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BACKGROUND: Per- and polyfluoroalkyl substances (PFASs) are common industrial and consumer product chemicals with widespread human expo-
sures that have been linked to adverse health effects. PEASs are commonly detected in foods and food-contact materials (FCMs), including fast food
packaging and microwave popcorn bags.

OBJECTIVES: Our goal was to investigate associations between serum PFASs and consumption of restaurant food and popcorn in a representative sam-
ple of Americans.

METHODS: We analyzed 2003-2014 serum PFAS and dietary recall data from the National Health and Nutrition Examination Survey (NHANES).
We used multivariable linear regressions to investigate relationships between consumption of fast food, restaurant food, food eaten at home, and
microwave popcorn and serum levels of perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoro-
hexanesulfonic acid (PFHxS), and perfluorooctanesulfonic acid (PFOS).

RESULTS: Calories of food eaten at home in the past 24 h had significant inverse associations with serum levels of all five PFASs; these associations
were stronger in women. Consumption of meals from fast food/pizza restaurants and other restaurants was generally associated with higher serum
PFAS concentrations, based on 24-h and 7-d recall, with limited statistical significance. Consumption of popcorn was associated with significantly
higher serum levels of PFOA, PFNA, PFDA, and PFOS, based on 24-h and 12-month recall, up to a 63% (95% CI: 34, 99) increase in PFDA among
those who ate popcorn daily over the last 12 months.

CONCLUSIONS: Associations between serum PFAS and popcorn consumption may be a consequence of PFAS migration from microwave popcorn
bags. Inverse associations between serum PFAS and food eaten at home—primarily from grocery stores—is consistent with less contact between
home-prepared food and FCMs, some of which contain PFASs. The potential for FCMs to contribute to PFAS exposure, coupled with concerns about

toxicity and persistence, support the use of alternatives to PFASs in FCMs. https://doi.org/10.1289/EHP4092

Introduction

Per- and polyfluoroalkyl substances (PFASs) are a diverse group of
synthetic compounds with dual hydrophobic and hydrophilic prop-
erties and characteristic carbon—fluorine bonds that are extremely
resistant to degradation even at high temperatures. They are widely
used in nonstick, grease- and water-proof, and stain-resistant con-
sumer products; firefighting foams; paints; and a range of industrial
processes (U.S. EPA 2009). PFASs were first produced in the late
1940s (Lindstrom et al. 2011), and at least 4,700 PFASs are esti-
mated to be on the global market (OECD 2018). Worldwide, PFASs
have been detected in surface water, drinking water, and wildlife
(Kelly et al. 2009; Weiss etal. 2015).

Human exposure in the general population can occur through
diet, drinking water, air, dust, and direct contact with products
(Trudel et al. 2008). Long-chain PFASs (carboxylates with >7 per-
fluorinated carbon atoms, sulfonates with >6 perfluorinated carbon
atoms), particularly perfluorooctanoic acid (PFOA) and perfluor-
ooctanesulfonic acid (PFOS), have been associated with cancer,
immunotoxicity, weight gain, altered thyroid function, and repro-
ductive and developmental toxicity (Wolf et al. 2007; Hines et al.
2009; Grandjean et al. 2012; Lopez-Espinosa et al. 2012; Barry
etal. 2013). Concerns about persistence, bioaccumulation, and tox-
icity have led manufacturers to phase out production of long-chain
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PFASs and their precursors in North America and Europe, although
production continues in other regions (Liu et al. 2017). As a way to
prevent further exposures, the U.S. EPA issued Significant New Use
Rules (SNURs) for a number of legacy PFASs, including PFOA and
PFOS, requiring any new uses and imports of these chemicals to first
be evaluated by the U.S. EPA (2019). Although alternative PFAS
compounds, including short-chain PFASs, may be less bioaccumu-
lative than long-chain compounds, they raise similar concerns in
terms of persistence, mobility, and toxicity (Olsen et al. 2009;
Butenhoff et al. 2012; Blaine et al. 2013; Rosenmai et al. 2016;
Rushing etal. 2017).

Long-chain PFASS can persist in the human body for years. The
human half-lives for PFOA, PFOS, and perfluorohexanesulfonic
acid (PFHxS) in blood are approximately 3.5, 4.8, and 7.3 y, respec-
tively (Olsen et al. 2007). The U.S. National Health and Nutrition
Examination Survey (NHANES) detected these three PFASs, as
well as perfluorononanoic acid (PFNA), in the blood of >98% of
Americans tested in 2003-2004 (Calafat et al. 2007), as well as in all
children 3—11 y of age tested in 2013-2014 (Ye et al. 2018). Some
short-chain replacement compounds, such as perfluorobutanesul-
fonic acid (PFBS) and perfluorohexanoic acid (PFHxA), have half-
lives of about 1 month in blood (Olsen et al. 2009; Russell et al.
2013). Human half-lives for other short-chain compounds have not
been evaluated, although they are also highly resistant to degrada-
tion (Danish Ministry of the Environment 2015).

Diet is considered a major route of PFAS exposure (Tittlemier
et al. 2007; Trudel et al. 2008; Vestergren and Cousins 2009).
PFASs have been found in many foods; a market basket study in
Canada found PFASs in fish, meat, pizza, and microwave popcorn
(Tittlemier et al. 2007). In particular, consumption of fish and
shellfish has been positively associated with serum PFAS concen-
trations in studies in the United States, Europe, and Asia (Rylander
et al. 2010; Bjermo et al. 2013; Manzano-Salgado et al. 2016;
Christensen et al. 2017). An analysis of 2007-2014 NHANES data
found positive associations between fish and shellfish consumption
and serum PFAS concentrations (Christensen et al. 2017).

Migration of PFASs from food-contact materials (FCMs) into
foods may also contribute to dietary exposure. PFASs have been
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used in FCMs for their grease- and water-resistant properties
since the 1960s (Posner et al. 2013; Wang et al. 2017). PFASs
that have been detected in fast food packaging, microwave pop-
corn bags, and other FCMs in North America, Europe, Asia, and
Africa include PFOA and other perfluoroalkyl carboxylates
(PFCAs), PFOS and other perfluoroalkyl sulfonates (PFSAs), flu-
orotelomer alcohols (FTOHs), and polyfluoroalkyl phosphate
esters (PAPs) (Trier et al. 2011; Poothong et al. 2012; Gebbink
et al. 2013; Shoeib et al. 2016; Yuan et al. 2016; Schaider et al.
2017). A 2017 survey of 400 FCMs collected from U.S. fast food
restaurants (primarily large fast food chains with >100 U.S.
stores) found fluorinated chemicals in 46% of food-contact papers
and 20% of paperboard samples, and a compound-specific analy-
sis of a subset of samples detected 27 PFASs, including PFOA,
PFHxA, and PFBS (Schaider et al. 2017). Compared with other
types of FCMs, microwave popcorn bags have among the highest
concentrations of PFASs, including PFCAs, PFOS, PAPs, fluoro-
telomer saturated carboxylic acids (FTCAs), and fluorotelomer
unsaturated carboxylic acids (FTUCAs) (Poothong et al. 2012;
Moreta and Tena 2014; Zabaleta et al. 2016, 2017).

PFASs in FCMs have been shown to migrate out of packaging
and into food. PFAS migration from food-contact paper increases
with higher temperatures, longer contact time, and the presence of
emulsifiers (Begley et al. 2008). The extent of migration is
compound-specific, and short-chain PFASs have higher migration
efficiencies than longer-chain analogs (Yuan et al. 2016). A PAP
surfactant was found in popcorn after heating in a microwave pop-
corn bag (Begley et al. 2008); however, another study did not find
migration of four PFCAs from microwave popcorn bags into the
popcorn after cooking (Moreta and Tena 2014). PFASs, especially
volatile PFCA precursors such as FTOHs, have been found in the
vapors from cooked microwave popcorn bags, indicating the
potential for inhalation exposure (Sinclair et al. 2007). These find-
ings indicate that migration of PFASs used in FCM formulations,
such as PAPs and FTOHs, may occur at a higher rate than PFCAs,
which are present in the additives as impurities (D’eon and Mabury
2011). PAPs and FTOHs are PFCA precursors and can contribute
indirectly to PFCA exposure via in vivo biotransformation (Fasano
etal. 2006; D’eon and Mabury 2007).

At a population level, the extent of PFAS exposure attribut-
able to migration from FCMs is not well characterized. Several
studies of the relationship between diet and PFAS blood concen-
trations have included popcorn and other foods likely to have
been in contact with FCMs. Consumption of snacks (including
popcorn) was positively associated with PFOS levels in the
Danish National Birth Cohort (Halldorsson et al. 2008), and pop-
corn was among the foods associated with blood PFAS levels in
four additional cohort studies (Halldorsson et al. 2008; Wu et al.
2015; Zong et al. 2018; Boronow et al. 2019). However, these
studies did not more broadly investigate associations between the
extent of food packaging, food sources (e.g., restaurants, grocery
stores), and population PFAS exposures.

In this paper, we report our investigation of whether con-
sumption of microwave popcorn, fast food, and other food con-
sumed outside and within the home is associated with population
exposure to PFASs. We analyzed associations between serum
PFAS concentrations and consumption of fast food, restaurant
food, nonrestaurant food eaten at home, and microwave popcorn
across multiple recall periods (24-h, 7- and 30-d, and 12-month)
from six cycles of NHANES from 2003 to 2014. We included
fish and shellfish consumption in our models because prior
research found significant associations for these foods with serum
PFASs (Christensen et al. 2017). Understanding sources of die-
tary exposures to PFASs can inform exposure assessment and
identify intervention strategies to reduce exposure.
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Methods
Serum PFAS Data

NHANES is an ongoing national survey that combines biomoni-
toring, physical examinations, and interviews to assess the health
and nutrition of U.S. residents over time. The Centers for Disease
Control and Prevention (CDC) has conducted the survey in bien-
nial cycles beginning in 1999 and uses a complex survey design
in which selected demographic subpopulations are oversampled
and survey weights are used to construct a nationally representa-
tive sample. The study protocol was approved by the National
Center for Health Statistics (NCHS) Research Ethics Review
Board, and participants provided consent. For participants under
18, consent was provided by parents or guardians.

The NHANES biomonitoring program has measured PFAS se-
rum concentrations since 1999. We compiled NHANES PFAS data
from six cycles covering 2003-2014, including a subsample of 639
children (3—11 y of age) in the 2013-2014 cycle. We did not include
data from the 1999-2000 cycle because PFAS data for that cycle
were only available from surplus serum samples, which were treated
differently than serum in later years, nor from the 2001-2002 cycle
because only pooled data were available. Ten PEASs were analyzed
in blood in all six cycles: perfluoroheptanoic acid (PFHpA), PFOA,
PENA, perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUnDA), perfluorododecanoic acid (PFDoDA), PFBS, PFHxS,
PFOS, and 2-(N-methylperfluorooctane sulfonamido) acetic acid
(Me-PFOSA-AcOH). Serum concentrations were reported in nano-
grams per milliliter. Details of analytical methods are described in
CDC (2014) and include solid-phase extraction coupled to high-
performance liquid chromatography—turbo ion spray ionization—
tandem mass spectrometry. With the exception of PFBS and
PFHpA, these compounds are all considered long-chain PFASs
according to Buck et al. (2011). Table S1 provides additional infor-
mation about each analyte.

Diet Recall Data

We compiled dietary information covering four timescales: 24-h
diet recall, 7-d and 30-d meal recall, and 12-month food frequency
questionnaires (FFQs). Table S2 shows available PFAS and die-
tary data for each NHANES cycle. Starting in 1999, 24-h dietary
recall data were collected through an in-person interview at a
Mobile Examination Center that was open to all ages (CDC 2009).
Participants were asked to list every food or beverage item con-
sumed, including portion size, in the previous day (midnight to
midnight). Each item was later annotated by U.S. Department of
Agriculture (USDA) analysts with nutritional information includ-
ing caloric content, USDA food type code, and food source from
30 possible categories (including “Don’t Know”). For 24-h diet
recall data, we assigned each meal to one of four categories: “Fast
food and pizza restaurants,” “Other restaurants,” “Other sources—
eaten at home,” and “Other sources—eaten outside the home.” For
“fast food and pizza restaurants,” we used the NHANES definition
of fast food as food from the “Restaurant fast food/pizza place” cat-
egory. Lack of waiter/waitress service distinguishes fast food and
pizza restaurants from other restaurants. Fast food does not include
food from other similar categories such as “Vending machine,”
“Bar/tavern/lounge,” and “Street vendor, vending truck.” This def-
inition was used by Zota et al. (2016) in a previous study of chemi-
cal exposures and fast food consumption. “Other restaurants”
included food from non-fast food restaurants, which we defined as
any food items in the categories “Restaurant with waiter/waitress”
and “Restaurant, no additional information.” “Other sources”
included all other NHANES food source categories (including
“Store grocery/supermarket,” “Cafeteria in a K-12 school,” and
“Store—convenience type”). We further categorized meals from
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“Other sources” into those eaten at home and those eaten outside
the home based on the field named “Did you eat this meal at
home?”” Any items without a food source specified were excluded.

We compiled information separately about several specific
types of food that we hypothesized might contribute substantially
to PFAS exposure. We classified microwave popcorn as any food
item that had a USDA food code associated with microwave pop-
corn (see Table S3 for specific food codes). This excluded other
types of popcorn, such as air popped popcorn. In addition,
because a previous study using NHANES data found associations
with serum PFAS and consumption of fish and shellfish, we also
compiled data on consumption of fish and shellfish food items
using USDA food codes for each food group (see Table S4).

Data from the 24-h diet recall were used to calculate caloric
intake associated with certain food types and food sources. We
calculated the total caloric intake over 24 h from microwave pop-
corn and from fish/shellfish for each participant by summing the
total kilocalories (kcal) from each microwave popcorn or fish/
shellfish food item in the recall data. Total caloric intake from
fast food, restaurants, and other sources was calculated similarly,
with each source category excluding any kilocalories from micro-
wave popcorn or fish/shellfish.

From 2007 to 2014, NHANES included a consumer behavior
module in the household interview that included questions on
food consumption patterns over 7- and 30-d recall periods.
Specifically, it asked the number of meals consumed in the last 7
d that were prepared outside the home (not including school
breakfast or lunch, or from community programs) and how many
of these meals were from fast food or pizza restaurants. The num-
ber of meals from other sources consumed in the past week was
not gathered in the survey. These data were included in a separate
analysis because they may be more representative of long-term
fast food consumption than data from the 24-h diet recall (Willett
1998). The 30-d recall asked participants how many servings of
various species of fish and shellfish they consumed over the past
30 d; we summed these to derive the total number of fish servings
and total number of shellfish servings consumed.

A 12-month FFQ was included in the 2003-2004 and 2005—
2006 NHANES cycles. Participants were mailed a questionnaire
that asked how often they ate a number of different food types.
The categorical responses were converted by NHANES, using the
Diet"Calc software, to a continuous daily frequency measure that
ranges from O (never) to 2 (two or more times per day). The factors
for these conversions are listed in Table S5. We selected popcorn
food frequency results (microwave popcorn was not differenti-
ated in the questionnaire), and summed all seafood-related cate-
gories to form a combined “seafood” frequency measure. The
data did not include frequency of fast food consumption over the
last 12 months. We included these data as an indicator of long-
term consumption habits to supplement the shorter-term recall
data.

In addition, we compiled data for potential confounders that
were previously included in related studies (Zota et al. 2016;
Christensen et al. 2017), including age, gender, race/ethnicity,
poverty—income ratio (PIR; ratio of family income to the U.S.
Department of Health and Human Services poverty guideline;
CDC 2015), and body mass index (BMI). Race/ethnicity was
categorized as Hispanic (including both Mexican American and
other Hispanic), non-Hispanic white, and non-Hispanic black.
Age, PIR, and BMI were included as continuous variables.

Data Analysis

We combined data from six NHANES survey cycles covering
2003-2014, excluding the 2013-2014 child subsample, which
was analyzed separately. The raw data set contained survey and
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laboratory results from 13,933 participants. We identified 10,578
qualifying participants by removing anyone who was missing
PFAS serum concentration data (n = 1,317), missing race/ethnicity
or reported as mixed race/other (n =1,030), or missing household
PIR data (n =870) or BMI data (n = 138). The 2013-2014 subsam-
ple of children 3—11 y of age was analyzed separately due to its use
of special subsample survey weights that could not be combined
with data from other subsamples. We identified 517 qualifying par-
ticipants in the child subsample using the same criteria as the ado-
lescent and adult data set.

We estimated associations between serum PFAS and dietary
exposures that were derived using data from the four recall
instruments (see Table S6). For participants >12 y of age, we
estimated exposures based on: 24-h dietary recall from 10,106
NHANES participants during 2003-2014 who also had serum
PFAS data; 7-d and 30-d meal recall data from NHANES con-
sumer behavior modules for 5,261 participants during 2007-2014
(after excluding 1,407 participants missing data for weekly fast
food consumption and fish/shellfish consumption); and 12-month
FFQ data for 2,788 participants during 2003-2006 (after exclud-
ing 1,028 participants missing these data). We used separate
models to estimate associations between serum PFAS and dietary
exposures in children (3—11 y of age) based on 24-h recall data
(n=437 from the 2013-2014 NHANES cycle) and on 7- and 30-d
recall data (n =365 from the 2013-2014 NHANES cycle).

All analyses incorporated NHANES’ complex survey design
and sample weights. We computed new sample weights accord-
ing to NCHS guidelines for combining data from multiple cycles
(Johnson et al. 2013). Concentrations below the lower limit of
detection (LLOD) were substituted with a value of LLOD di-
vided by the square root of 2. Analyses were only conducted on
analytes with a high detection frequency (>70%) in order to
avoid bias from substituted values.

We used a series of multivariable linear regression models
to investigate the association between log-transformed PFAS se-
rum concentrations and metrics of restaurant food and popcorn
consumption in three data sets. All regressions included age, gen-
der, race/ethnicity, cycle year, BMI, and PIR as covariates.
Percent increase in the response variable was calculated from the
regression coefficient B and standard error (SE) by the formula
(exp (B) — 1) x 100%, with a 95% confidence interval (CI) given
by (exp (P =+ critical value X SE) — 1) x 100%. A significance level
of a=0.05 was set prior to analysis. Because gender was fre-
quently a significant predictor and because of the potential for
gender-specific differences in diet and physiological uptake of
PFAS, we also conducted an additional set of analyses to investi-
gate effects by gender (referred to below as gender effect modifica-
tion models) in which we added interaction terms between gender
and all other variables (including confounders), according to the
augmented product term method described by Buckley et al.
(2017). All analyses were conducted in R (version 3.4.0; R
Development Core Team). Complex survey analyses were con-
ducted using the survey R package (Lumley 2004). The R scripts
used to conduct these analyses are provided in the R source zip file
“FinalPaperCode” in the Supplemental Material.

Results

PFOA, PENA, PFDA, PFHxS, and PFOS were detected in more
than 70% of samples collected in 2003-2014 (see Table S7). All
subsequent analyses are restricted to these five analytes. Median
serum PFOS and PFOA concentrations decreased by a factor of 4
and 2, respectively, over the study period, whereas concentrations
of PFNA, PFDA, and PFHxS were fairly constant or showed
slight decreases.
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Table 1. Consumption of fast food and pizza restaurant food and popcorn by demographic group in NHANES 2003-2014.

24-h (2003-2014)

7-d (2007-2014) 12-month (2003—-2006)

Fast food Other food  Other food
and pizza Food from outlet, outlet, not Meals from
restaurant other eaten at eaten at Microwave fast food/pizza Popcorn
food restaurant home home popcorn restaurant (any kind)
Consumers  Consumers  Consumers Consumers  Consumers Consumers Consumers
Demographic group n (%) (%) (%) (%) (%) n (%) n (%)
All 10,106 36 23 95 56 5 5,261 71 2,788 86
Female 5,115 34 22 95 53 5 2,630 70 1,459 86
Male 4,991 38 24 95 59 5 2,631 72 1,329 86
Adults (>18 y of age) 8,419 35 24 95 55 5 4,551 70 2,183 86
Non-Hispanic white 4,309 34 25 95 55 5 2,385 68 1,233 87
adults
Non-Hispanic black 1,884 43 15 92 53 5 998 80 460 81
adults
Hispanic adults 2,226 37 22 94 58 4 1,168 72 490 78
Adolescents (12-17 y 1,687 41 17 93 63 7 710 84 605 88
of age)
Non-Hispanic white 507 40 20 93 64 8 234 84 180 89
adolescents
Non-Hispanic black 538 42 7 94 61 6 192 88 220 82
adolescents
Hispanic adolescents 642 41 14 95 59 5 284 82 205 87

Note: NHANES, National Health and Nutrition Examination Survey.

As shown in Table 1, fast food consumption was common
from 2003 to 2014, especially among adolescents: 35% of adults
and 41% of adolescents (12—-17 y of age) reported eating fast
food in the last 24 h, and 70% of adults and 84% of adolescents
ate at least one fast food meal in the past 7 d (2007-2014 data).
Among participants who ate fast food in the last 24 h, median ca-
loric intake from fast food was 745 kcal for adults and 791 kcal
for adolescents (see Table S8). Microwave popcorn consumption
was less common than fast food consumption in the 24-h recall;
5% of adults and 7% of adolescents reporting consuming micro-
wave popcorn in the past 24 h, although 86% of participants
reported eating popcorn of any kind in the past 12 months (2003—
2006 data). Frequencies of microwave popcorn consumption in
the 24-h recall were similar across demographic subgroups, rang-
ing from 4% to 8%. Fish and shellfish consumption were com-
mon: 10% and 5% of participants reported fish and shellfish
consumption, respectively, in the past 24 h (2003-2014), and
68% and 55% reported fish and shellfish consumption in the last
month (2007-2014). The 12-month FFQ did not distinguish
between fish and shellfish, but 89% of participants reported gen-
eral seafood consumption in the past 12 months (2003-2006).

Children (3-11 y of age) in 2013-2014 ate fast food at a simi-
lar frequency as adults and adolescents, with 39% reporting eat-
ing fast food in the last 24 h, and a median caloric intake from
fast food of 543 kcal (see Table S9). A slightly higher proportion
of children (11%) in 2013-2014 reported consuming microwave
popcorn in the past 24 h, and a slightly lower proportion reported
consuming fish and shellfish (5% and 2%, respectively, in the
past 24 h).

The models included demographic and temporal variables as
predictors to control for differences in exposure among subpopu-
lations and over time. In the 24-h recall model, PFOS was lower
in every cycle relative to the first cycle (2003-2004), and all five
PFASs were lower in the last cycle (2013-2014) relative to the
first cycle (see Table S10), reflecting the U.S. population’s gener-
ally declining exposures to long-chain PFASs. We found some
evidence of different exposures among demographic subgroups.
Both income and age were positively associated with all five
PFASs and with their total concentration (XPFAS). Females had
lower levels of all five PFASs and XPFAS compared with males.
Compared with Non-Hispanic whites, Hispanics had lower levels
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of PFOA, PFHxS, and PFOS, whereas Non-Hispanic blacks were
lower in PFOA and PFHxS and higher in the other three PFASs.
Four of the five PFASs had statistically significant inverse rela-
tionships with BMI, with the exception of PENA. Similar associ-
ations have been reported in prior analyses of NHANES data
(Calafat et al. 2007; Christensen et al. 2017).

Consumption of microwave popcorn had significant positive
associations with serum concentrations of PFOA, PFENA, and
PFOS, as well as XPFAS, in the 24-h recall model, and significant
associations were also observed for consumption of popcorn (any
type) with these PFASs, in addition to PFDA, in the 12-month recall
model (Table 2 and Figure 1). Based on 24-h recall data, serum con-
centrations for these PFASs changed 3.0% (95% CI: 0.53, 5.5) for
PENA to 5.0% (95% CI: 1.5, 8.6) for PFOS per 100 kcal of micro-
wave popcorn consumed daily, and the largest increases were
observed for PFOS and PFOA (Table 2). For context, the median ca-
loric intake from microwave popcorn among microwave popcorn
consumers in the 24-h diet recall was 165 kcal (see Table S8). In the
12-month recall model, eating popcorn once a day was associated
with 39% higher levels for PENA (95% CI: 13, 73) up to 63% higher
levels for PFDA (95% CIL: 34, 99). Although we could not distin-
guish between microwave popcorn and other types of popcorn in the
12-month data, analysis of the 24-h recall data shows that micro-
wave popcorn on average accounted for 85% (95% CI: 81, 89%) of
overall popcorn consumption in the NHANES population. In our
gender effect modification model, we did not find significant
gender-specific differences in associations between popcorn con-
sumption and serum PFAS levels (see Table S11 and Figure S1).

Among food sources, the strongest and most consistent asso-
ciations we found were inverse associations between consump-
tion of food from other sources (nonrestaurant) eaten at home
and serum PFAS levels (Figure 1). According to the 24-h recall
model, every 100kcal of food per day eaten at home from non-
restaurant sources was associated with decreased concentrations
of all five PFASs, from —0.32% (95% CI: —0.53, —0.11) for
PENA to —0.50% (95% CI: —0.81, —0.18) for PFHxS (Table 2).
In our gender effect modification model, we found negative asso-
ciations between serum PFAS and foods eaten at home among
both men and women, and the coefficients for women were sig-
nificantly more negative for PFOA, PFNA, and PFHxS (see
Table S11 and Figure S1).
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Figure 1. Comparison of regression coefficients from the 24-h recall regression model, based on 2003-2014 data. The “Fast food or pizza restaurant,” “Other
restaurant,” “Other food outlet, eaten at home,” and “Other food outlet, not eaten at home” categories exclude kilocalories from seafood and popcorn.

When we considered food from fast food/pizza restaurants
and other restaurants in the 24-h and 7-d recall models, overall
we found positive associations with serum PFAS levels.
However, compared with associations with serum PFAS and
nonrestaurant foods eaten at home, these associations were
smaller in magnitude and few reached statistical significance. In
the 24-h recall model, the only significant finding was that for
every 100kcal of fast food consumed in the past 24 h, serum
concentrations of PFOA increased by 0.35% (95% CI: 0.087,
0.62). Similarly, results from the 7-d recall model also found
nonsignificant positive associations between meals from fast
food/pizza restaurants and serum PFAS, and the association
with PFOA nearly reached significance (Figure 2). Calories of
food eaten at other (non-fast food/pizza) restaurants in the past
24 h also had nonsignificant, positive associations with all five
PFAS serum levels (Table 2 and Figure 1). In the 7-d recall
model, the number of meals consumed from other restaurants in
the last 7 d had positive associations with all five PFAS serum
levels, with significant increases for PFOA and PFDA (Figure
2). In our gender effect modification model, we did not find
gender-specific differences in associations between serum
PFAS and consumption of food from fast food/pizza restaurants
(see Table S11 and Figure S1).

Similar analyses of the subsample of children from 2013-2014
did not find significant relationships (after adjusting for multiple
comparisons) between any variable and serum PFAS concentra-
tions, which may be attributable to the small sample size relative to
the models based on 2003-2014 data (see Tables S12 and S13).

Fish consumption was generally associated with various combi-
nations of PFASs based on 24-h, 30-d, and 12-month recall. We
found significant positive associations between shellfish consump-
tion and serum levels of PFNA and PFDA according to 24-h and 30-d
recall, and seafood consumption over the past 12 months was associ-
ated with higher serum levels of PENA, PFDA, and PFOS (Table 2).
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Discussion

To our knowledge, this study is the first to find associations
between population-wide PFAS exposures and food consumption
from various locations (e.g., restaurants, home). Overall, our anal-
ysis consistently found significant inverse associations between se-
rum PFAS and calories from food eaten at home, whereas
consumption of food from fast food/pizza restaurants and other res-
taurants generally showed weak positive associations with serum
PFAS. We hypothesize that these associations may be related to
the extent of contact that these foods have with food packaging,
although we cannot rule out the possibility that differences in the
types of food consumed in various locations may also contribute to
these associations. We also observed significant positive associa-
tions with serum PFAS levels and consumption of popcorn, both
in the 24-h and 12-month recall models, which are likely related to
leaching of PFASs from microwave popcorn bags.

The consistent inverse associations between calories from
nonrestaurant food eaten at home and serum PFAS concentra-
tions may reflect a higher proportion of meals cooked at home
and less contact with PFAS-containing FCMs than food prepared
and consumed outside the home. In our analysis, the vast major-
ity (90%) of the nonrestaurant meals reported to be eaten at home
came from a grocery store (results not shown), although small
proportions of these meals came from sources such as cafeterias
and convenience stores. The consistency of these findings across
different types of diet assessment methods is noteworthy because
dietary recall is inexact and associations are likely to be biased
heavily toward the null hypothesis.

By contrast, consumption of food from locations outside the
home showed either positive or no associations with serum PFAS
levels. The 24-h and 7-d recall models showed positive associa-
tions with serum PFAS, although in the 24-h recall model, only
the results for PFOA were significant. According to 24-h and 7-d
recall models, meals consumed from other (not fast food/pizza)
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Figure 2. Comparison of regression coefficients from the 7-d/30-d recall model, based on 2007-2014 data.

restaurants were also positively associated with serum PFAS,
with significant associations for PFOA and PFDA in the 7-d
recall model. One possible explanation for the association
between consumption of fast food and restaurant meals and se-
rum PFAS concentrations is that these meals may have higher
PFAS concentrations on average compared with meals from other
locations. We controlled for differences in consumption of fish
and shellfish in our models because prior research found these
were associated with PFAS levels in serum (Christensen et al.
2017), so differences in fish/shellfish consumption are unlikely to
explain these associations. Associations with fast food consump-
tion are a particular concern for adolescents: 84% reported eating
a fast food/pizza restaurant meal in the past 7 d. Our results sug-
gest that migration of PFASs from fast food and restaurant pack-
aging may contribute to population-wide PFAS exposure. The
five PFASs in our study have all been detected in fast food pack-
aging, with results varying by type of packaging, location, and
sampling time (Poothong et al. 2012; Zafeiraki et al. 2014;
Schaider et al. 2017). The significant association between con-
sumption of fast food/pizza and serum concentrations of PFOA
in the 24-h recall model, and the nearly significant association in
the 7-d recall model, may be explained by evidence that PFOA is
more frequently detected than PFOS in fast food packaging
(Schaider et al. 2017) and that PFOS production began to be
phased out in the United States starting in 2000, so FCMs may
play a larger role for PFOA than for PFOS.

The association we observed between microwave popcorn con-
sumption and serum PFAS levels is likely explained by contamina-
tion from FCMs, given the consistent findings of PFASs in
popcorn packaging (Poothong et al. 2012; Moreta and Tena 2014;
Zabaleta et al. 2016, 2017). The four PFASs significantly associ-
ated with popcorn consumption (PFOA, PFNA, PFDA, and PFOS)
have all been detected in microwave popcorn bags, as have PFCA-
precursor compounds (Begley et al. 2005; Martinez-Moral and
Tena2012; Yuan et al. 2016). Recent analyses of PFOS in popcorn
bags reflect the phase-out of PFOS production; two recent studies
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in 2016 and 2017 did not detect PFOS in microwave popcorn bags
from the United States (Moreta and Tena 2014; Zabaleta et al.
2016, 2017). Thus, although the observed associations between
microwave popcorn consumption and PFCA levels are more easily
explained than those for PFOS, we did find a statistically signifi-
cant PFOS association in both the 24-h and 12-month recall mod-
els. Other studies have found similar associations: Halldorsson
et al. (2008) found consumption of snacks, including popcorn, was
associated with PFOS serum levels, and Wu et al. (2015) found fre-
quency of microwave popcorn consumption predictive of PFOS
concentrations in serum from 128 adults.

In our gender effect modification model, we saw negative
associations between consumption of nonrestaurant food at home
and serum PFAS levels for women and men, with stronger asso-
ciations for women. We also found that the point estimates for
the associations with fast food/pizza restaurant food in the last
24 h were mostly slightly negative for women, whereas they
were positive for men, with limited statistical significance for
both genders (see Table S11). The differences between men and
women are not likely to be explained entirely by differences in
consumption patterns given that similar proportions of men and
women consumed fast food/pizza restaurant food and food from
other sources at home (Table 1) and that men and women had
similar proportions of total caloric intake from foods from these
sources (see Table S8). These differences are also unlikely to be
entirely explained by differences in pharmacokinetics by gender
given that we did not find gender-specific differences in the asso-
ciations for popcorn and seafood (see Table S11). One possible
explanation is that there may be differences in the types of food
eaten, and the associated packaging, between men and women.
Additional analysis of differences in dietary patterns between
men and women, as well as additional information about PFAS
levels in a wide range of foods, would help explain the different
associations we observed between men and women.

A major strength of this study is that it comprehensively ana-
lyzed multiple types of dietary data over multiple timescales in a
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large representative sample of the U.S. population. Combining evi-
dence from nationally representative exposure data sets with data
from 24-h, 7- and 30-d, and 12-month diet and meal recall surveys
and FFQs strengthens the evidence of associations between fast food,
restaurant food, nonrestaurant food, and microwave popcorn and
PFAS serum levels. The estimated relationships between popcorn
consumption and serum PFAS concentrations are nearly consistent
between 24-h recall and 12-month FFQ analyses; the same four
PFASs are significantly associated with popcorn consumption in the
24-h and 12-month analyses. Furthermore, our results were robust to
changes in how fish and shellfish consumption, previously identified
as predictors of exposure, were incorporated into the analysis.

A potential limitation of our study is that NHANES question-
naires about recent behaviors may not represent long-term dietary
habits that contribute to serum levels of long-chain PFASs with
half-lives in human blood on the timescale of years. The ability
of short-term diet recall to predict serum levels may be the most
limited for PFASs with the longest human half-lives, notably
PFHxS (Olsen et al. 2007), which had the fewest significant asso-
ciations with dietary recall data in our analysis. It is also possible
that food consumption patterns and sources are associated with
one or more unidentified confounding factors or that self-
reported diet recall may not accurately reflect food consumption.
In addition, the cross-sectional design of the NHANES study lim-
its our ability to investigate causal relationships between food
consumption and PFAS exposures. Further, our study was not
able to discern whether differences in associations between serum
PFAS and different food outlets reflect differences in the types of
foods consumed or how the foods were packaged or prepared.

The interpretation of our findings is complicated by changes
in PFAS manufacturing during our study period. In 2000, 3M
agreed to phase out production of perfluorooctane sulfonyl fluo-
ride, the raw material used to produce PFOS, in the United States
(U.S. EPA 2000; Buck et al. 2011), and U.S. EPA’s 2006 PFOA
Stewardship Program included a commitment by eight global
manufacturers to cut PFOA production in the United States by
95% by 2010 and its complete elimination by 2015 (U.S. EPA
2017). However, we still found associations between consump-
tion of fast food and microwave popcorn and serum concentra-
tions of PFOS and PFOA. One explanation for this finding is that
recent consumption of fast food/pizza may reflect past behavior
and that the association is still apparent because of the long bio-
logical half-lives of PFOA and PFOS. Ongoing exposure to long-
chain PFASs may still occur in other parts of the world where
production is still active or from imported products; an interna-
tional study of microwave popcorn bags found predominantly
short-chain PFASs in samples from Europe and the Americas and
long-chain PFASs in samples from Asia (Zabaleta et al. 2017).

As the use of long-chain chemistries has declined, manufac-
turers have switched to alternative PFAS compounds, such as
short-chain PFAS. Several short-chain compounds have been
included in NHANES and other biomonitoring studies and have
not been frequently detected in blood serum (Haug et al. 2009; Lee
and Mabury 2011; Olsen et al. 2017). PFBS and PFHpA were the
only short-chain PFASs included in the NHANES program, and
both had relatively low detection frequencies across cycle years.
Despite lower concentrations of short-chain PFASs than long-
chain compounds in serum, there is evidence that concentrations
are increasing in serum in the U.S. population (Glynn et al. 2012),
and ongoing exposures are likely to increase because of growing
production and use of short-chain PFASs (Wang et al. 2013).
Twenty-two PFASs were approved for use in FCMs by the FDA as
of 2016 (Schaider et al. 2017). In a study of serum, plasma, and
whole blood from 61 participants, PFHxA was detected only in
whole blood, suggesting that serum samples may not accurately
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reflect exposure to short-chain PFAS (Poothong et al. 2017). In
addition, short-chain PFAs exhibit different patterns of accumula-
tion in the body and in blood (Pérez et al. 2013; Burkemper et al.
2017; Poothong et al. 2017). Furthermore, although some studies
have suggested that short-chain PFASs are less toxic based on
administered PFAS dose, when differences in toxicokinetics are
considered, some alternative PFASs may have similar or higher tox-
icity than the long-chain compounds they are meant to replace
(Gomis et al. 2018). Other replacements have not yet been measured
in population-wide biomonitoring (e.g., ammonium perfluoro(2-
methyl-3-oxahexanoate) (GenX), ammonium 4,8-dioxa-3H-per-
fluorononanoate (ADONA)) (Wang et al. 2017), and there may be
widespread exposures to other unidentified compounds. A biomoni-
toring study in China found that, depending on the city, known
PFASs (analytes included 13 PFCAs and PFSAs) accounted
for only 33-85% of total extractable organic fluorine in serum, with
the balance consisting of unidentified organofluorine compounds
(Yeung et al. 2008). Future research should evaluate the relationship
between exposure to FCMs and body levels of a comprehensive set
of PFAS compounds, including short-chain PFASs, to further eluci-
date the role of FCMs in population exposure. Given that our find-
ings indicate FCMs are a source of exposure to PFASs, caution is
warranted in replacing long-chain with short-chain compounds due
to concerns about their toxicity and environmental mobility.

Conclusion

In this study, we conducted a comprehensive analysis of the associ-
ation between PFAS exposure and consumption of food from fast
food/pizza restaurants, other restaurants, and food eaten at home,
as well as microwave popcorn, based on representative sampling
of the U.S. population in 2003-2014, incorporating multiple data
sets and recall periods. Microwave popcorn consumption was
associated with increased PFAS serum concentrations; these
results suggest that migration from fluorinated grease-proof coat-
ings commonly applied to popcorn bags contributes to dietary
PFAS exposures. We found inverse relationships between serum
PFAS levels and consumption of food eaten at home, with stronger
associations among women. By contrast, we generally found weak
positive associations between serum PFAS concentrations and
consumption of fast food and restaurant food. Taken together,
these results may be attributed to PFAS migration from food pack-
aging and other FCMs, to differences in the types of foods con-
sumed in different locations, or to a combination of these two
factors. FCMs are likely an ongoing source of exposure to long-
chain PFASs in countries where they are still being produced; for
example, long-chain PFASs remain common in Chinese FCMs
(Yuan et al. 2016). In the United States, newer replacement PFASs
are currently being used, but we have little information on the
extent of exposure or health effects related to these newer com-
pounds. Preliminary evidence suggests that short-chain PFASs
migrate more readily from FCMs than long-chain compounds
(Yuan et al. 2016) and may be associated with similar adverse
effects (Rosenmai et al. 2016; Rushing et al. 2017). Schaider et al.
(2017) found that approximately half of fast food paper wrappers
and 80% of paperboard samples did not contain fluorinated chemi-
cals, indicating that nonfluorinated options for grease-proof FCM
are readily available in the United States. Concerns about persist-
ence, mobility, and potential toxicity support a precautionary
approach to protecting public and environmental health by avoid-
ing the use of fluorinated chemicals in FCMs entirely.
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