolerance, the associations have also

been highly inconsistent across studies and havemainly focused on the

legacy PFAS (PFOA and PFOS).32 Proposed mechanisms contributing

to an effect of PFAS on hypertension have included thyroid hormone

disruption and oxidative stress resulting in impaired vasodilation.71,72

Similarly, thyroid hormone disruption, oxidative stress, altered lipid

metabolism, nuclear receptor interference including activation of per-

oxisome proliferator-activating receptors, disrupted pancreatic beta-

cell function, impaired insulin secretion and glucose homeostasis, and

adipogenesis are also believed to underlie deleterious impacts of PFAS

exposure on diabetes risk.73–76 PFAS exposure has also been associ-

ated with both obesity and weight gain, though the evidence remains

limited, and obesity has also been hypothesized to mediate the dele-

terious effects of PFAS on vascular health.33 For example, elevated

plasma PFAS concentrations were associated with greater weight gain

following initial diet-induced weight loss.77 PFAS have been associ-

ated with increased body weight, waist circumference, fat mass and

proportion, and rates of increase in thesemeasures over time.78
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F IGURE 1 Conceptual framework.

2 METHODS

2.1 PFAS VascCog longitudinal study

The public health burden of cognitive impairment and dementia is sub-

stantial. Among Americans aged 65 and older, the prevalence of AD is

estimated to be 6.2 million and is expected to more than double over

the next 40 years in the absence of significant scientific advancements

in dementia prevention.79 Further, mild cognitive impairment (MCI)

has been observed in 15% to 20% of individuals over age 65.80 Clearly,

the preservation of cognitive health in adulthood is of paramount

importance. The growing evidence of high-stakes health impacts of

PFASexposureunderscores theurgent need to investigate their poten-

tial role in cognitive decline and dementia. Given the significant public

health burden associated with dementia and its societal burden, it is

crucial to examine how cumulative PFAS exposure contributes to the

onset and progression of cognitive impairment, while accounting for

key confounding factors such as diet, kidney function, and other vas-

cular risk factors. To our knowledge, no prior studies have directly

examined PFAS exposure and dementia, creating a critical gap in our

understanding. The new PFAS VascCog Longitudinal Study, funded by

the National Institute on Aging, is uniquely positioned to address this

key knowledge gap and provide the basis for a thorough mechanis-

tic analysis of the relationship between composite PFAS burden over

time and incident dementia. Understanding this relationship is vital

for informing public health policies and regulations regarding PFAS

use, environmental remediation, and dementia prevention. Identifying

modifiable environmental toxic exposures represents an opportunity

to impact dementia at the individual and community levels.

2.2 Overview and goals

The PFAS VascCog Longitudinal Study is a prospective cohort study

whose overarching goal is to elucidate whether PFAS impact lipid

profiles and consequently atherosclerosis and dementia risk in the

Northern Manhattan Study (NOMAS). We will examine the causal

mechanistic pathway through which PFAS exposure may increase

dementia risk by increasing dyslipidemia and atherosclerosis. We will

also examine the effect of apolipoprotein ε4 (APOE4) on these asso-

ciations as APOE ε4 is a strong genetic risk factor for AD43 and also

associated with lipid metabolism and atherosclerosis.81 APOE ε4 has

been shown to modify vascular risk factors for dementia in previous

studies,82,83 underscoring the importance of examining its interactions



6 of 11 GARDENER ET AL.

with PFAS to understand its potential causal mechanisms to dementia.

One study also suggested that APOE ε4 might modify the association

between PFOS (a specific type of PFAS) and carotid atherosclerosis.67

Advancing the findings of previous studies, we will examine a com-

prehensive lipid profile, including HDL subfractions (HDL2 and HDL3),

Apolipoprotein B (ApoB), Apolipoprotein A-I (ApoA-I), and lipopro-

tein(a) (lp(a)). These non-traditional lipid parameters have strong and

distinct associations with carotid atherosclerosis phenotypes.84–86

This study will measure the serum concentrations of 13 distinct

ubiquitous PFAS from the stored NOMAS blood samples at two time

points, on average 6 years apart, and focus on a single measure

representing composite PFAS exposure burden at each time point

and the change in PFAS burden over time.87 The following 13 PFAS

will be measured: perfluorobutane sulfonate (PFBS), perfluorohexane

sulfonate (PFHxS), PFOS, perfluorodecane sulfonate, perfluorohex-

anoic acid, perfluoroheptanoic acid, PFOA, PFNA, PFDA, perfluo-

roundecanoic acid, perfluorododecanoic acid, n-methylperfluoro-1-

octanesulfonamidoacetic acid, and perfluorooctane sulfonamide. The

legacy PFASs remain significant exposure sources despite regulations

to restrict their production.60 Though thereare several thousandPFAS,

most epidemiological studies have focused on three to six PFAS in

relation to health outcomes. PFAS assessments at two time points,

approximately 6 years apart, can be considered to represent long-term

exposure due to the long half-lives (typically several years) of PFAS.58

Importantly, the PFAS VascCog Longitudinal Study will examine the

relationship between PFAS and dementia risk using fully adjudicated

cognitive and clinical outcomes.88Wewill also includeadjudicatedMCI

in secondary analyses, asMCI can progress to dementia. In one longitu-

dinal study ofMCI cases, 65%progressed to dementia during themean

follow-up of 3.1 years and 24% died.89

2.3 Study design

2.3.1 Conceptual framework

Figure 1 depicts the overall conceptual framework, including the

underlying causal mechanistic pathways and key variables influenc-

ing our hypothesized associations between PFAS with dementia and

cognitive impairment. Shown in orange is the specific causal mecha-

nism linking PFAS with dementia and cognitive impairment that will

be initially scrutinized in the PFAS VascCog Longitudinal Study. It is

important to note that the arrows included in Figure 1 are not a com-

plete depiction of the hypothesized causal relationships between these

variables, as many arrows have been intentionally excluded to improve

readability. For example, health behaviors, demographic variables, diet,

consumerproductusage, andkidney functionareunderstood to impact

vascular, metabolic, and cognitive health through pathways that are

independent of PFAS and can impact cognitive health independent

of lipid metabolism and atherosclerosis. Sociodemographic variables

may modify the associations between PFAS with lipid metabolism,

atherosclerosis, cognitive impairment, and dementia, whichwill also be

examined in the PFAS VascCog Longitudinal Study.

2.4 The PFAS VascCog study population

NOMAS is a large longitudinal population-based cohort study investi-

gating the incidence and risk factors for stroke, cognitive decline, and

dementia in an urban population.90,91 Northern Manhattan is a well-

defined andpredominantly low socioeconomic status area ofNewYork

City. From 1993 to 2001 participants were identified using random-

digit dialing with the following inclusion criteria: (a) never diagnosed

with a stroke, (b) at least 40 years old, and (c) resided inNorthernMan-

hattan for≥3months in a householdwith a telephone. The participants

had a baseline interview and assessments (enrollment response rate

was75%),with annual follow-up thereafter. Extensivehealthdatawere

collected at baseline using structured interviews with trained bilingual

research assistants in English or Spanish and physical examinations

with study physicians and included lifetime smoking and alcohol use,

physical activity, diet, medical history, medication use, blood pres-

sure, and anthropometrics, as previously described.88,91–95 The full,

complete NOMAS sample size is 3497.

Figure 2 shows the NOMAS timeline. Between 2003 and 2008,

a MRI subcohort was recruited during annual follow-up of NOMAS

participants age ≥50 years who were clinically stroke-free with no

contraindications to MRI (N = 1290, median age 70 at MRI; 60%

women, 15% non-Hispanic White, 17% non-Hispanic Black, 66% His-

panic, 2% other). Following an initial evaluation with a standardized

brainMRI and cognitive battery, this subcohort has been prospectively

followed with annual telephone contacts and up to three additional in-

person cognitive assessments and thorough adjudication of dementia

and MCI, and comprises the study population for the PFAS VascCog

Longitudinal Study.88,92,96 The NOMAS cohort is representative of an

aging, urban, lower socioeconomic status (half are onMedicaid or unin-

sured) community with low educational attainment at increased risk of

dementia.

2.5 Analytic strategy

PFAS concentrations from serum collected at NOMAS baseline, PFAS

concentrations from serum collected during follow-up (time of first

comprehensive neuropsychological assessment), and the change in

PFAS concentrations from baseline to follow-up will be examined as

predictors of incident dementia (alone and dementia + MCI) using

Cox proportional hazards models. A sequence of multivariable mod-

els will be constructed to adjust for confounding by sociodemographic

variables, health behaviors (diet, physical activity, sleep, alcohol con-

sumption, smoking), and kidney function. In addition to adjusting for

APOE4, it will also be considered as a potential effect modifier. Diet,

including fish, is one of many sources of PFAS exposure97 and also

associated with cognitive health.98 Fish consumption is associated

with increased PFAS exposure and fish consumption is also associ-

ated with a decreased risk of cognitive impairment and, therefore,

acts as a negative confounder, biasing associations between PFAS and

cognitive impairment toward the null when studies fail to account

for fish intake. Therefore, it is important to take dietary habits into
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F IGURE 2 NorthernManhattan Study timeline.

account when examining the health effects of PFAS. Though fish has

been shown to be a type of food highly contaminated with PFAS,

there are many dietary sources of PFAS, and therefore all major food

groups will be investigated. Kidney function is another important con-

founder to include as chronic kidney disease can increase PFAS serum

concentrations due to reduced excretion and has been associated

with cognitive impairment.99,100 Cognitive performance and decline

over time across cognitive domains (episodic memory, semantic mem-

ory, executive function, processing speed) will also be examined as

secondary outcomes.92

We are particularly interested in whether lipid profiles and

atherosclerosis mediate effects of PFAS on the risk of dementia and

MCI. This will be examined in the framework of natural-effects mod-

els, which express natural direct and indirect effects as a model for

the nested counterfactual. Causal mediation pathway analyses will be

used to fit models to identify potential mediation pathways linking

PFAS to lipid profiles and subsequently carotid atherosclerosis and

dementia/MCI. Independent mediation by additional vascular risk fac-

tors, including body mass index, waist circumference, hypertension,

and diabetes, will also be examined.

Temporality: As shown in Figure 2, serum PFAS concentrations will

be measured from stored samples collected at two time points, study

baseline and on average 6 years later at the time of the first neu-

ropsychological assessment, and lipids are measured at these same

two time points. Incident dementia cases identified after these time

points will be included, and prevalent cases will be excluded. There-

fore, PFAS analyses in relation to lipid profiles and atherosclerosis in

the PFAS VascCog Longitudinal Study will be both prospective and

cross-sectional, and PFAS analyses in relation to dementia will be

prospective.

3 DISCUSSION

The pervasive population-wide exposure to PFAS has emerged as

a public health priority over the past decade. The PFAS VascCog

Longitudinal Study in NOMAS aims to provide new knowledge on the

relationship between PFAS and risk of dementia andMCI in a high-risk

population, which is critical to support community-wide interventions

to reduce exposure to this class of POPs, particularly in vulnerable

adult populations. The findings can inform environmental health

policies and recommendations regarding the avoidance of PFAS-

containing products, support regulatory efforts to reduce community-

widePFASexposure, and identify communities at high risk of dementia.

PFAS exposure levels vary substantially across communities, andmany

highly exposed counties throughout the United States have already

been identified, with remediation efforts and health surveillance

needed.17 PFAS represent an environmental exposure category that

can be modified in multiple ways, as the exposure routes are many and

varied.60 For example, in recent years there has been considerable con-

troversy at the state and federal levels about the application of strin-

gent regulatory limits for PFAS levels in municipal water supplies. On

April 10, 2024, the EPA announced its final National Primary Drinking

Water Regulation for six PFAS as a major progressive step to combat

PFAS pollution.101 The EPA leveraged the latest science to comple-

ment state efforts with legally enforceable Maximum Contaminant

Levels (MCLs) for six individual PFAS known to contaminate US drink-

ing water, as well as a Hazard Level MCL for PFAS mixtures containing

at least two of four PFAS to reflect the increased risk of PFAS co-

exposures. Water is only one of manymajor sources of PFAS (e.g., food

packaging, textiles) that need strict regulations. States have recently

started to initiate regulations about PFAS in consumer products, and
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many states have startedprohibiting theuseofPFAS-based firefighting

foams.

While regulatory efforts can take many years, public health cam-

paigns can help people reduce PFAS exposures with lifestyle changes

as well. A causal association between PFAS exposure and cognitive

impairment and dementia could implicate many avenues for disease

modification and the potential prevention of significant morbidity. A

relationship between PFAS and cognitive health and dementia would

also help elucidate etiological mechanisms involved in the epidemiol-

ogy of cognitive impairment and dementia. Though the scrutiny on this

class of endocrine disrupting compounds is ongoing, we are still at the

beginning stage of elucidating the range and strength of PFAS effects,

particularly in populations at high risk of dementia.

The PFAS VascCog Longitudinal Study will support future studies

on the biological mechanisms through which PFASmay impact demen-

tia and cognitive health, as well as the potential effect modifying roles

of additional genetic factors, AD biomarkers, and structural and func-

tional imaging markers of small vessel disease and neurodegeneration.

Though the initial study focuses on vascular risk factors as poten-

tial mediators and will provide insight into how PFAS may impact

dementia risk, PFAS are also believed to exert neurotoxic and inflam-

matory effects and disrupt endocrine function,42,43 requiring future

exploration. In addition, future research is needed toexplore thepoten-

tial interaction of multiple genetic factors with PFAS, including DNA

methylation studies to examine PFAS in relation to epigenetic modifi-

cation in a multi-omics integrated approach to cognitive function and

dementia.

4 CONCLUSIONS

The growing body of literature showing neurotoxic and car-

diometabolic effects of PFAS exposure on a range of health outcomes

underscores the importance of examining the impact of PFAS on cogni-

tive impairment and dementia. To date, no rigorous prospective studies

have investigated this critical issue, creating a knowledge gap in our

understanding of a widespread environmental exposure that offers

opportunities for intervention. This report describes the new PFAS

VascCog Longitudinal Study, which will quantify the concentrations of

13 ubiquitous PFAS in archived serum samples from two time points

and the total PFAS exposure burden in a well-established population-

based longitudinal cohort to test the hypothesis that PFAS exposure

increases the risk of cognitive impairment and dementia through a

mechanistic pathway involving hyperlipidemia and atherosclerosis.

The PFAS VascCog Longitudinal Study seeks to provide impactful

mechanistic insight into the relationships between PFAS and dementia

that will ultimately inform public health policies regarding PFAS use,

remediation efforts to reduce community PFAS exposure, and demen-

tia risk reduction. PFAS exposure occurs in the context of the broad

chemical exposome that also includes polychlorinated biphenyls,

flame retardants, phthalates, bisphenols, pesticides, heavy metals,

organic solvents, particulate matter, and other toxic chemicals. The

impacts of the chemical exposome overall on cognitive impairment,

decline, and dementia risk, as well as the relative contributions of

these different classes of chemicals and how they interact with each

other and with genetics, remain largely unknown. Large multicohort

and interdisciplinary collaborative efforts to systematically study the

chemical exposomeover the life course as a driver of brain health are of

critical importance,2,3,102 as is the characterization of the independent

contributions of PFAS in the chemical exposome to dementia risk.
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