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Abstract

Background: Per- and polyfluoroalkyl substances (PFAS) are pollutants linked to adverse health 

effects. Diet is an important source of PFAS exposure, yet it is unknown how diet impacts 

longitudinal PFAS levels.
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Objective: To determine if dietary intake and food sources were associated with changes in blood 

PFAS concentrations among Hispanic young adults at risk of metabolic diseases.

Methods: Predominantly Hispanic young adults from the Children’s Health Study who 

underwent two visits (CHS; n = 123) and young adults from NHANES 2013–2018 who underwent 

one visit (n = 604) were included. Dietary data at baseline was collected using two 24-hour dietary 

recalls to measure individual foods and where foods were prepared/consumed (home/restaurant/

fast-food). PFAS were measured in blood at both visits in CHS and cross-sectionally in NHANES. 

In CHS, multiple linear regression assessed associations of baseline diet with longitudinal PFAS; 

in NHANES, linear regression was used.

Results: In CHS, all PFAS except PFDA decreased across visits (all p < 0.05). In CHS, A 

1-serving higher tea intake was associated with 24.8 %, 16.17 %, and 12.6 % higher PFHxS, 

PFHpS, and PFNA at follow-up, respectively (all p < 0.05). A 1-serving higher pork intake 

was associated with 13.4 % higher PFOA at follow-up (p < 0.05) Associations were similar in 

NHANES, including unsweetened tea, hot dogs, and processed meats. For food sources, in CHS 

each 200-gram increase in home-prepared food was associated with 0.90 % and 1.6 % lower PFOS 

at baseline and follow-up, respectively, and in NHANES was associated with 0.9 % lower PFDA 

(all p < 0.05).

Conclusion: Results suggest that beverage consumption habits and food preparation are 

associated with differences in PFAS levels in young adults. This highlights the importance of 

diet in determining PFAS exposure and the necessity of public monitoring of foods and beverages 

for PFAS contamination.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic organofluorine 

compounds that are widespread in the environment (Linet al., 2020). PFAS are often 

found in household products such as non-stick cookware, food packaging and water and 

stain repellents (Linet al., 2020). PFAS are composed of long hydrocarbon chains that 

are partially or fully fluorinated (Rothet al., 2020). This structure provides stability for 

PFAS molecules, leading to long half-lives and lengthy degradation processes. Given their 

abundant use in industrial practices and their high chemical stability, these pollutants persist 

in the environment for many years leading to an accumulation in humans, animals, fish and 

shellfish (Linet al., 2020; Rothet al., 2020; Wanget al., 2015). PFAS are detected in more 

than 98 % of the US population of individuals 12 years of age and older (Calafatet al., 

2007). PFAS have similar structures to fatty acids, giving these chemicals the potential to 

disrupt hormone systems related to energy production, lipid metabolism and inflammation 

(Decaraet al., 2020; Vanden Heuvelet al., 2006; Wolfet al., 2012). PFAS have been linked 

to many adverse health effects including increased risk of certain cancers such as liver 

cancer (Goodrichet al., 2022), high cholesterol (Roth and Petriello, 2022), disrupted glucose 

homeostasis (Goodrichet al., 2021), Type II Diabetes Mellitus and obesity ((ATSDR) 2022; 
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Cardenaset al., 2019; Qiet al., 2020), which are some of the leading causes of death 

in the United States ((CDC) 2023b). Importantly, developing healthy lifestyle behaviors 

during young adulthood reduces the risk of chronic diseases in later life (Liuet al., 2012). 

Therefore, identifying modifiable lifestyle factors that impact PFAS exposure in young 

adults is critical to reducing PFAS levels in the human population and to improving public 

health.

Diet accounts for a large portion of PFAS exposure in non-occupationally exposed 

populations(Linet al., 2020; Tittlemieret al., 2007). This may occur through contact 

with food packaging or non-stick cookware, in foods such as microwave popcorn and 

snack foods, or through consumption of seafood, meat, and animal products such as 

eggs and dairy that come from PFAS-exposed animals ((CDC) 2023b; Christensenet al., 

2017; Halldorssonet al., 2008; Lasterset al., 2022; Linet al., 2020; Menzelet al., 2021). 

However, most studies exploring diet as a source of PFAS have examined predominantly 

self-identified white adults or the general public. Further, many studies examining dietary 

sources of PFAS do not focus on young adult populations, yet young adults are in a 

distinct and important behavioral and developmental window (Tohiet al., 2022). While 

existing research provides dietary guidelines for adult populations of European ancestry 

or the general public, dietary habits vary across age groups ((USDA) 2023; Larsonet al., 

2016), geographic regions (Lackoet al., 2021; Vadivelooet al., 2019), and racial/ethnic 

groups in the United States (Di Noiaet al., 2016; TaoLiu and Nguyen, 2022; Zimmeret 

al., 2020). Further, PFAS exposures differ across these factors as well ((EPA) 2023; Parket 

al., 2019). Importantly, some minority groups experience higher disease burdens, as well as 

environmental exposures. In particular, Hispanic populations have higher risk of many non-

communicable diseases (Fernandez, 2021) and experience higher exposure to environmental 

toxins including PFAS (LiddieSchaider and Sunderland, 2023). To our knowledge, no 

studies have examined associations of dietary intake with longitudinal measures of PFAS 

exposure in predominantly Hispanic young adults.

More targeted research is required to provide guidelines to reduce PFAS exposure for 

specific groups at high risk of chronic diseases. This study aimed to determine if dietary 

intake or food source was associated with changes in PFAS concentrations in young adults 

using a Southern California longitudinal cohort of predominately Hispanic ethnicity. Further, 

we aimed to provide generalizability of results to other geographic regions using a young 

adult subset of participants from the National Health and Nutrition Examination Survey 

(NHANES).

2. Methods

2.1. Study populations

2.1.1. Southern California Children’s Health study (CHS)—Data were obtained 

from a subset of predominantly Hispanic young adults aged 17 to 22 from the Children’s 

Health Study (CHS), described previously (McConnellet al., 2015). Participants were 

included in the CHS baseline study between 2014 and 2018 if they (a) had overweight 

or obesity in early adolescence between 2011 and 2012, (b) were not using any medications 

known to influence body composition or insulin action/secretion, (c) and did not have a 
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diagnoses of any diseases or illnesses, including type 1 or type 2 diabetes (McConnellet 

al., 2015). Participants who completed the follow-up visit were included in the longitudinal 

analyses.

Of the 155 total participants recruited at baseline, 1 had missing dietary data and 31 had 

missing PFAS data. The total sample used for analysis at baseline had 124 participants with 

complete diet, PFAS and covariate data (Supplemental Fig. 1A). Eighty-eight participants 

completed the 4-year follow-up visit and had complete PFAS data at follow-up. Written 

informed consent was obtained from all participants and the study was approved by the 

Institutional Review Board at the University of Southern California.

2.1.2. National Health and Nutrition Examination survey (NHANES) 2013–
2018—To test the generalizability of associations between dietary intake and PFAS 

concentrations in young adults of predominately Hispanic ethnicity from the CHS cohort, 

data were obtained from young adults from NHANES, which is a nationally representative 

survey that assesses the health and nutritional status of the US population ((CDC) 2023a). 

This survey has been conducted continuously since 1999, and data are publicly released in 

2-year cycles. For the current study, data were obtained for three two-year cycles from 2013 

to 2018 to match the time period of the primary cohort. A key objective of the NHANES 

cycles during this time period was to increase precision for subgroup estimates (Chen 

TC;Johnson, 2014). Therefore, Hispanic individuals were oversampled during the 2013–

2018 cycles. We selected individuals between 17 and 22 years of age at the time of survey 

with complete PFAS and covariate data. A total of 604 participants were included from three 

cycles, 2013–2014, 2015–2016, and 2017–2018 (n = 225, n = 182, n = 197, respectively) 

(Supplemental Fig. 1B). Data were combined in the analysis across cycles using NHANES 

survey weights, which take into account sample methods used within each survey cycle 

((NCEH) 2023b). The total 604 individuals had complete PFAS data for Perfluorodecanoic 

acid (PFDA), Perfluorononanoic acid (PFNA) and Perfluorohexanesulphonic acid (PFHxS) 

(CDC, 2013; CDC, 2015; CDC, 2017). An additional two PFAS, Perfluorooctanesulfonic 

acid (PFOS) and Perfluorooctanoic acid (PFOA) were later quantified from surplus plasma 

samples and were available for a total of 577 individuals. Analyses for PFDA, PFNA 

and PFHxS were performed on the 604 individuals, while analyses for PFOS, PFOA and 

total summed PFAS were performed on the 577 individuals. Written informed consent was 

obtained from all participants, and for participants under 18 years of age, consent was given 

by parents or guardians. The NHANES study protocol was approved by the National Center 

of Health Statistics Research Ethics Review Board ((NCHS) 2022).

2.2. Dietary assessment

In CHS, dietary data were obtained from two 24-hour dietary recalls on non-consecutive 

days, one on a weekday and one on a weekend. Recalls were conducted by trained 

interviewers using the 2014 version of the Nutritional Data System for Research software 

(NDSR) ((NCC) 2023; Hoffmannet al., 2002). In NHANES, dietary data were also 

obtained from two 24-hour dietary recalls conducted 3–10 days apart (CDC, 2017; Dietary 

Interview, 2016; Dietary Interview, 2018; Dietary Interview, 2020).. The U.S. Department of 

Agriculture’s (USDA) Food and Nutrition Database for Dietary Studies (FNDDS) 2013–14 
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through 2017–18 was used for processing dietary data ((USDA), 2022). For both cohorts, 

recalls were averaged within each participant to create mean dietary variables for analysis 

and for participants with only one recall, values from the single recall were used. In CHS, 

11 % of participants had only one recall and in NHANES, 18 % had only one recall. 

The standard, validated 24-hour dietary recall instrument provides an open-ended response 

structure where participants are asked to recall everything they have consumed in the past 

24 h and trained researchers enter this information in the chosen nutrition research software 

((NIH) 2014).This provides participants the ability to be specific about their foods consumed 

including culturally specific foods that may not be included on a close-ended response 

survey.

In both cohorts, individual foods and beverages were analyzed as amount consumed per 

day. In CHS, individual foods and beverages were reported by participants and the NDSR 

software converted participants recall responses into U.S. Food and Drug Administration 

(FDA) servings of foods and beverages consumed per day. Individual foods and beverages 

were then examined as continuous exposure variables in FDA servings per day, based 

on the 2000 Dietary Guidelines for Americans and FDA serving sizes ((USDA) 2000). 

In NHANES, the FNDDS software produces foods in grams consumed per day. We 

converted these into 200 g servings per day for appropriate comparability between CHS 

and NHANES. Individual foods and beverages were thus analyzed as continuous exposure 

variables in 200 g servings per day. In both cohorts, foods and beverages were further 

categorized as being prepared at “Home”, at a “Fast-food restaurant” or at a “Non-fast-food 

restaurant,” and analyzed as 200 g servings consumed per day.

2.3. PFAS assessment

In CHS, plasma PFAS were measured from participant blood samples taken at 

the time of participants’ first dietary recall visit at baseline and at the follow-up 

visit (Table 2). PFAS were quantified using Liquid Chromatography-High Resolution 

Mass Spectrometry (LC-HRMS) and reference standardization (Goet al., 2015; Liuet 

al., 2020), as described previously (Goodrichet al., 2022). Six PFAS, including 

Perfluorodecanoic Acid (PFDA), Perfluorohexanesulponic Acid (PFHxS), Perfluorooctanoic 

Acid (PFOA), Perfluorononanoic Acid (PFNA), Perfluorooctanesulfonic Acid (PFOS) and 

Perfluoroheptanesulfonic Acid (PFHpS), had greater than 2/3 (67 %) of concentrations 

above the limits of detection (LOD) and were analyzed as continuous. The LODs were 0.01 

ng/dL (PFDA), 0.01 ng/dL (PFHxS), 0.01 ng/dL, 0.01 ng/dL (PFOA), 0.43 ng/dL (PFOS) 

and 0.05 ng/dL (PFHpS). Values below the LOD were imputed as the LOD/√2. This was 

only relevant for PFDA, as the other 5 PFAS had 100 % of samples meeting the limit of 

detection. Three additional PFAS were quantified but were detected in less than 67 % of 

study samples for at least one study visit, including Perfluoropentane sulfonic acid (PFPeS), 

Perfluoroheptanoic acid (PFHpA), Perfluorobutane sulfonate (PFBS) (shown in Table 2). 

For PFPeS, only 19 % of values were below LOD at baseline but more than 95 % were 

below LOD at follow up. Therefore, PFPeS was analyzed cross sectionally as a continuous 

variable at baseline only. For PFHpA and PFBS, more than 33 % of values were below LOD 

at baseline and more than 95 % were below LOD at follow up; therefore, these PFAS at 
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baseline were dichotomized as “>LOD” versus “<LOD” and analyzed as binary variables at 

baseline only.

In NHANES, serum PFAS were measured from participant blood samples at each 

study visit ((NCEH) 2013; 2016; (NCEH) 2017). Online-solid phase extraction coupled 

to High Performance Liquid Chromatography-Turbo Ion Spray ionization-tandem Mass 

Spectrometry (online SPE-HPLC-TIS-MS/MS) was used for quantitative detection of PFAS 

(KuklenyikNeedham and Calafat, 2005). For NHANES, five of the six PFAS in the primary 

study were available for the generalizability analysis (PFDA, PFNA, PFHxS, PFOS and 

PFOA). The LOD for all PFAS was 0.01 ng/dL and PFAS below the LOD were imputed 

as LOD/√2. All five PFAS in NHANES met quality control standards and were included in 

analyses. Total summed PFAS were calculated as the sum of all PFAS.

2.4. Covariates

In both cohorts, all participants completed questionnaires on sociodemographic information, 

including age (in years), sex (male, female), race/ethnicity (Hispanic, Non-Hispanic White, 

Other), and parental education (missing, less than high school diploma, high school grad, 

greater than high school diploma). In CHS, less than 2 % of participants, and in NHANES, 

less than 5 % of participants had missing education values and were included in primary 

analysis as missing.

2.5. Statistical analysis

In CHS, descriptive statistics were calculated for participant demographics and PFAS 

concentrations. Differences in PFAS concentrations from baseline to follow-up were tested 

using paired t-tests. Spearman correlation coefficients were calculated for all dietary 

variables. To examine associations between baseline diet (individual foods and food sources) 

and changes in PFAS concentrations for continuous PFAS variables across study visits, 

linear mixed-effect models with individual-level random intercepts were used (Diggle, 

2002). Each PFAS was modeled as a separate outcome and each outcome was modeled 

as function of each individual food item or food source, baseline age, sex, race/ethnicity, and 

parental education. For i = 1, …, N  individuals and j = 1, …, Ji  study visits, the following 

model was used:

Y ij = γ0 + γ1Dieti + γ2Visitij + γ3DietiVisitij + ωi + εij

where ωi N 0, σωi  is the random effect for each subject and εij N 0, σε  are the residuals. 

Effect estimates for each individual food were determined at both baseline and follow up 

using the γ2 parameter from the equation by changing the reference level of time. This 

model allowed for the inclusion of participants with only baseline or follow-up PFAS 

measurements, rather than only including participants with outcome measures at both 

timepoints, which would limit the sample size. Based on a directed acyclic graph, all models 

were adjusted for baseline age, sex, race/ethnicity, and parental education (as a proxy for 

socioeconomic status; Supplemental Fig. 2). PFAS concentrations were log-transformed to 

improve heteroskedasticity and aid in interpretation and comparison across different PFAS. 

Foods consumed by less than 10 % of participants were removed prior to analysis. PFPeS 
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was analyzed using the same framework at baseline with multiple linear regression, where 

PFPeS was modeled as a function of each individual food item or food source, adjusting for 

age, sex, race/ethnicity and parental education. To examine associations between diet and 

the additional two dichotomized PFAS, PFHpA and PFBS, the same framework was used at 

baseline with logistic regression, adjusting for covariates.

To assess generalizability of findings to members of the US population with similar 

demographics to CHS, we examined cross-sectional associations between diet and PFAS 

in NHANES. Spearman correlation coefficients were calculated for all dietary variables. To 

properly account for the complex survey design of NHANES data when pooling data across 

cycles, cycle-specific sample weights, strata, and primary sampling unit variables were used 

for NHANES analyses, as described elsewhere ((NCHS) 2023a). After pooling all cycles 

together, we used weighted linear regression as implemented in the survey package in R 

to properly analyze these data (Lumley, 2023). For individual foods that are commonly 

sourced from fast-food and other restaurants, further analyses were performed to determine 

if source of food may further explain any associations. The following food items were 

further examined: Pizza, Burritos, Tacos, Fajitas, Burgers, Frankfurters and Hot Dogs, 

French Fries, Home Fries and Hash Browns. These food items were categorized into the 

same three source categories as described previously.

For primary analyses of associations between individual foods and PFAS concentrations, 

associations passed significance if they had a p-value of less than 0.05. Secondarily, 

we calculated the effective number of tests (Meff) (Wen and Lu, 2011), using principal 

components analysis (PCA) to adjust for multiple comparisons. We performed PCA on all 

exposures and all outcomes in both cohorts independently and calculated the eigenvalues for 

each. We determined the effective number of tests using the Kaiser-Guttman rule (Goretzko 

and Buhner, 2022), summing all eigenvalues greater than 1 for the exposures, and for the 

outcomes. Finally, we summed the effective number of tests for the exposures and outcomes, 

the get the total effective number of tests Meff, in each cohort. The new significance 

threshold accounting for multiple comparisons is calculated as the p-value divided by Meff. 

Meff for CHS was 21 and for NHANES was 26. Associations passed the test for multiple 

comparisons if they had a p-value of less than 0.05/21 =0.0024 for CHS, and 0.05/26 = 

0.0019 for NHANES. All analyses were performed using R version 4.3.1 (2023–06–16) 

((CRAN) 2021).

2.6. Sensitivity analyses

Sensitivity analyses were performed excluding participants with missing education 

information in CHS and NHANES. Additional analyses were also performed including 

energy intake (kilocalories/day) as a covariate.

3. Results

3.1. Study population

In CHS, 123 young adults completed the baseline visit, with a mean age of 19.8 ± 1.2 

years. Fifty-eight percent were Hispanic, 54 % were male and a majority had parents with 
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more than a high school education (66 %) (Table 1). Eighty-eight young adults completed 

the follow-up visit, with a mean follow-up age of 24.0 ± 0.8 years. In NHANES, 604 

young adults were included in analyses, with a mean age of 19.1 ± 1.7 years. Thirty-one 

percent were Hispanic, 53 % were male and a majority had parents with less than a high 

school education (40 %) (Table 1). Geometric means of PFAS concentrations for CHS and 

NHANES are shown in Table 2. All PFAS except for PFDA significantly decreased from 

baseline to follow-up in CHS, while PFDA significantly increased (all p < 0.05; Table 2). All 

PFAS concentrations were comparable between the CHS baseline assessment and NHANES 

(Table 2).

3.2. Correlations of individual foods

In both cohorts, dietary intake of several foods and beverages were correlated, providing 

insights into how individual consumption patterns may influence overall exposure of PFAS. 

The strongest associations were observed with beverage consumption. In CHS, there were 

inverse correlations between soft drinks and tea (Spearman correlation coefficient, r = −0.22, 

p = 0.015) and soft drinks and tap water (Spearman r = −0.24, p = 0.007; Supplemental 

Fig. 3A and B). In NHANES, there were inverse correlations between soft drinks and 

unsweetened tea (Spearman r = −0.09, p = 0.025), soft drinks and bottled water (Spearman 

r = −0.12, p = 0.003) and soft drinks and tap water (Spearman r = −0.18, p < 0.0001; 

Supplemental Fig. 1C and D). We also saw inverse correlations between tea and bottled 

water (Spearman r = −0.19, p = 0.038) in CHS and unsweetened tea and bottled water 

(Spearman r = −0.10, p = 0.017) in NHANES. In both cohorts, tap water and bottled water 

were inversely correlated (CHS: Spearman r = −0.29, p = 0.001; NHANES: Spearman r = 

−0.38, p < 0.0001 in NHANES; Supplemental Fig. 3).

3.3. Individual foods & PFAS

In CHS, most associations between individual foods and PFAS at baseline were null; 

however, there were significant associations at follow up. From the linear mixed effects 

model, the only significant associations at baseline were with sweet condiments and tap 

water. A 1-serving higher intake of sweet condiments was associated with a 19.8 % [2.8 

%, 40.0 %]) higher PFDA concentration at baseline (Fig. 1A, Supplemental Table 1A). 

This effect was null at follow-up. Additionally, a 1-serving higher intake of tap water 

was associated with a 2.79 % [0.97 %, 4.58 %] lower PFOS, 3.18 % [0.048 %, 6.212 

%] lower PFHxS and 2.42 % [0.62 %,4.18 %] lower PFHpS concentration at baseline 

(Fig. 1A, Supplemental Table 1A). From the baseline linear regression model, a 1-serving 

higher intake of nut and seed butters was associated with a 35.59 % [1.10 %, 81.84 %] 

higher PFPeS concentration (Supplemental Fig. 4, Supplemental Table 5). From the baseline 

logistic regression model, a 1-serving higher intake of bread was associated with 1.41 

[1.04, 1.89] higher odds of detecting PFHpA. A 1-serving higher intake of soup broths 

was associated with a 7.30 [1.26, 42.42] higher odds of detecting PFHpA and 5.67 [1.24, 

25.84] higher odds of detecting PFBS (Supplemental Fig. 4, Supplemental Table 5). A 

1-serving higher intake of pickled foods was associated with a 0.10 [0.01, 0.92] lower odds 

of detecting PFHpA.
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Higher intakes of tea (combined sweetened and unsweetened), pork, sports drinks, nut and 

seed butters, snack chips and bottled water and lower intakes of whole fruit, fruit juice, 

pasta, fried potatoes, soft drinks, cooked grains, nuts and seeds, sugar and tap water at 

baseline were associated with higher concentrations of PFAS at follow up from the linear 

mixed-effects model (Fig. 1A, Supplemental Table 1B). The strongest positive associations 

were observed with tea and pork intake. A 1-serving higher intake of tea was associated with 

24.8 % [4.0 %, 50.0 %] higher PFHxS, 16.17 % [3.67 %, 30.19 %] higher PFHpS, and 12.6 

% [0.5 %, 26.1 %] higher PFNA. A 1-serving higher intake of pork was associated with 13.4 

% [3.5 %, 24.2 %] higher PFOA. The strongest negative associations were observed with 

sugar. A 1-serving higher sugar intake was associated with 18.9 % [12.6 %, 24.7 %] lower 

PFNA, and 13.9 % [2.4 %, 24.0 %] lower PFHxS.

We observed similar associations in NHANES (Fig. 1B, Supplemental Table 1D). Higher 

intake of hot dogs (combination of meat types) was associated with higher PFNA, and 

higher intake of processed meat was associated with higher PFOA. A 1-serving higher 

intake of hot dogs was associated with a 25.4 % [1.3 %, 55.3 %] higher PFNA concentration 

and a 1-serving higher intake of processed meat was associated with a 9.8 % [0.5 %, 20.1 %] 

higher PFOA concentration. Higher intake of unsweetened tea was associated with a higher 

PFOS concentration, where a 1-serving higher intake of unsweetened tea was associated 

with a 4.12 % [0.6 %, 7.8 %] higher PFOS concentration. Tap water and bottled water were 

not significantly associated with PFAS concentrations in NHANES.

3.4. Food sources & PFAS

In CHS, higher intake of food prepared at home was associated with lower PFOS 

concentrations at baseline and follow-up. A 200 g-serving higher intake of foods prepared at 

home was associated with a 0.9 % [0.001 %, 1.8 %] lower PFOS at baseline and 1.6 % [0.6 

%, 2.5 %] lower PFOS at follow-up (Fig. 2; Supplemental Table 2; Supplemental Table 6).

In NHANES, higher intakes of food prepared at home was also associated with lower 

PFDA concentrations, where a 200 g-serving higher intake of foods prepared at home was 

associated with a 0.9 % [0.1 %, 1.7 %] lower PFDA concentration (Supplemental Table 

2). In NHANES, burritos, fajitas, tacos, French fries, burgers, and pizza were inversely 

associated with PFAS (Fig. 1B; Supplemental Table 1D). After further categorizing of these 

foods based on their sources, burritos, fajitas, tacos, French fries and pizza were inversely 

associated with PFAS concentrations when prepared at home, while they were positively 

associated with PFAS when prepared at restaurants and fast-food restaurants (Supplemental 

Table 3). The strongest inverse association was seen between home-prepared burgers and 

PFDA, where a 200 g-serving increased consumption of burgers prepared at home was 

associated with a 22.2 % [2.9 %, 37.7 %] lower PFDA. The strongest positive associations 

were seen between fast-food prepared hot dogs and PFNA and PFHxS. A 200 g-serving 

increased consumption of hot dogs prepared at fast-food restaurants was associated with 

a 36.9 % [8.1 %, 73.5 %] higher PFNA and 63.4 % [3.9 %, 157.1 %] higher PFHxS 

(Supplemental Table 3).
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3.5. Sensitivity analyses

In sensitivity analyses excluding participants with missing parental education information, 

results were similar. Additionally, in analyses including energy as a covariate, results were 

unchanged in NHANES and very similar in CHS (Supplemental Table 4).

3.6. Discussion

To our knowledge, this is the first study examining associations of dietary intake with 

longitudinal PFAS concentrations. This study provides novel findings on dietary PFAS 

exposures in predominantly Hispanic young adults from longitudinal analyses using a 

replication cohort to strengthen the generalizability of findings. In independent cohorts, 

we found that higher intakes of tea and several meats were associated with higher circulating 

blood PFAS concentrations, while higher intake of food prepared at home was associated 

with lower circulation blood PFAS concentrations. These findings suggest that both specific 

foods and dietary sources can impact PFAS exposure in young US populations. Together, 

these findings may provide a basis for designing dietary interventions to decrease PFAS 

exposure in Hispanic young adults.

Our study fills an important research gap as one of the first longitudinal studies looking at 

dietary sources of PFAS in predominantly Hispanic young adults in two independent cohorts 

across a variety of geographic regions. Previous studies examining how diet impacts PFAS 

exposure have all been cross-sectional (Christensenet al., 2017; Halldorssonet al., 2008; 

Lasterset al., 2022; Linet al., 2020; Menzelet al., 2021; Tittlemieret al., 2007). However, the 

major limitation of cross-sectional studies is an inability to rule out reverse causation. Our 

longitudinal study reduces this potential bias.

In CHS, we found that PFAS concentrations decreased significantly for five of the six PFAS 

detected in our sample. These changes are similar to those reported in NHANES over a 

similar time period with PFOS, PFOA, and PFHxS ((CDC) 2015). Our study took place 

between 2014 and 2022 in Southern California. This coincides with a period of increased 

drinking water testing that occurred in the region, increasing public awareness of the issue. 

For example, in 2012, the U.S. Environmental Protection Agency (EPA) implemented the 

Third Unregulated Contaminant Monitoring Rule ((EPA) 2022), which required monitoring 

of 30 chemicals including PFOA and PFOS. In 2019, California implemented additional 

drinking water testing in Los Angeles County, which prompted additional action from local 

water utilities to reduce high levels of PFAS exposure (Board, 2023). While drinking water 

PFAS contamination is still of concern in Southern California, participially in areas with 

higher Hispanic populations (Smallinget al., 2023), the increased testing and awareness may 

explain the decreases in PFAS levels seen in our study. Additionally, despite the decreases 

observed over time, our results still found that food and beverage consumption contributed 

to higher PFAS levels, suggesting that additional public testing is needed.

In our longitudinal study, we found that higher intakes of pork, hot dogs, beef and other 

processed meats were associated with higher PFAS concentrations in CHS and NHANES. 

A previous cross-sectional study also using NHANES data for U.S. adults of all race/

ethnicities similarly found that higher intakes of meat were associated with higher PFAS 
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concentrations (Linet al., 2020). It is suggested that PFAS may accumulate in meat products 

through several exposure sources. Processed meats such as sausages, bacon and hot dogs 

may accumulate PFAS through contact during processing or cooking ((FDA) 2023; Ramirez 

Carneroet al., 2021). Other forms of meat, such as unprocessed pork and beef, may come 

from animals that were raised in PFAS-contaminated areas or were packaged in grease-

resistance packaging that contains PFAS (Tittlemieret al., 2007). Further studies are needed 

to monitor specific foods that may be contributing to PFAS exposure, and the results of this 

study may be used to inform such future work.

We also found that higher intake of tea was associated with higher PFAS in CHS and 

NHANES. Previous cross-sectional studies have found similar associations among adults of 

predominantly European ancestry (Linet al., 2020). PFAS in tea may come from the primary 

tea components, including the water, tea leaves or tea bags, or from additives, including 

milk, creamer, or sugar. PFAS exposure from tea could also come from the brewing or 

preparation processes or through the cups or bottles used to contain pre-made teas. However, 

both milk, sugar and domestic tap water were inversely associated with PFAS in our study. 

These results suggest that the PFAS exposures may not be coming from the water used in 

brewing or the sweeteners or additives. Further, paper products are a major contamination 

source for PFAS (Glugeet al., 2020) and tea bags are primarily made of paper (JhaDhekne 

and Patwardhan, 2020). Therefore, it is plausible that PFAS in tea bags may be contributing 

to the associations seen with tea intake. Previous studies have also seen that tea bags may 

be an exposure source for a variety of microplastics and nano plastics due to the brewing 

process with water at high temperatures (Hernandezet al., 2019), suggesting this could also 

be the case for PFAS contamination in tea. Additionally, we found that bottled water, sports 

drinks, and coffee were positively associated with PFAS. These results suggest the necessity 

of public monitoring of beverages as these may be large contributors of PFAS exposures. 

Results of this study may be used to inform future studies that test and monitor beverages for 

PFAS contamination.

One unexpected finding in our study was that sugar was inversely associated with PFAS in 

CHS. This is in contrast with our findings in NHANES which showed a null association 

between sugar and PFAS levels. It also contrasts with previous literature which has found 

positive associations with sweets and PFAS (Linet al., 2020). However, we also observed 

that soft drinks and fruit drinks/fruit juices were associated with greater decreases in PFAS 

across visits in CHS. Given that sugar sweetened beverages, including soft drinks and fruit 

juices are the greatest source of sugars in the young adult diet in the United States ((USDA) 

2020), one explanation for the strong association seen with sugar is that it is driven by 

differences in drinking habits. For example, since PFAS-contaminated drinking water is a 

major source of PFAS exposure in the U.S.(LiddieSchaider and Sunderland, 2023), it is 

plausible that increased soft drink and fruit juice consumption may reduce PFAS exposure 

by reducing intake of potentially PFAS-contaminated water. Overall, in our study, we saw 

many inverse correlations between beverages consumed both in CHS and in NHANES. For 

example, we saw a significant inverse correlation between soft drinks and tea in CHS and 

soft drinks and unsweetened tea in NHANES. We also saw significant inverse correlations 

between tea and tap water in CHS and unsweetened tea and bottled water in NHANES. 
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These correlations highlight that drinking habits play an important role in the associations 

seen between PFAS concentrations and certain beverages.

Alternatively, desserts and sweet snacks are the second largest source of sugars among 

young adults in the United States ((USDA) 2020), and in NHANES, higher intake of cakes 

and cupcakes were positively associated with PFAS concentrations. Dessert wrappers have 

been shown to be highly fluorinated however, therefore it is plausible that greater PFAS 

exposures through desserts is driven by PFAS-contaminated packaging materials (Schaideret 

al., 2017). Interestingly, we also saw in CHS, that nuts and seeds were associated with lower 

concentrations of PFOS and PFDA, which is consistent with previous findings that nuts and 

seeds are inversely associated with several PFAS (Linet al., 2020); However, nut and seed 

butters were associated with higher PFHpS and PFPeS concentrations. Given that nut and 

seed butters are packed in grease-resistant containers, it is possible that nut and seed butters 

may contribute to greater PFAS exposures through the packaging materials rather than the 

nuts and seeds themselves.

We found that whole fruits, cooked grains such as rice and oatmeal, breads, pastas and 

some vegetables were inversely associated with PFAS concentrations in CHS and NHANES. 

Importantly, fruits, vegetables and grains are the major contributors of fiber in the American 

diet (OASH, 2015), and a previous large scale NHANES study showed that dietary fiber 

intake has the potential to reduce PFAS concentrations (DzierlengaKeast and Longnecker 

2021). Thus, increased consumption of high-fiber foods may contribute to reduced PFAS 

concentrations. Overall, our findings are generally consistent with previous cross-sectional 

studies including populations of different ages and racial/ethnic distributions, as well 

as different geographic areas, providing strong evidence that these foods are associated 

with PFAS concentrations and require further exploration into their exposure pathways to 

eliminate PFAS exposures in the population.

In CHS, we saw the strongest associations between diet PFAS concentrations follow up, 

rather than baseline. This could be due to the fact that several PFAS have long half-lives, 

and it may take substantial time to change in response to changes in PFAS exposure 

through diet or water. Additionally, our study sample was made up of individuals 17 to 22 

at baseline, a period of transition from adolescent dietary patterns to young adult dietary 

patterns (Lipskyet al., 2017). With the contribution of new foods to the diet and the removal 

of other foods from the diet, it may have taken time for PFAS concentrations to change and 

for that change to be reflected in blood PFAS concentrations. This highlights the need for 

further studies that monitor changes in PFAS concentrations over longer periods of time, as 

well as the importance of young adulthood in determining PFAS exposures.

While PFAS exposure can come from the consumption of contaminated foods, food 

packaging containing PFAS may be an important exposure source as well. Previous studies 

have shown that PFAS are found in dessert and bread packaging, fast-food sandwich and 

burger wrappers and paperboards such as pizza boxes (Schaideret al., 2017). Given that 

packaging materials contaminated with PFAS are frequently used at fast-food restaurants or 

for restaurant take-out, we examined where foods were prepared (fast-food, restaurant or 

home) as a proxy for food packaging exposure. We found that higher consumption of food 
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prepared at home was associated with lower PFAS concentrations in CHS and NHANES. 

A previous cross-sectional study looking at the general population of U.S. adults using 

NHANES data similarly found that foods prepared at home were associated with lower 

PFAS concentrations (Susmannet al., 2019). We expanded on this analysis in NHANES 

examining association of PFAS with common fast-food and restaurant-sourced food items, 

including burgers, French fries, hot dogs, burritos, tacos, fajitas, and pizza. In our primary 

analyses, many of these items were inversely associated with PFAS when consumed from 

all sources. Further analyses showed that when these foods were prepared from home, 

they were inversely associated with PFAS, while restaurant and fast-food versions of 

these foods were positively associated with PFAS. Additionally, trends in our analyses 

suggest that PFAS exposures were predominantly from fast-food in CHS, with lower PFAS 

concentrations associated with restaurant and home-prepared food. These results suggest 

that fast-food may provide higher PFAS exposures, which could be from grease-resistant 

food packaging containing PFAS (Susmannet al., 2019) or from other food process steps 

used in preparing fast food. Results for non-fast-food restaurants were less consistent 

across CHS and NHANES, suggesting that restaurant sourced food may not experience 

the same PFAS exposures as fast-food. Home-sourced foods were consistently associated 

with lower PFAS concentrations across CHS and NHANES, suggesting that home cooking 

may help young adults reduce their exposures to PFAS. However, further studies are needed 

to monitor specific food packaging materials for PFAS contamination.

Our study has several strengths. Our study found longitudinal associations between dietary 

intake and PFAS concentrations, with effects increasing in magnitude over time and 

providing temporal evidence for a relationship between PFAS exposure and diet. We 

used a second cohort to provide external validity and generalizability of these results 

to young adults of a variety of race/ethnicities across the United States. Dietary habits 

differ across populations and geographic regions, and our study provides novel findings 

that certain beverages and food preparation habits are associated with PFAS exposures 

among predominantly Hispanic young adults. These findings may inform future work that 

directly assesses PFAS contamination within common foods consumed by Hispanic young 

adults. Our results provide a bases for more targeted future studies that assess the PFAS 

concentrations in popular beverages and foods consumed by this population.

Our study has a few limitations. Our primary cohort had a sample size of 123 participants, 

which may have resulted in lower power to detect associations. To address this limitation, 

we included a generalizability cohort with over 600 participants, providing stronger evidence 

for our main findings. Additionally, in CHS, we found that higher intake of tea was 

significantly associated with higher PFAS concentrations. However, we were unable to 

determine which types of tea were driving this relationship (sweetened vs. unsweetened 

vs. artificially sweetened), due to limitations of the research tool used to assess tea in 

this cohort. However, in our generalizability cohort, we were able to analyze sweetened 

and unsweetened tea separately, finding that unsweetened tea was significantly positively 

associated with PFAS concentrations. Therefore, this provides evidence that the tea itself, 

rather than any sweeteners that may be added, is driving the positive associations and 

may be an important exposure pathway. Additionally, in CHS, detailed information on the 

consumption of specific individual foods was only available at baseline, limiting the ability 
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to examining associations of PFAS with diet at follow up. At follow up, diet was assessed 

using the ASA24 ((NIH) 2023), which provides information on broad food categories and 

individual nutrients, but unlike the NDSR which was used at baseline, does not provide 

information on individual foods. However, PFAS have long half-lives and decreases in 

blood PFAS concentrations, which were observed in our study can take years. Therefore, 

assessing dietary patterns at baseline can provide a good estimate of the effects of diet on 

changes in blood PFAS. Finally, we were not able to directly measure PFAS contamination 

in foods or beverages consumed by the study participants, limiting the ability to draw 

broad conclusions about PFAS contamination in individual foods or beverages. Despite 

this limitation, our compelling results, which were replicated in two independent cohorts, 

highlight the importance of additional public monitoring of specific foods and beverages to 

decrease PFAS exposures in the general population.

4. Conclusion

Our results suggest that both beverage and food intake as well as sources of foods 

are significantly associated with longitudinal measures of PFAS concentrations in 

predominantly Hispanic young adults. Our results highlight the need for public monitoring 

of beverages, processed meats, and food packaging containers, in additional to other well-

known sources of PFAS. These findings highlight the importance of specific dietary habits in 

influencing PFAS exposure in predominantly Hispanic young adults.
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Fig. 1. 
Feature expression heatmap of associations between 46 food items in CHS (N = 124 at 

baseline, N = 88 at follow-up) (A) and 54 food items in NHANES (n = 604) (B) with PFAS 

concentrations, adjusting for age, sex, race/ethnicity, and parental education. For NHANES, 

analyses were further adjusted for NHANES cycle. All variables are scaled and PFAS are 

additionally log transformed. Estimates interpreted as 1 standard deviation increase in intake 

of food item was associated with a 1 standard deviation increase in log PFAS concentrations 

for baseline, follow up and cross-sectional effect estimates.. * p < 0.05, ** adjusted p < 0.05.
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Fig. 2. 
Associations of foods prepared at home with PFOS concentration in CHS at A. baseline 

and B. follow-up. A 200 g serving increase in consumption of home prepared foods was 

associated with a 0.009 (p = 0.049) unit decrease in log PFOS at baseline and a 0.016 (p = 

0.002) unit decrease in log PFOS at follow up in CHS.
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Table 1

Demographic characteristics of study participants in the CHS cohort (N = 124) and NHANES (N = 604).

Variables CHS (N = 124) NHANES (N = 604)

N (%) or Mean (SD) N (%) or Mean (SD)

Sex

Male 66 (54 %) 313 (52 %)

Female 57 (46 %) 291 (48 %)

Baseline Age (Years) 19.8 (1.2) 19.1 (1.7)

Follow-Up Age (Years) † 24.0 (0.8)

Race

Hispanic 71 (58 %) 185 (31 %)

Non-Hispanic White 45 (37 %) 188 (31 %)

All Other 7 (6 %) 231 (38 %)

Parental Education

Missing 3 (2 %) 30 (5 %)

< High School 23 (19 %) 243 (40 %)

High School Grad 16 (13 %) 120 (20%)

> High School 81 (66 %) 211 (35 %)

Baseline BMI (kg/m2) 29.5 (4.8) 27.0 (7.8)

Overweight 103 (84 %) 290 (48 %)

†
N = 88 for follow-up time period.
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