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Abstract

Background: Ultra-processed food has low nutritional quality, is associated with development of
chronic diseases, and may increase exposure to chemicals used in food packaging and production.

Objectives: To assess associations of ultra-processed food consumption with exposure to
phthalates and bisphenols, including newer replacements, in the general U.S. population.

Methods: Among 2,212 National Health and Nutrition Examination Survey (NHANES) 2013-
2014 participants (=6 years), we classified items reported in a 24-hour dietary recall according to
the NOVA food processing classification system and calculated energy intake from ultra-processed
food. Urinary concentrations of mono-benzyl (MBzP), mono-(3-carboxypropyl) (MCPP), mono-
(carboxyisononyl) (MCNP), mono-(carboxyisoctyl) (MCOP), and four metabolites of di(2-
ethylhexyl) (3 DEHP) phthalates and bisphenols A, F, and S were measured in spot urine samples.
We estimated percent changes in natural log creatinine-standardized concentrations per 10%
higher energy from ultra-processed food in covariate-adjusted multivariable linear regression
models. We examined effect measure modification by age group, race/ethnicity, and
poverty:income ratio and assessed associations with minimally processed food intake.

Results: In adjusted models, higher energy from ultra-processed food was associated with higher
urinary concentrations of MCPP, MCNP, and MCOP but not MBzP, Y DEHP, or bisphenols. Each
10% higher energy from ultra-processed food was associated with 8.0% (95% CI: 5.6%, 10.3%)
higher urinary MCOP concentrations, with a stronger association among children than adolescents
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or adults. Ultra-processed sandwiches/hamburgers, French fries/other potato products, and ice
cream/pops were associated with higher concentrations of multiple chemicals. Higher energy from
minimally processed food was associated with lower concentrations of MCPP, MCNP, MCOP, and
bisphenols A and F.

Discussion: Ultra-processed food consumption may increase exposure to currently used
phthalates. Additional research is needed to determine whether minimally processed food diets or
changes in food production practices can reduce phthalate and bisphenol exposures and related
health effects, particularly among children who are more vulnerable to toxicants and tend to
consume more ultra-processed food than adults.
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1. Introduction

Phthalates and bisphenols are multifunctional synthetic chemicals found in a wide array of
consumer and industrial products. High molecular weight phthalates are used to make
plastics flexible and durable and bisphenols are used in epoxy resins and polycarbonate
plastics (Koch and Calafat 2009). The majority of Americans have detectable urinary
concentrations of multiple phthalate metabolites and bisphenols (Centers for Disease
Control and Prevention 2018). While these chemicals are rapidly eliminated via urinary
excretion (Calafat et al. 2015), the omnipresence of exposure sources is of growing concern
given that exposure to some phthalates and bisphenol A are associated with wide-ranging
adverse health outcomes related to their ability to disrupt the endocrine system (Gore et al.
2015).

Ingestion is the predominant exposure route for high molecular weight phthalates and
bisphenols (Christensen et al. 2012; Koch and Calafat 2009; Koch et al. 2013). Because they
are not chemically-bound, phthalates and bisphenols used in food contact materials or food
processing plastics can transfer to food (Koch and Calafat 2009). Higher urinary
concentrations of several phthalate metabolites have been associated with consuming certain
types of food, such as dairy, meat, spices, flour, wheat, or grains (Dong et al. 2017; Mervish
et al. 2014; Sakhi et al. 2014; Sathyanarayana et al. 2013; Serrano et al. 2014a; Zota et al.
2016). Phthalate exposures have also been associated with food venues, including fast food
restaurants (Watkins et al. 2014; Zota et al. 2016), school cafeteria lunches (Munoz et al.
2018), and dining out (Varshavsky et al. 2018). Canned food and beverage intake has been
associated with higher urinary bisphenol A concentrations (Carwile et al. 2011; Hartle et al.
2016). Furthermore, several studies reported that adhering to a fresh food diet or consuming
homegrown food was associated with lower urinary concentrations of certain phthalate
metabolites and bisphenol A (Correia-Sa et al. 2018; Correia-Sa et al. 2017; Rudel et al.
2011; Serrano et al. 2014b). In contrast, a dietary intervention trial reported higher DEHP
concentrations during the intervention due to DEHP contamination of some dairy products
and spices (Sathyanarayana et al. 2013).
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These prior studies suggest that processed and packaged foods are likely sources of high
molecular weight phthalate and bisphenol A exposures. Recently, there is growing interest in
“ultra-processed foods,” defined as ready-to-eat formulations manufactured with little or no
whole foods. Ultra-processed foods tend to be of low overall nutritional value (Martinez
Steele et al. 2016; Martinez Steele et al. 2017; Moubarac et al. 2017), which is of concern
given that consumption is increasing globally (Monteiro et al. 2013). Prospective studies
have reported that higher consumption of ultra-processed food was associated with obesity,
hypertension, breast cancer, and shorter lifespan (Fiolet et al. 2018; Hall et al. 2019; Kim et
al. 2019; Mendonca et al. 2017; Mendonca et al. 2016; Rico-Campa et al. 2019; Schnabel et
al. 2019). Some of these studies have hypothesized that exposures to endocrine-disrupting
chemicals may be a pathway by which ultra-processed foods are linked to adverse health
outcomes (Fiolet et al. 2018; Kim et al. 2019). However, no studies have examined whether
ultra-processed food consumption is related to increased biomarkers of phthalate or
bisphenol exposure.

Furthermore, there is little information quantifying dietary sources of exposure to newer
replacement phthalates and bisphenols. Biomonitoring studies suggest that exposures to
di(2-ethylhexyl) phthalate (DEHP), butyl benzyl phthalate (BBzP), and bisphenol A have
declined in the U.S. over recent years, while exposure to di-n-octyl phthalate (DOP),
diisononyl phthalate (DiNP), diisodecyl phthalates (DiDP), bisphenol S, and bisphenol F
have increased (Koch et al. 2017; Ye et al. 2015; Zota et al. 2014). Although human health
studies are sparse, these may be cases of “regrettable substitution” (Howard 2014; Wolff et
al. 2017) given that these compounds are structurally homologous to their predecessors and
may have similar hormonal activity and endocrine disrupting effects (Attina and Trasande
2015; Rochester and Bolden 2015; Rosenmai et al. 2014; Trasande and Attina 2015). Thus,
it is critical to understand dietary sources of exposure to both legacy and replacement
phthalates and bisphenols to inform intervention strategies to reduce currently relevant
exposures in a changing chemical landscape.

To address these gaps, our primary objective was to determine whether ultra-processed food
consumption was associated with urinary concentrations of phthalate or bisphenol
biomarkers, including newer replacement chemicals, in a population-based survey of the
general U.S. population in 2013-2014. Because prior studies have found demographic
differences in sources of phthalate and bisphenol exposure, we also examined effect measure
modification (EMM) by age, race/ethnicity, and poverty to income ratio. Finally, we
evaluated associations with minimally processed food consumption to determine if eating
less processed food is associated with lower exposure to phthalates and bisphenols.

2. Materials and Methods

2.1 Study population

We used data collected during the 2013-2014 cycle of National Health and Nutrition
Examination Survey (NHANES), a nationally-representative population-based survey of the
non-institutionalized U.S. population. Our rationale for using data collected during the
2013-2014 cycle is that both dietary data and chemical exposure data were available at this
time point, and these data reflect a relatively recent assessment of the U.S. food supply.
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During an evaluation at the NHANES mobile examination center, participants completed
questionnaires and a 24-hour dietary recall and provided a spot urine sample. The study
protocol was approved by the National Center for Health Statistics (NCHS) Research Ethics
Review Board and participants (or parents/guardians for participants <18 years of age) gave
signed informed consent (CDC 2013).

Our study was limited to 2,686 participants aged 6 years and older who NCHS selected as
part of a random one-third subsample for chemical analysis. We restricted our analyses to
those with complete dietary and chemical exposure data (n=2,406). Then, we excluded 194
participants with missing covariate information (8% of participants) of whom 193 did not
report income and 1 did not complete the physical activity assessment. The characteristics of
those included in the analytic sample versus those who were excluded were very similar
with no statistically significant differences (data not shown). Our final analytic sample was
2,212 participants.

2.2 Food processing classification

Trained interviewers who were fluent in English or Spanish collected 24-hour dietary recalls
in-person using the validated US Department of Agriculture (USDA) Automated Multiple-
Pass Method (AMPM) (Blanton et al. 2006; Moshfegh et al. 2008). For children 6-11 years
of age, an adult household member assisted with the interview. Participants reported a
detailed list of foods and beverages consumed in the last 24 hours. To provide estimates for
portion sizes, 3-dimensional measuring guides such as bowls and glasses were provided.

We used the NOVA (a name, not an abbreviation) food processing classification system to
classify each reported food and beverage in the 24-hour dietary recall (Monteiro et al. 2010).
NOVA categories have 4 food processing levels: 1) unprocessed or minimally processed
foods, 2) processed culinary ingredients, 3) processed foods, or 4) ultra-processed foods.
The underlying rationale and details of the NOVA classification system have been published
previously (Monteiro et al. 2010; Moubarac et al. 2017; Moubarac et al. 2014). Briefly, (1)
“unprocessed or minimally processed foods” include plant and animal products, such as
fruits, flours, and meat that are fresh or prepared without added substances such as sugar,
salt, or oil. (2) “Processed culinary ingredients” encompass items derived from natural
sources that are not typically consumed by themselves, but used as seasonings in the kitchen,
e.g. honey, butter, salt. (3) “Processed foods” include unprocessed or minimally processed
foods that have been prepared with processed culinary ingredients or preserved through
various methods (e.g., canned vegetables and simple cheeses). (4) “Ultra-processed foods”
include mass-produced, pre-packaged foods with industrial substances. Ingredients for ultra-
processed foods rarely contain unprocessed or minimally processed foods, and often have
additives that are uncommon in normal culinary preparations (e.g. flavorings, colorants,
hydrolyzed protein, emulsifiers, and hydrogenated oils). Instant or ready-to-eat foods and the
presence of artificial flavorings and preservatives are key characteristics of this food group.
We provide examples of foods and beverages contained in each of the NOVA food
processing categories in Supplemental Material, Table S1.

We downloaded the publicly available NHANES 2013-2014 individual food file (first day of
dietary recall) in 2018, and merged this data with available information from the USDA
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Food and Nutrient Database for Dietary Studies (FNDDS) (U.S. Department of Agriculture
2016). Using steps outlined in previous studies (Martinez Steele et al. 2016; Martinez Steele
and Monteiro 2017), we classified all foods and beverages reported by participants in the 24-
hour dietary recall (N=38,303) according to the NOVA classification system by primarily
using the NHANES dietary variables “main food description” and “additional food
description.” Then, we made modifications to the classification using “source of food” and
“combination food type” variables in NHANES individual food file. Most foods which were
purchased from “restaurant fast food/pizza,” or “vending machine” or defined as “frozen
meals” were classified as ultra-processed foods, in line with the definition of ultra-processed
foods. If the main food description indicated that the food or beverage was made from a
recipe, we assigned NOVA categories to the underlying ingredients (“standard reference
description” variable), which we obtained from the USDA FNDDS. One author coded all of
the items and a second author independently coded 20% of items to assure quality control.

We calculated percent of total energy intake from ultra- or minimally- processed foods using
the approach outlined in previous studies (Martinez Steele et al. 2016; Martinez Steele et al.
2017). Briefly, we summed energy intake values of all foods and beverages consumed in the
24-hour period, and calculated the proportion of total energy intake from all four NOVA
categories. For foods that were prepared from a recipe, we summed energy intake values for
all underlying ingredients, and used the same method to calculate contributions of all NOVA
categories to total energy. We obtained energy intake values for underlying ingredients from
the USDA National Nutrient Database for Standard Reference 28 (U.S. Department of
Agriculture 2017).

Additionally, we classified all ultra-processed foods and beverages into 18 food categories,
by adapting the categories from Martinez Steele et al. 2016 (Supplemental Material, Table
S2). To be consistent with previous studies, we classified most commercially-made breads as
ultra-processed foods, because many breads did not have underlying ingredients in the
NHANES database (Martinez Steele et al. 2016).

2.3 Biomarkers of phthalate and bisphenol exposures

We focused on chemicals potentially used in food packaging and processing including high
molecular weight phthalates, bisphenol A, bisphenol F, and bisphenol S. Spot urine
specimens were collected at the mobile examination center and stored at —20°C until
analysis. Phthalate metabolites and total bisphenols (free plus conjugated) were quantified
by the Centers for Disease Control and Prevention (CDC) National Center for
Environmental Health laboratory using solid phase extraction coupled with high
performance liquid chromatography—isotope dilution tandem spectrometry (Silva et al. 2007,
Zhou et al. 2014). High molecular weight phthalate metabolites included in the current study
were mono-benzyl (MBzP, a metabolite of BBzP), mono-(3-carboxypropyl) (MCPP, a
nonspecific metabolite of several high and low molecular weight phthalates, including
DOP), mono(carboxyisononyl) (MCNP, a metabolite of DiDP), mono(carboxyisoctyl)
(MCOP, a metabolite of DiNP), and four metabolites of DEHP: mono(2-ethyl-5-
carboxypentyl) (MECPP), mono(2-ethyl-5-hydroxyhexyl) (MEHHP), mono(2-ethyl-5-
oxohexyl) (MEOHP), and mono(2-ethylhexyl) (MEHP) phthalates.
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2.4 Covariates

We identified potential confounders from the literature and used directed acyclic graphs to
identify variables on non-causal backdoor pathways between ultra-processed food
consumption and chemical exposure. In NHANES, participants self-reported age, gender,
race/ethnicity, income (used to calculate poverty to income ratio), total energy intake, and
physical activity. Individuals =12 years of age reported frequency and duration of physical
activity in a typical week. We calculated MET (metabolic equivalent of task)-hours per week
for each individual by multiplying suggested MET scores for each activity and duration
(CDC 2017). In multivariable analyses including children, we used number of days
physically active as a continuous variable to adjust for physical activity because the physical
activity questionnaire (which assessed frequency and duration of physical activity) was not
administered to children <12 years of age. In age-stratified analyses, for adults and
adolescents, we used a continuous MET score as a covariate.

Trained staff measured participants’ height and weight at the mobile examination center. We
used this information to calculate body mass index (BMI, kg/m?), and classified participants
as underweight (<18.5), normal weight (18.5-<25), overweight (25-<30), and obese (=30).
For children and adolescents, we used sex-specific BMI-for-age growth charts, and
calculated underweight (<5 percentile), normal weight (5-<85t" percentile), overweight
(85—<95!™ percentile), and obese (=95™ percentile). Urinary creatinine was measured using
the Roche/Hitachi Cobas 6000 Analyzer (CDC 2016).

2.5 Statistical analysis

We singly imputed biomarker values below the limit of detection from a truncated normal
distribution (Buckley et al. 2016; Lubin et al. 2004). We calculated a y DEHP molar sum by
adding the concentrations of four DEHP metabolites (MEHP, MECPP, MEHHP, and
MEOHP), each inversely weighted by its molar weight. We multiplied this summed variable
by the molar weight of MECPP to express Yy DEHP concentrations as pg/L of MECPP
(Braun et al. 2017).

To account for urinary dilution, we calculated covariate-adjusted, creatinine-standardized
concentrations as recommended by (O’Brien et al. 2016). Briefly, we modeled natural log
creatinine as a function of its predictors reported previously, including age, gender, race/
ethnicity, body mass index category, and height (Barr et al. 2005), and output predicted
natural log creatinine values. We exponentiated the predicted value then divided the
phthalate metabolite or bisphenol concentration by the ratio of the participant’s observed to
predicted creatinine concentration. Given that distributions were skewed, we took the natural
log of the covariate-adjusted, creatinine-standardized concentrations to approximate a
normal distribution and reduce heteroscedasticity in our models. Based on O’Brien et al.
(2016), we additionally adjusted the outcome models for natural log urinary creatinine to
account for potential residual confounding.

We examined baseline characteristics of the participants and urinary phthalate metabolite
and bisphenol concentrations by quartiles of percent of total energy intake from ultra-
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processed food using chi-squared tests for categorical variables and analysis of variance
(ANQVA) for continuous variables.

We used multivariable linear regression models to examine whether proportion of total
energy intake from ultra-processed food was associated with urinary concentrations of each
natural log-transformed, covariate-adjusted, creatinine-standardized phthalate metabolite and
bisphenol biomarker. Model 1 adjusted only for natural log urinary creatinine (O’Brien et al.
2016). Model 2 further adjusted for age (continuous), sex (male, female), race/ethnicity
(non-Hispanic white, non-Hispanic black, Mexican American, Asian American, other),
income (poverty to income ratio <130%, 130-<350%, =350%), total energy intake
(continuous), physical activity (continuous), and BMI (underweight, normal weight,
overweight, obese). From the regression models, we calculated percent difference in urinary
phthalate metabolite and bisphenol concentrations using (e()-1) x 100% by ultra- or
minimally processed food intake (Zota et al. 2016). We considered the estimates from this
analysis as the main results.

We conducted several additional analyses to further explore relationships between phthalate
metabolite and bisphenol concentrations with ultra-processed food consumption. First, we
assessed dose-response relationships by fitting models with quartiles of total energy intake
from ultra-processed food. Second, we tested for effect measure modification by age group
(children aged 6-<12 years, adolescents aged 12—<20 years, and adults aged =20 years),
race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican-American, Asian-
American, other race), and poverty to income ratio (<130%, 130-<350%, =350%). Third,
we explored associations of ultra-processed food groups with chemical biomarkers by
examining the percent difference in urinary phthalate metabolite and bisphenol
concentrations associated with a one-percent higher total energy intake from each of 18
ultra-processed food and beverage groups. We used a one-percent difference because the
median intake for individual categories of ultra-processed food was 4.5% (range: 0.5% to
11%). Fourth, we assessed associations of phthalate metabolite and bisphenol concentrations
with minimally processed food consumption by repeating analyses above but using total
energy intake from minimally processed food (rather than w/tra-processed food) as
independent variables.

Finally, we conducted several sensitivity analyses: 1) adjusted for total energy intake from
fat, 2) examined EMM by total energy intake from fast food to determine whether
associations differed by food source, 3) excluded participants who were fasting for more
than 12 hours (n=534), and 4) combined the minimally processed food and processed
culinary ingredients categories given that both are derived from natural sources.

We considered associations to be statistically significant at p<0.05 for main effects and
p<0.1 for effect measure modification. All analyses accounted for the complex survey design
using appropriate survey weights. We conducted analyses using SAS version 9.4 (SAS
Institute Inc.) and STATA 13.0 (StataCorp).
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3. Results

In our analytic sample, the proportion of total energy intake from ultra-processed food
ranged from O to 100%, with those in the highest quartile having 79.2 to 100% of total
energy intake from ultra-processed food (Table 1). Participants in the highest quartile of
ultra-processed food intake were more likely to be younger, non-Hispanic black and other
race, have a poverty to income ratio <130%, and be obese than those in the lowest quartile
(Table 1). The food groups with the greatest contribution to ultra-processed food
consumption were soft drinks and fruit drinks (11.0% of total energy); ready-to-eat-pizza
(9.4%); breads and tortillas (8.5%); ready-to-eat sandwiches and hamburgers (8.1%);
reconstituted meat or fish products (8.1%); frozen and shelf-stable plate meals (6.5%);
cakes, cookies, and pies (5.9%); and French fries and other potato products (5.9%). The
proportion of total energy intake from minimally processed food ranged from 0 to 93.8%,
with those in the highest quartile having 33.5%—-93.8% of total energy intake from
minimally processed food (Supplemental Material, Table S3). Urinary phthalate metabolites
and bisphenols were detected in >95% of participants with the exception of MEHP (57.8%),
bisphenol F (67.3%), and bisphenol S (88.9%) (Supplemental Material, Table S4).

3.1 Associations of ultra-processed food consumption with urinary phthalate metabolite
and bisphenol concentrations

In unadjusted comparisons, geometric mean covariate-adjusted, creatinine-standardized
concentrations of bisphenol A and all phthalate metabolites except Y DEHP were
significantly higher with increasing quartiles of total energy intake from ultra-processed
food (Table 2). In fully adjusted models, greater ultra-processed food intake was associated
with higher urinary MCPP, MCNP, and MCOP concentrations (Table 3). The strongest
relationship was between ultra-processed food consumption and MCOP; each 10% higher
total energy intake from ultra-processed food was associated with 8.0% (95% CI: 5.6%,
10.3%) higher urinary MCOP concentrations.

There was a monotonic dose-response relationship between higher quartile of ultra-
processed food intake with higher concentrations of MCPP, MCNP, and MCOP
(Supplemental Material, Table S5). Notably, urinary MCOP concentrations were 53.4%
(95% ClI: 39.3%, 67.5%) higher among participants in the fourth quartile of ultra-processed
food intake compared to the lowest quartile (Figure 1). Associations of bisphenols with
quartiles of ultra-processed food intake did not exhibit monotonic dose-response
relationships (Supplemental Material, Table S5).

Associations of ultra-processed food intake with Y DEHP and MCOP were significantly
modified by age group (EMM p-value = 0.04), with larger percent differences in metabolite
concentrations among children as compared with adolescents and adults (Supplemental
Material, Table S6). Among children, each 10% higher total energy intake from ultra-
processed food was associated with a 16.8% (95% CI: 8.9%, 24.6%) higher urinary MCOP
concentrations (Figure 2). We did not observe statistically significant effect measure
modification by race/ethnicity or poverty to income ratio (all EMM p-values >0.1, data not
shown).
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Phthalate metabolite and bisphenol concentrations were associated with total energy intake
from several ultra-processed food groups (Table 4). Sandwiches and hamburgers; French
fries and other potato products; ice cream and ice pops; and sauces, dressings, and gravies
were generally associated with higher urinary MCPP, MCNP, and MCOP concentrations
whereas salty snacks; sweet snacks; and instant and canned soups were associated with
lower concentrations. Certain ultra-processed food groups were associated with higher
urinary bisphenol A (soft and fruit drinks), bisphenol F (French fries and other potato
products; milk-based desserts) and bisphenol S (pizza) concentrations or lower bisphenol F
concentrations (pizza). No ultra-processed food group was associated with differences in
MBzP concentrations, and there were no statistically significant associations of any
phthalate or bisphenol biomarker with proportion of total energy intake from breads and
tortillas; reconstituted meat or fish products; frozen and shelf-stable plate meals; cakes,
cookies, and pies; milk-based drinks; breakfast cereals; yogurt; or other ultra-processed
foods (data not shown).

3.2 Associations of minimally processed food consumption with urinary phthalate
metabolite and bisphenol concentrations

In unadjusted comparisons, concentrations of bisphenol A, bisphenol S, and all phthalate
metabolites except Y DEHP were significantly lower across increasing quartiles of total
energy intake from minimally processed food (Supplemental Material, Table S7). In adjusted
models, greater consumption of minimally processed food was associated with lower urinary
concentrations of MCPP, MCNP, MCOP, and bisphenols A and F (Table 3). Similar to the
analyses of ultra-processed foods, the strongest association was with MCOP: each 10%
higher total energy intake from minimally processed food was associated with 10.1% (95%
Cl: —13.9%, —6.2%) lower urinary MCOP concentrations.

In analyses examining associations by quartile of minimally processed food intake, we
observed monotonic relationships of lower levels of MCPP, MCNP, and MCOP with
increasing quartile of minimally processed food (Supplemental Material, Table S8). For
example, the highest quartile of minimally processed food intake was associated with
-42.3% (—58.6%, —26.3%) lower urinary concentrations of MCOP compared to the lowest
quartile (Figure 1). Bisphenols did not exhibit dose-response relationships, though the third
quartile of minimally processed food intake was associated with lower concentrations of
bisphenol A (percent difference: —15.2%, 95% CI: —25.5%, —4.8%) and bisphenol F
(percent difference: —27.1%, 95% CI: -44.4%, —9.1%) (Supplemental Material, Table S8)

We observed statistically significant modification by age group for Y DEHP and bisphenol A,
with stronger associations among children for Y DEHP (EMM p-value = 0.05) but stronger
associations among adults for bisphenol A (EMM p-value = 0.07) (Supplemental Material,
Table S9). Similar to our findings in analyses of ultra-processed foods, there was no
statistically significant effect measure modification by race/ethnicity or poverty to income
ratio (all EMM p-values >0.1, data not shown).
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3.3 Sensitivity analyses

There were no substantial differences in magnitudes of association, or changes in statistical
significance, compared to the original findings when we additionally adjusted for percent of
total energy intake from fat (data not shown). Associations of ultra-processed food intake
with phthalate metabolite and bisphenol concentrations were not modified by total energy
intake from fast food (all EMM p-values >0.1). In analyses restricted to non-fasting
NHANES participants, results were very similar to the primary analyses although positive
associations of ultra-processed food with bisphenol F and of minimally processed food with
bisphenol S became statistically significant (Supplemental Material, Table S10). Finally,
findings were similar to the primary minimally processed food analyses when we combined
the minimally processed food and processed culinary ingredients categories (Supplemental
Material, Table S11).

4. Discussion

In this cross-sectional study of a representative sample of the U.S. population in 2013-2014,
we found that higher ultra-processed food consumption was associated with higher urinary
concentrations of MCPP, MCNP, and MCOP but not MBzP, Y DEHP metabolites, or
bisphenols. Individuals in the highest quartile of ultra-processed food consumption as a
proportion of total energy intake had 25-50% higher urinary concentrations of MCPP,
MCNP, and MCOP than those in the lowest quartile. Notably, we observed that individuals
with higher consumption of minimally processed food had lower concentrations of the same
phthalate metabolites and bisphenols A and F. To our knowledge, this study is the first to
quantify relationships between ultra-processed food consumption and phthalate and
bisphenol exposures.

While previous studies assessed intake of specific food items, our study adds to prior
research by focusing on a broader category of highly processed foods defined a priori.
Taking dairy as an example, whole or reduced milk and plain yogurt are classified as
minimally processed whereas sweetened milk, sweetened yogurt, and ice cream are
classified as ultra-processed. In our study, the ultra-processed food groups most strongly
associated with phthalate exposures were sandwiches/hamburgers on a bun; French fries and
other potato products; sweet snacks; ice cream/ice pops; and sauces, dressings, and gravies.
Many of these foods are typically purchased at restaurant or fast food venues, which is
consistent with prior studies reporting associations of phthalate exposures with consuming
food away from home (Munoz et al. 2018; Varshavsky et al. 2018; Zota et al. 2016).

Concentrations of the phthalate metabolites associated with ultra-processed food
consumption in the current study, MCPP, MCNP, and MCOP, are increasing over time in the
U.S. while concentrations of DEHP metabolites and MBzP, which were not associated with
ultra-processed foods, are decreasing (Koch et al. 2017; Zota et al. 2014). Our findings
likely reflect these temporal changes in use of legacy and replacement phthalates, which
may also contribute to differences in our results compared to older studies. Most other recent
studies have also reported stronger associations of food or food venues with MCOP than
with metabolites of DEHP (Varshavsky et al. 2018; Watkins et al. 2014; Zota et al. 2016)
and weak or null associations of food sources with MBzP concentrations (Munoz et al.
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2018; Rudel et al. 2011; Varshavsky et al. 2018). In our study, associations were strongest
for MCOP, a metabolite of the DEHP substitute DiNP, which was the most commonly
detected phthalate in a Norwegian study examining phthalates in food samples (Sakhi et al.
2014).

We did not observe associations of ultra-processed food consumption with concentrations of
bisphenols, which are used in epoxy resins and polycarbonate plastics such as bottles and
can linings (Cabaton et al. 2009; Carwile et al. 2009). The NOVA classification system
categorizes canned vegetables and seafood as processed, not ultra-processed if there is no
industrial substances, whereas instant and canned soups are considered ultra-processed.
When we examined individual ultra-processed food groups, bisphenol A was associated with
soft or fruit drink consumption but not instant or canned soups. Our findings are in contrast
to a study of NHANES 2003-2008 participants which found that canned soup was strongly
associated with bisphenol A concentrations while canned beverage consumption was not
(Hartle et al. 2016). Differences in findings could be due to our focus on ultra-processed
food, the inclusion of items stored in bottles or other containers besides cans, or to
differences in the use of bisphenol A in food and beverage containers over time. Fast food
consumption was not associated with bisphenol A concentrations in a previous report (Zota
et al. 2016), also suggesting that bisphenols exposure may be more strongly related to
container type than overall dietary patterns such as food venue or degree of processing.

While there is limited research on dietary sources of bisphenols S and F, they have been
detected in foods and beverages including canned items and soda (Gallart-Ayala et al. 2011,
Liao and Kannan 2013; Vinas et al. 2010). In the present study, higher consumption of
French fries and other potato products and milk-based desserts was associated with higher
bisphenol F concentrations, and individuals who consumed more minimally processed foods
had lower bisphenol F concentrations. In contrast, bisphenol S was only associated with a
single ultra-processed food group (pizza) and not with overall consumption of ultra- or
minimally processed food. These findings align with a study measuring bisphenols in U.S.
food samples that found bisphenols A and F at higher concentrations than bisphenol S (Liao
and Kannan 2013), suggesting that bisphenol S is used less frequently in food contact or
production materials. As noted above, additional research is needed to determine food
sources of these and other bisphenol A analogues given that our focus on ultra-processed
food consumption may not capture the primary dietary sources of bisphenols.

We found some unexpected associations; in particular, consuming instant/canned soup and
sweet or salty snacks were inversely associated with MCPP, MCNP, or MCOP
concentrations and consuming pizza was inversely associated with bisphenol F
concentrations. We suspect these associations may be due to confounding whereby
individuals who ate ultra-processed soups, snacks, or pizza were less likely to consume other
categories of ultra-processed food or to be exposed to other phthalate sources. Alternatively,
we conducted a large number of statistical tests and cannot rule out chance findings.

Our finding that higher consumption of minimally processed food was associated with lower
urinary concentrations of several phthalates and bisphenols aligns with previous studies
reporting lower concentrations of these chemicals among those consuming a healthy or fresh
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food diet (Correia-Sa et al. 2018; Correia-Sa et al. 2017; Rudel et al. 2011; Serrano et al.
2014b). For example, a dietary intervention study in which individuals consumed only foods
not canned or packaged in plastic for three days observed substantial decreases in geometric
mean concentrations of bisphenol A (66%) and DEHP metabolites (53-56%) from pre- to
post-intervention (Rudel et al. 2011). In our study, individuals in the highest versus lowest
quartile of minimally processed food consumption had 23-42% lower concentrations of
MCPP, MCNP, MCOP, and bisphenol F, which were not measured by Rudel et al. In
contrast, another dietary intervention trial found a substantial unexpected increase in urinary
concentrations of DEHP metabolites among individuals during a complete dietary
replacement aimed at reducing phthalate and bisphenol A exposures (Sathyanarayana et al.
2013). The increase was likely due to contaminated dairy and spices, suggesting that
individual-level dietary modification may not be a feasible approach for reducing general
population exposures given the ubiquity of these chemicals in the food supply and current
gaps in knowledge regarding sources of contamination. Still, the strong relationship between
minimally processed food intake and lower exposure to newer phthalates and bisphenols
observed in our study indicates that a fresh food diet may reduce exposure to these
replacement chemicals. Future dietary intervention research focusing on reducing
consumption of ultra-processed food in favor of minimally processed food is needed to
confirm this finding.

We observed a stronger association of urinary MCOP concentrations, a DiNP metabolite,
with ultra-processed food consumption among children as compared with adolescents or
adults. Each 10% higher percent total energy intake from ultra-processed foods was
associated with 17% higher MCOP concentrations in children, compared to 5% higher
concentrations among adolescents and 9% higher among adults. This finding may indicate
that the types of ultra-processed food consumed by children have greater contamination with
DiNP than foods consumed by older individuals, or may reflect age differences in phthalate
metabolism. Two prior studies did not observe stronger associations of fast food
consumption or dining out with phthalate exposure among children than adults (Varshavsky
et al. 2018; Zota et al. 2016), possibly because offerings at fast food venues, restaurants, and
cafeterias are more homogenous by age group compared with our analysis of overall dietary
intake from all sources. The association of urinary Y DEHP concentrations with ultra-
processed food consumption was also modified by age group, though we were
underpowered to detect statistically significant main effects. Larger studies are needed to
fully investigate subgroup differences in associations.

The strong association of the DiNP metabolite MCOP with ultra-processed food in children
is concerning given that DiNP has antiandrogenic effects, albeit less potent than DEHP
(Chronic Hazard Advisory Panel on Phthalates and Phthalate Alternatives 2014), and is
listed by California’s Proposition 65 as a known carcinogen (Office of Environmental Health
Hazard Assessment 2019). The Chronic Hazard Advisory Panel on Phthalates and Phthalate
Alternatives recommended a permanent ban on DiNP in children’s toys and childcare
articles (Chronic Hazard Advisory Panel on Phthalates and Phthalate Alternatives 2014). It
is notable that children and adolescents in our sample consumed a greater proportion of total
energy intake from ultra-processed foods than adults. Thus, our findings support the
American Academy of Pediatrics’ policy statement that recommends prioritizing fresh or
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frozen fruit and vegetable consumption and avoiding processed meats as an additional way
to reduce chemical exposures in children (Trasande et al. 2018).

Our application of the NOVA classification system to detailed dietary information reported
in the NHANES 24-hour recall allowed us to classify all foods consumed in the past day
rather than relying on less detailed assessments focusing on usual intake (e.g., food
frequency questionnaires). Although self-reported dietary intake is subject to
misclassification, NHANES used standardized approaches to collect dietary data and the
AMPM method has been validated (Blanton et al. 2006; Moshfegh et al. 2008). Still, there
may have been some misclassification due to lack of detailed ingredient lists or product
brands for some food items. We classified ultra-processed food to 18 food groups by
adapting food group lists reported in previous studies (Martinez Steele et al. 2016; Martinez
Steele et al. 2016) but classification was sometimes difficult to standardize due to limited
detail in these lists. Future work categorizing ultra-processed foods should provide more
information on what each food group is comprised of to facilitate such standardization.

An important strength of our study is the coordinated collection of urine samples and dietary
information to represent exposures during approximately the same 24-hour period. These
data provide the relevant temporal ordering for investigating sources of rapidly eliminated
chemicals despite our cross-sectional study design. We analyzed data from the most recent
NHANES cycle with available data in order to examine currently used phthalates and
bisphenols, including both legacy and replacement phthalates and bisphenols. We also
conducted a number of sensitivity analyses and found our results were robust to adjustment
for total energy intake from fat and the exclusion of fasting participants.

It is difficult to disentangle ultra-processed food consumption from previously identified
dietary predictors given that most of these foods and food sources are defined as ultra-
processed according to the NOVA classification system. We found that observed ultra-
processed food associations were not modified by fast food intake, suggesting that ultra-
processed foods contribute to exposures regardless of whether or not they were purchased at
a fast food restaurant. Nevertheless, we could not determine the source of food
contamination in this observational study. Besides food processing, food packaging and
handling may contribute to phthalate content of ultra-processed food. Future studies are
needed to determine points along the production line that cause chemical contamination and
to identify appropriate alternatives.

5. Conclusions

In summary, we found that ultra-processed food consumption was associated with increased
urinary concentrations of several phthalate metabolites including MCPP, MCNP, and MCOP
in a representative sample of the general U.S. population. Consuming minimally processed
foods was associated with lower concentrations of these same phthalate metabolites as well
as bisphenols A and F. Additional research is needed to determine whether minimally
processed food diets or changes in food production practices can reduce phthalate and
bisphenol exposures and related health effects, particularly among children who are more
vulnerable to toxicants and tend to consume more ultra-processed food than adults.
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Highlights
Ultra-processed food is related to higher levels of phthalates but not bisphenols
Minimally processed food is related to lower levels of phthalates and bisphenols A and F
Magnitudes of some associations are stronger among children

Chemical exposures may contribute to adverse health effects of ultra-processed food
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Figure 1.

Percent difference (95% confidence interval) in covariate-adjusted, creatinine-standardized
urinary mono-(carboxyisoctyl) phthalate (MCOP) concentrations according to quartiles of
total energy intake from ultra- or minimally processed food, National Health and Nutrition
Examination Survey 2013-2014 (n=2,212)
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Figure 2.

Percent difference (95% confidence interval) in covariate-adjusted, creatinine-standardized
urinary mono-(carboxyisoctyl) phthalate (MCOP) concentrations associated with ten percent
higher total energy intake from ultra- or minimally processed food, stratified by age group,
National Health and Nutrition Examination Survey 2013-2014 (n=2,212)
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Baseline participant characteristics according to quartiles of percent of total energy intake from ultra-
processed food, National Health and Nutrition Examination Survey (NHANES) 2013-2014 (n=2,212)

Table 1.

Page 21

Quartile 1: 0-

Quartile 2: 46.7-

Quartile 3: 63.1-

Quartile 4: 79.2%

Characteristic <46.7% (n=553) <63.1% (n=553) <79.2% (n=553) 100% (n=553)  "-value
% of total energy intake from 353 55.6 70.4 87.2 <0.001
ultraprocessed food (median)
% of total energy intake from 6.1 3.2 2.2 0 <0.001
processed culinary ingredients
(median)
% of total energy intake from 17.4 12.1 75 0.9 <0.001
processed food (median)
% of total energy intake from 39.5 259 17.2 6.7 <0.001
minimally processed food (median)
Age group
Children (6-<12y) 41 (11.9) 75 (22.5) 94 (30.2) 107 (35.3)
Adolescents (12<20y) 60 (14.0) 79 (19.3) 115 (30.9) 133 (35.8) <0.001
Adults (=20y) 452 (27.1) 399 (27.3) 344 (23.4) 313 (22.0)
Age, years 459+ 1.7 435+1.2 383+13 334+1.0 <0.001
Female sex 290 (24.5) 271 (24.2) 288 (24.7) 325 (26.6) 0.06
Race/ethnicity
Non-Hispanic white 193 (23.8) 223 (26.4) 209 (24.6) 236 (25.1)
Non-Hispanic black 90 (16.6) 112 (23.4) 147 (28.5) 146 (31.4)
Mexican American 136 (23.7) 160 (30.1) 134 (24.4) 122 (21.8) <0.001
Asian American 118 (55.9) 43 (18.8) 35 (15.6) 19 (9.6)
Other 16 (16.9) 15 (20.5) 28 (32.7) 30 (29.8)
Poverty level
<130% 188 (21.2) 225 (25.4) 214 (23.6) 235 (29.7)
130-<350% 184 (23.9) 156 (22.5) 187 (25.5) 208 (28.0) 0.007
>350% 181 (26.6) 172 (29.9) 152 (25.1) 110 (18.3)
Number of days physically active? 34201 36+01 39£02 37+01 0.10
Body mass index, kg/m? 275+04 28505 27.8+0.3 27704 0.35
Body mass index category
Underweight 13 (24.8) 11 (25.8) 14 (24.9) 15 (24.4)
Normal weight 204 (26.2) 181 (22.8) 213 (25.5) 213 (25.5) 0.03
Overweight 185 (27.8) 167 (27.2) 146 (23.5) 130 (21.5)
Obese 151 (19.3) 194 (28.2) 180 (25.4) 195 (26.9)

Note: Values are means + standard errors for continuous variables and 77 (row percentages) for categorical variables. All analyses accounted for the
complex survey design of NHANES by using appropriate sample weights.

aFor adolescents and adults (=12 years of age), physical activity included number of days of vigorous and moderate work-related activity, walking
or bicycling, and vigorous and moderate recreational activities in the past 7 days. For children (6—<12 years of age), physical activity was assessed

by using number of days physically active in the past 7 days.
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Table 2.

Urinary phthalate metabolite and bisphenol concentrations (ug/g-creatinine) according to quartiles of percent
of total energy intake from ultra-processed food, National Health and Nutrition Examination Survey 2013-
2014 (n=2,212)

Phthalate metabolite or Quartile 1: 0- Quartile 2: 46.7- Quartile 3: 63.1- Quartile 4:

bisphenol <46.7% (n=553) <63.1% (n=553) $79.2% (n=553)  79.206-100% (n=553) " -value
Summed di(2-ethylhexyl)

2 22.7(1.8) 23.2(L.1) 24.3 (L4) 26.3 (1.4) 0.08
(SDEHP)
Mono-benzyl (MBzP) 4.1(0.3) 3.9(0.2) 45(0.3) 5.6 (0.5) 0.001
Mono-(3-carh I
(N?ggP() carboxypropyl) 1.8(0.) 2.1(15) 2.3(0.2) 2.8(0.2) 0.001
Mono-(carboxyisononyl) 23(0.1) 29(02) 3.0(0.1) 33(0.2) 0.001
(MCNF) 3(0. 9 (0. 0 (0. 3(0. .
Mono-(carboxyisoctyl) (MCOP) 16.7 (1.2) 21.1(1.5) 21.8(1.7) 31.9 (1.7) <0.001
Bisphenol A 1.2 (0.6) 1.2(0.7) 1.4 (0.9) 1.4 (0.6) 0.004
Bisphenol F 0.5 (0.04) 0.4 (0.03) 0.4 (0.03) 0.4 (0.03) 0.43
Bisphenol S 0.5 (0.05) 0.5(0.03) 0.5 (0.05) 0.6 (0.05) 0.06

Note: Values are geometric means (standard errors) of covariate-adjusted, creatinine-standardized concentrations.

aMoIar sum of mono(2-ethyl-5-carboxypentyl) (MECPP), mono(2-ethyl-5-hydroxyhexyl) (MEHHP), mono(2-ethyl-5-oxohexyl) (MEOHP), and
mono(2-ethylhexyl) (MEHP) phthalates.
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