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Abstract

Background: Consuming ultra-processed foods may increase exposure to phthalates, a group of 

endocrine disruptors prevalent in food contact materials.

Objectives: Investigate associations between ultra-processed food intake and urinary phthalates 

during pregnancy, and evaluate whether ultra-processed foods mediate socioeconomic disparities 

in phthalate exposures.
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Methods: In a socioeconomically diverse sample of 1031 pregnant women from the Conditions 

Affecting Neurocognitive Development and Learning in Early Childhood (CANDLE) Study in the 

urban South, the Block Food Frequency Questionnaire was administered and urinary phthalate 

metabolites were measured in the second trimester. Linear regressions modeled associations 

between phthalates and overall ultra-processed food consumption, individual ultra-processed 

foods, and exploratory factor analysis dietary patterns. Causal mediation analyses examined 

whether ultra-processed food intake mediates relationships between socioeconomic disparities and 

phthalate exposures.

Results: Ultra-processed foods constituted 9.8–59.0 % (mean = 38.6 %) of participants’ diets. 

10 % higher dietary proportion of ultra-processed foods was associated with 13.1 % (95 %CI: 3.4 

%–22.9 %) higher molar sum concentrations of di(2-ethylhexyl) phthalate metabolites (ΣDEHP). 

10 % higher consumption of minimally-processed foods was associated with lower ΣDEHP 

(10.8 %: 3.4 %–22.9 %). Ultra- and minimally-processed food consumption were not associated 

with non-DEHP metabolites. Standard deviation higher consumptions of hamburger/cheeseburger, 

French fries, soda, and cake were associated with 10.5 % (4.2 %–17.1 %), 9.2 % (2.6 %–16.2 

%), 7.4 % (1.4 %–13.6 %), and 6.0 % (0.0 %–12.4 %), respectively, higher ΣDEHP. Exploratory 

factor analysis corroborated positive associations of processed food with ΣDEHP, and uncovered 

a healthy dietary pattern associated with lower urinary ΣDEHP, mono(2-ethyl-5-hydroxyhexyl) 

(MEHHP), mono(2-ethyl-5-carboxypentyl) (MECPP), mono(2-carboxymethylhexyl) (MCMHP), 

and mono-isononyl (MINP) phthalates. Significant indirect effects indicated that lower income 

and education levels were associated with 1.9 % (0.2 %–4.2 %) and 1.4 % (0.1 %–3.3 %) higher 

ΣDEHP, respectively, mediated via increased ultra-processed food consumption.

Conclusions: Consumption of ultra-processed foods may increase exposure to phthalates. 

Policies to reduce dietary phthalate exposures from food packaging and processing are needed, as 

socioeconomic barriers can preclude dietary recommendations as a sole means to reduce phthalate 

exposures.

Keywords

Phthalates; Processed food; NOVA; Fast food; Maternal diet; Endocrine disruptors; 
Socioeconomic status

1. Background

Humans have developed various techniques to process food throughout history, evolving 

from basic methods of preservation including salting, smoking, and pickling to more 

sophisticated industrial physical, chemical, or biological processes, including hydrogenation, 

hydrolysis, and bleaching (Srour et al., 2022). Recent increases in global intake of highly 

processed foods have coincided with an increase in chronic diseases like metabolic 

syndrome and inflammatory bowel disease, prompting scientists to explore potential 

connections between levels of food processing and the risk of chronic illnesses (Srour et al., 

2022). Processed diets may impact health through mechanisms other than nutritional quality, 

and the mechanisms underlying those impacts can vary greatly across processed foods (Hess 

et al., 2023). Accumulating evidence suggests that chemicals deliberately added to processed 

foods (e.g., to extend shelf life or to impart certain properties including color and texture), 
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or which inadvertently contaminate food through contact during processing and packaging, 

including phthalates (Bang et al., 2012), may contribute to human disease (Trasande et 

al., 2018). In particular, owing to the common use of phthalates in food processing and 

packaging, processed food diets may be a major source of human phthalate exposures (Bang 

et al., 2012; Fromme et al., 2007; Engel et al., 2021).

Phthalates are a group of chemical compounds widely used in the production of plastics, 

personal care items, and other commercial products (Katsikantami et al., 2016; Serrano 

et al., 2014). These chemicals are not covalently bound to consumer goods, and thereby 

leach into the environment, resulting in ubiquitous human exposures across the globe 

(Katsikantami et al., 2016; Serrano et al., 2014). Phthalate exposures may increase risks 

for low birth weight (Golestanzadeh et al., 2019; Marie et al., 2015), preterm birth (Welch 

et al., 2022), adverse reproductive development (Swan et al., 2015), and other child health 

outcomes (Swan, 2008). Thus, advancing our understanding of common sources of phthalate 

exposures, especially during pregnancy when the developing fetus is particularly sensitive to 

these exposures, is a critical public health priority.

Diets high in processed and packaged foods could result in higher phthalate exposures 

compared with diets high in fresh and unprocessed foods. Analyses using data from 

the National Health and Nutrition Examination Survey (NHANES) have shown that 

consumption of fast foods (Zota et al., 2016) ultra-processed foods (Buckley et al., 2019; 

Martínez Steele et al., 2020), and eating outside of the home (Varshavsky et al., 2018) are 

associated with increased exposure to certain phthalate metabolites in United States (US) 

children and adults. However, more studies are needed to confirm these potential sources of 

dietary phthalate exposures. Because prenatal phthalates are associated with adverse birth 

and other health outcomes (Golestanzadeh M, Riahi R, Kelishadi RJES, Research P, 2019; 

Marie et al., 2015; Welch et al., 2022; Swan et al., 2015; Swan, 2008) an examination of 

the degree to which ultra-processed foods increase phthalate exposures during pregnancy is 

needed.

Prior cohort studies examining the impacts of ultra-processed food consumption have 

utilized the NOVA (not an acronym) food processing classification system (Buckley et 

al., 2019; Martínez Steele et al., 2020; Khandpur et al., 2021). Instead of focusing on 

nutrients, NOVA is a system that classifies foods based on the degree and intention of 

their processing (Monteiro, 2009; Monteiro et al., 2016). NOVA includes four groups of 

foods: 1) unprocessed or minimally processed foods; 2) processed culinary ingredients; 

3) processed foods; and 4) ultra-processed foods. There is the potential for bias in the 

manual categorization of foods by researchers into pre-defined food groups, and data-driven 

approaches can potentially mitigate this bias. However, data-driven methods can result in 

less interpretable groups compared with manual classification. Thus, both manual and data-

driven classification systems should be utilized as complementary approaches to advance 

our understanding of potential dietary sources of phthalate exposures.

Communities of low socioeconomic status may be disproportionately impacted by food-

associated chemical exposures, as highest level of educational attainment, individual 

poverty, and living in a low resource neighborhood are factors well known to limit access 
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to affordable and healthy foods (Walker et al., 2010). The increased cost of healthy food 

is a widely acknowledged barrier to following a healthy diet, especially for those with 

lower incomes (Rao et al., 2013; Darmon and Drewnowski, 2015; Glanz et al., 1998). 

Similarly, several studies have shown that diets with a higher proportion of energy from 

minimally processed foods are more expensive than diets high in ultra-processed foods 

(Vandevijvere et al., 2020; Vellinga et al., 2022). In addition to the higher monetary costs 

of minimally processed foods, other factors may limit access. Lower income individuals 

may be more likely to live in food deserts, residential areas with poor availability of 

affordable and nutritious food (Zenk et al., 2005; Moore and Diez Roux, 2006). The costs 

of car ownership and public transportation can prevent access to grocery stores (Rose 

and Richards, 2004; Guy et al., 2004; Cotterill and Franklin, 1995). Additionally, single 

parents and individuals with long and/or inflexible work schedules may lack the time 

required to visit the supermarket or prepare meals (Rose and Richards, 2004. Easy access 

to unhealthy foods in food swamps (Rose et al., 2009) may also predict adverse health 

outcomes (Cooksey-Stowers et al., 2017; Bevel et al., 2023) Moreover, food swamps are 

more likely to occur in lower socioeconomic status areas, which can have higher fast food 

and convenience store densities (Block et al., 2004; Richardson et al., 2014). Owing to these 

socioeconomic barriers to food access, ultra-processed food consumption is lower among 

individuals with higher income and education levels in the US general population (Baraldi et 

al., 2018), yet no studies have examined whether ultra-processed food consumption mediates 

links between socioeconomic status and phthalate exposures.

To advance the literature on sources of phthalate exposures, our primary objective was to 

conduct the first analysis modeling associations between ultra-processed food consumption 

and phthalate exposures in pregnant women rather than the general population. To account 

for the potential for bias in manual food categorization and the potential for limited 

interpretability of data-driven food categorization, we employed complementary NOVA and 

exploratory factor analysis food grouping approaches. Additionally, to explore potential 

mechanisms of exposure, we conducted the first analysis evaluating whether ultra-processed 

food consumption mediates socioeconomic disparities in phthalate exposures.

2. Methods

2.1. Study population

Analyses are based on data from the Conditions Affecting Neurocognitive Development 

and Learning in Early Childhood (CANDLE) cohort, a prospective pregnancy cohort of 

mother–child dyads in Shelby County, Tennessee (Memphis area) (Sontag-Padilla et al., 

2015; Palmer et al., 2013). Between 2006 and 2011, 1503 women aged 16–40 with 

healthy singleton pregnancies were enrolled in their second trimester. Exclusion criteria 

included an existing chronic disease requiring medication (e.g., hypertension, diabetes, and 

sickle cell disease), known pregnancy complications (e.g., complete placenta previa and 

oligohydramnios), or plans to deliver at a nonparticipating hospital. Among the enrolled 

participants, 1318 had complete maternal dietary data. Among these participants, the study 

sample consisted of 1031 CANDLE mothers who also had urinary phthalate metabolite data 

available. The Institutional Review Boards of the University of Tennessee Health Science 
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Center and the University of Washington granted approval for the study. Participants aged 18 

years or older provided informed consent, while assent and consent from legally authorized 

representatives were obtained for those under 18 years prior to enrollment.

2.2. Maternal diet during pregnancy

During the second trimester of pregnancy (between 15.3 and 28.7 weeks’ gestation 

(mean [SD] = 23.0 [3.0]), trained interviewers administered the Block Food Frequency 

Questionnaire (FFQ) to evaluate participants’ habitual consumption 114 food and beverage 

items over the preceding three months (Block et al., 1986; Subar et al., 2001). To ensure 

accuracy, interviewers received training from registered dietitians and underwent periodic re-

certification through recorded interviews every six months. The FFQ data were processed by 

NutritionQuest (Berkeley, CA, USA) to assess total daily energy intake. Instead of focusing 

on nutrients, NOVA is a system that classifies foods based on the degree and intention 

of their processing (Monteiro, 2009; Monteiro et al., 2016). Block FFQ food items were 

categorized according to a list of NOVA food groups generated previously by Khandpur 

and colleagues (2021) (Khandpur et al., 2021). Briefly, Khandpur and colleagues (2021) 

created a food list from the FFQs employed in five different cohort studies and grouped 

them into four NOVA groups based on their grade of processing. These groups included 1) 

unprocessed or minimally processed foods; 2) processed culinary ingredients; 3) processed 

foods; and 4) ultra-processed foods. Initially, three researchers working independently 

assigned foods to one of the NOVA groups. Foods for which there was disagreement in 

categorization were reviewed and assigned to a NOVA group by three senior nutrition 

epidemiologists in consultation with a team of research dietitians (Khandpur et al., 2021). 

In the present study, one author coded all of the items according to the groupings generated 

by Khandpur and colleagues (2021), and a second author with nutritional epidemiology 

expertise reviewed the groupings to flag individual items for sensitivity analyses. Flagged 

items included fried chicken, fried fish, breakfast sandwiches, and macaroni and cheese, 

which could belong to different NOVA groups depending on the ingredients and how they 

are prepared (e.g., fried fish sticks or chicken nuggets vs. pan fried alternatives). One 

sensitivity analysis categorized all flagged foods as ultra-processed, and another sensitivity 

analysis categorized them as minimally processed.

Our primary analyses modeled food intake using the frequency data from the Block FFQ. 

Prior work has expressed intake of ultra-processed foods either in terms of frequency of 

intake (Dehghan et al., 2023) or proportion of energy (caloric) intake (Buckley et al., 2019). 

Analyzing food frequency rather than proportion of energy was preferable here for several 

reasons: 1) converting the FFQ frequency and quantity data into proportions of total energy 

requires unverifiable assumptions about the calories per serving for each food item; (Naska 

et al., 2017) 2) the frequency data can account for the intake of ultra-processed foods 

without energy (artificially sweetened drinks, sauces, salad dressings, etc.); (Dehghan et al., 

2023) and 3) frequency of intake may be a more reasonable measure of non-nutritional 

factors (Dehghan et al., 2023; Juul et al., 2021), especially those pertaining to additives, 

processing, and packaging. Nevertheless, we performed sensitivity analyses (described 

below) modeling food intake for several FFQ items in terms of dietary energy proportion.
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For each participant, we summed the frequency of intake of all food items, NOVA ultra-

processed foods, and NOVA minimally processed foods. Variables reflecting the percent 

dietary intake of ultra-processed and minimally processed foods were calculated by dividing 

the frequencies of intake for these NOVA groups by the intake of all food items and 

multiplying by 100.

2.3. Maternal urinary phthalate metabolites

Phthalate metabolites were measured in single spot urine samples collected using phthalate-

free polypropylene containers from women during a clinical visit between 15.3 and 

28.7 weeks’ gestation (mean [SD] = 23.0 [3.0]). Samples were processed and stored 

at − 80 °C in the study repository of the University of Tennessee Health Science 

Center Department of Pathology. Solid-phase extraction and high-performance liquid 

chromatography-tandem mass spectrometry were employed to analyze the samples for 

phthalic acid and 21 phthalate metabolites; quality control was ensured by incorporating 

process and instrument blanks (Rocha et al., 2017). Specific gravity was determined 

using a handheld refractometer, and phthalate measurements were adjusted according to 

a formula previously described (Adgent et al., 2020). Individual phthalate metabolites 

were included in this study only if they exceeded the LOD in over 70 % of samples. 

Phthalic acid and 16 phthalate metabolites met this cut-off, including monomethyl 

phthalate (MMP), monoethyl phthalate (MEP), monobutyl phthalate (MBP), monoisobutyl 

phthalate (MIBP), monobenzyl phthalate (MBZP), monohexyl phthalate (MHXP), 

mono(4-hydroxypentyl) phthalate (MHPP), mono(2-ethylhexyl) phthalate (MEHP), mono(2-

ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), 

mono(2-ethyl-5-carboxypentyl) phthalate (MECPP), mono(2-carboxymethylhexyl) phthalate 

(MCMHP), mono(3-carboxypropyl) phthalate (MCPP), monoisononyl-phthalate (MINP), 

monocarboxyisooctyl phthalate (MCIOP), and monocarboxyisononyl phthalate (MCINP). 

Of those metabolites included, individual values below the limit of detection (LOD) 

were imputed by the LOD divided by the square root of 2 (Hornung and Reed, 1990). 

Di(2-ethylhexyl) phthalate molar sum (ΣDEHP) was calculated as the molar sum of five 

metabolites: MEHP, MEOHP, MEHHP, MECPP, and MCMHP.

2.4. Covariates

Covariate data on maternal characteristics were collected via questionnaires and medical 

record abstraction. All models adjusted for maternal age, education, race, ethnicity, 

household income, number of individuals in the household, neighborhood deprivation index 

(which includes indicators related to poverty, unemployment, educational attainment and 

home ownership derived from the US Census) (Messer et al., 2006), pre-pregnancy body 

mass index (BMI), tobacco and alcohol use, and total daily caloric intake (calculated 

by NutritionQuest). Maternal alcohol use was based on self-report. The positive tobacco 

exposure group included individuals with maternal urine cotinine above 200 ng/mL (Schick 

et al., 2017), as well as individuals who were below this cut-off but self-reported tobacco use 

during pregnancy.

Baker et al. Page 6

Environ Int. Author manuscript; available in PMC 2024 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.5. Statistical analysis

Our primary analyses included 827 complete cases with full covariate data and excluding 

98 pregnant women who reported questionably low (<1000) or high (>5000) calories/day 

of total energy intake (Willet, 1990; Völgyi et al., 2013). We performed sensitivity analyses 

that 1) included all 925 complete cases, regardless of calories/day intake, and 2) included 

all 1031 individuals in the study by applying Multivariate Imputation by Chained Equations 

(MICE) to handle missing data (Van Buuren and Groothuis-Oudshoorn, 2011).

Descriptive statistic summaries were calculated for the 827 complete cases in our primary 

analyses according to quartiles of percent of dietary intake from ultra-processed foods. We 

examined baseline characteristics by quartiles of ultra-processed food intake using analysis 

of variance and chi-square goodness of fit tests for continuous and categorical variables, 

respectively. Descriptive statistic summaries were additionally calculated for the entire 

1503-individual CANDLE cohort, the 1031 total individuals with FFQ and phthalate data 

available, and the 472 individuals who were missing this data and excluded from this study.

We modeled associations of 10-percent increases in ultra-processed or minimally processed 

food intakes with urinary phthalate metabolite levels in separate linear models for each 

natural log-adjusted, specific gravity corrected phthalate metabolite. From the regression 

models, we calculated percent difference in urinary phthalate metabolite levels by ultra- or 

minimally processed food intake using the formula: (eβ − 1) × 100 % (Zota et al., 2016; 

Buckley et al., 2019). Additionally, we modeled associations of individual ultra-processed 

food items with natural log-adjusted ΣDEHP. In these models, individual food items were 

scaled and centered, and the formula above was used to convert coefficients into percent 

ΣDEHP differences. Thus, the reported estimates reflect ΣDEHP percent changes per 

standard deviation higher food item intake.

In a sensitivity analysis, the top four food items associated with increased ΣDEHP 

(hamburgers/cheeseburgers, French fries, sodas, and cake) were instead modeled in terms of 

proportion of total dietary energy (USDA Food and Nutrient Database for Dietary Studies, 

2022). For each of these food items, we converted participant reported quantity of intake 

(i.e., serving size) into calories using the United States Department of Agriculture (USDA) 

Food and Nutrient Database for Dietary Studies (Table S1). These calorie values were 

multiplied by daily frequencies of intake to obtain daily caloric intakes, then divided by 

total daily calories (calculated by NutritionQuest) to determine the percentages of daily 

calories attributable to each food item. For individuals reporting consumption of diet sodas, 

percentage of total energy from sodas was set to 0 %. Using linear regressions and the 

formula above, we modeled ΣDEHP percent changes per one-percent increase in daily 

calories attributable to each food item. Rather than modeling 10 % differences as described 

for proportion dietary intake of ultra-processed foods, we modeled one-percent differences 

for individual food items because the mean intake for individual foods was much lower 

(following approach by Buckley et. al., 2019) (Buckley et al., 2019). The mean percent 

of total energy intake from these four food items ranged from 1.6 to 2.7 %, while mean 

ultra-processed food intake was 38.6 %.
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Causal mediation analysis was used to examine the role of percent dietary intake of ultra-

processed food as a mediator on the pathway between socioeconomic status variables and 

ΣDEHP exposure during pregnancy. Separate mediation models were employed for each 

measure of socioeconomic status, including household income, maternal education, and 

neighborhood deprivation index. These analyses were conducted using the regression-based 

approach in the ‘CMAverse’ R package (Shi et al., 2021) with closed-form parameter 

function estimation and bootstrap inference with 1,000 iterations. The active and control 

values for continuous variables (income and neighborhood deprivation index) were set to 

the 75th and 25th percentiles, respectively. Education categories were collapsed into two 

groups and the active and control values were set to higher education versus no higher 

education. The higher education group included individuals self-reporting “some graduate 

work or graduate/professional degree” and “graduated college or technical school” (N = 

385 in complete case analysis), while the no higher education group included individuals 

self-reporting “High School completion” and “<High School” (N = 442 in complete case 

analysis). Coefficients were expressed as percent changes in ΣDEHP using the formula 

above.

Data driven maternal dietary pattern groups were created using exploratory factor analysis. 

This unsupervised method was used to reduce the dimensionality of the Block FFQ 

independently of any covariates or the outcome of interest. In this case, factor analysis 

assumes that food frequencies arise from a specific number of latent factors. These latent 

factors represent common sources of variation and account for correlation structure in the 

FFQ data. The analysis was performed by inputting all frequency data from the Block 

FFQ into the ‘fa’ function from the ‘psych’ R package (Revelle, 2015) using the maximum 

likelihood factoring method, varimax rotation, and regression scores estimator. The number 

of factors to retain in the final solution was determined to maximize interpretability of the 

factors in relation to dietary patterns. A steep drop-off in eigenvalues beyond 7 factors was 

observed, and factor analysis solutions ranging from 2 to 7 factors were tested. Loadings 

for the factors in each solution were plotted, and a 5-factor solution was chosen as the best 

balance between variance explained and interpretability of the dietary patterns. We plotted 

the top 12 loadings for each factor, and modeled associations of the 5 factor variables with 

urinary phthalate levels in separate linear models for each phthalate outcome. Owing to the 

subjective nature of relying on interpretability for selecting the number of factors to retain, 

sensitivity analyses were conducted by repeating exploratory factor analysis with 4 and 6 

factors. Analyses were conducted using R version 4.1.2 (R Core Team, 2021).

3. Results

On average, pregnant women were 26.8 years of age (range = 16–40), and most participants 

self-identified as Black/African American (60.6 %) or White (33.6 %). The majority of 

women reported no tobacco (91.4 %) or alcohol (91.1 %) use during pregnancy and 

consumed an average of 2,410 calories per day during early pregnancy (Table 1). Urinary 

measures of Phthalic acid and 16 phthalate metabolites exceeded the LOD in over 70 % 

of samples (Table S2). Compared to the included study sample with available phthalates 

and FFQ data, CANDLE cohort mothers excluded from this study were on average younger 

during pregnancy, and lower socioeconomic status according to educational attainment, 
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neighborhood deprivation index, and familial income (Table S3). Distributions of the 16 

phthalate metabolites, phthalic acid, and ΣDEHP are shown in Fig. 1.

Fig. 2 details our categorization of the Block FFQ line items into the four NOVA food 

groups. Most mothers reported more frequent consumption of minimally processed foods 

compared with ultra-processed foods (Fig. 3A). Ultra-processed foods constituted 9.8 to 

59.0 % (mean = 38.6 %) of the total items in participants’ diets, while minimally processed 

foods constituted 30.8 to 80.5 % (mean = 49.6 %). Mothers in the highest ultra-processed 

food quartile had 42.7 to 59.0 % of total food intake from ultra-processed foods compared 

with 9.8 to 34.7 % for mothers in the lowest quartile (Table 1). Mothers in the highest 

quartile of ultra-processed food consumption were more likely to be younger, have lower 

family income, lower educational attainment, higher neighborhood deprivation levels, and 

higher daily caloric intakes (Table 1).

3.1. Associations of NOVA food groups and ultra-processed foods with urinary phthalate 
concentrations

Each 10 % higher dietary proportion of ultra-processed foods was associated with 13.1 

% (95 % CI: 3.4 %, 22.9 %) higher urinary ΣDEHP (Fig. 3B, Table S4). Ultra-processed 

food intake was also significantly associated with 11.0 % higher urinary phthalic acid 

concentrations (95 % CI: 0.2 %, 22.0 %) and higher levels of all five DEHP metabolites 

(Fig. 3B). Conversely, each 10 % higher dietary proportion of minimally processed food 

intake was associated with 10.8 % (95 % CI: 3.4 %, 22.9 %) lower urinary ΣDEHP (Fig. 

3B, Table S4). Higher minimally processed food intake was also significantly associated 

with lower levels of all five DEHP metabolites (Fig. 3B, Table S4), but there was no 

association with phthalic acid (−6.7 %; 95 % CI: −16.3 %, 3.1 %). There were no 

significant associations of consumption of ultra- or minimally-processed foods with non-

DEHP phthalate metabolites (Fig. 3B).

Because the overall intake of ultra-processed foods was associated with higher urinary 

ΣDEHP and DEHP metabolite concentrations, we further explored associations of individual 

ultra-processed foods with ΣDEHP (Fig. 3C). Standard deviation increases in the frequency 

of intake of hamburgers/cheeseburgers, French fries, sodas, and cakes were each associated 

with 10.5 % (95 % CI: 4.2 %, 17.1 %), 9.2 % (95 % CI: 2.6 %, 16.2 %), 7.4 % (95 

% CI: 1.4 %, 13.6 %), and 6.0 % (95 % CI: 0.0 %, 12.4 %) higher urinary ΣDEHP, 

respectively (Fig. 3C, Table S5). Each standard deviation higher frequency of breakfast bar 

intake was associated with 5.8 % (95 % CI: 0.3 %, 11.0 %) lower ΣDEHP. No other ultra-

processed food items were significantly associated with ΣDEHP (Fig. 3C). Similar ΣDEHP 

increments were seen in a sensitivity analysis modeling hamburgers/cheeseburgers, French 

fries, sodas, and cakes in terms of percentage of total energy intake, although associations 

were attenuated and not statistically significant for hamburgers/cheese-burgers and sodas 

(Fig. 3D, Table S6).

Fried chicken, fried fish, breakfast sandwiches, and macaroni and cheese were assigned 

to different NOVA groups in sensitivity analyses. Compared with the main analysis, 

associations of ultra-processed food consumption with phthalates were the same when all 

flagged foods were categorized as minimally processed (Fig. S1A). When all flagged foods 
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were categorized as ultra-processed, results were the same except that ultra-processed food 

consumption was no longer associated with phthalic acid (Fig. S1B). None of the flagged 

foods were individually associated with ΣDEHP (Fig. S1C). We found similar results in 

a sensitivity analysis including all 925 complete cases with full covariate data, without 

filtering based on daily caloric intake. Consistent with the main analysis, ultra-processed 

foods were positively associated with four DEHP metabolites and ΣDEHP. Unlike the 

main analysis, however, ultra-processed foods were not associated with MEHP or phthalic 

acid (Fig. S2A). The following ultra-processed food items were positively associated 

with urinary ΣDEHP: hamburgers/cheeseburgers, French fries, donuts, sodas, and cake 

(Fig. S1B). In another sensitivity analysis, we included all 1031 individuals by imputing 

missing covariate data with MICE. Consistent with the main analysis, ultra-processed 

foods were associated with phthalic acid, four DEHP metabolites, and ΣDEHP. Unlike the 

main analysis, however ultra-processed foods were not associated with MEHP (Fig. S3A). 

The following ultra-processed food items were positively associated with urinary ΣDEHP: 

hamburgers/cheeseburgers, French fries, donuts, chocolate candy, and sodas (Fig. S3B).

Causal mediation analyses (N = 827) examined associations of three socioeconomic 

variables with urinary ΣDEHP, mediated through ultra-processed food intake. Consistent 

with the main analysis, the outcome regressions in all three causal mediation models 

indicated that each 10 % increase in the proportion of dietary intake from ultra-processed 

foods was significantly associated with approximately 13 % higher urinary ΣDEHP (Fig. 4). 

Being in the 75th ($71,440.5) versus 25th ($17,909.0) percentile of income was associated 

with 1.4 % reduced ultra-processed food intake (95 % CI: 0.3 %, 2.6 %), and the indirect 

effect estimate indicated that being in the 75th versus 25th percentile of income was 

associated with 1.9 % (95 % CI: 0.2 %, 4.2 %) lower ΣDEHP mediated through reduced 

ultra-processed food intake (Fig. 4A; proportion mediated = 0.66). Compared with self-

report of educational attainment beyond high school, no higher education was associated 

with 1.0 % increased ultra-processed food intake (95 % CI: 0.3 %, 2.3 %), and the indirect 

effect estimate indicated that no higher education was associated with 1.4 % (95 % CI: 

0.1 %, 3.3 %) higher ΣDEHP mediated through increased ultra-processed food intake (Fig. 

4B; proportion mediated = −0.20). Neighborhood deprivation index was neither associated 

with ultra-processed food consumption nor indirectly associated with ΣDEHP through the 

ultra-processed food consumption pathway (Fig. 4C), and the direct and total effects were 

non-significant in all mediation models (Fig. 4).

3.2. Associations of latent dietary pattern variables with urinary phthalate concentrations

Loadings for 5 factors from exploratory factor analysis are presented in Fig. 5A. Based on 

the loadings, we interpreted these factors to represent latent variables for the following 

5 dietary patterns (% variance explained): ‘Cereal’ (7.1 %), characterized by higher 

consumption of cold cereal and milk on cereal; ‘Healthy’ (6.1 %), characterized by higher 

total fruit and total vegetable consumption; ‘US Southern’ (3.2 %), characterized by higher 

consumption of foods commonly associated with the US south including greens, fried fish 

and chicken, and corn bread; ‘Salad’ (2.3 %), characterized by higher consumption of 

green salad, salad dressing, and tomatoes; and ‘Processed’ (2.1 %), characterized by higher 

consumption of pre-packaged foods, refined grains, high-sugar drinks, candy and sweets. 
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The data-driven, ‘Processed’ dietary pattern was associated with increases in the same 

urinary phthalates as the manually categorized NOVA ultra-processed food group: phthalic 

acid, ΣDEHP, and all five DEHP metabolites (Fig. 5, Table S7). The strongest association 

was a 14.1 % (95 % CI: 3.5 %, 25.9 %) increase in the DEHP metabolite, MEHP, per 

standard deviation increase in the ‘Processed’ pattern. Green salad and salad dressing 

were the top loadings for the ‘Salad’ dietary pattern, which was significantly associated 

with increased MCIOP, and there were suggestive positive associations with MCMHP 

(P = 0.064), and MCINP (P = 0.067). The ‘US Southern’ pattern was associated with 

increased phthalic acid, MCPP, and MHXP. The ‘Healthy’ dietary pattern was associated 

with decreased urinary levels of MEHHP, MECPP, MCMHP, MINP, and ΣDEHP. There 

were no phthalate associations with the Cereal pattern.

A sensitivity analysis with 4 rather than 5 factors uncovered similar latent variables 

for the ‘Cereal’, ‘Healthy’, ‘US Southern’, and ‘Processed’ dietary patterns, and their 

associations with urinary phthalates were similar compared to the main analysis (Figure 

S4). For instance, the ‘Processed’ pattern was similarly associated with increases in 

phthalic acid, ΣDEHP, and all five DEHP metabolites. A sensitivity analysis with 6 factors 

uncovered similar latent variables for the ‘Cereal’, ‘Healthy’, ‘US Southern’, ‘Salad’, and 

‘Processed’ dietary patterns, along with an additional ‘Unknown’ pattern related to increased 

consumption of coffee, vegetables, fish, meat substitutes, and tofu, potentially reflecting a 

pescatarian diet (Fig. S5A). Associations were generally similar between phthalates and the 

5 factors uncovered in the primary analysis, and the ‘Unknown’ pattern was associated with 

decreased urinary phthalic acid and MCIOP (Fig. S5B).

4. Discussion

In this socioeconomically diverse, US Southern cohort study of 1031 pregnant women, more 

frequent ultra-processed food intake during pregnancy was associated with higher urinary 

concentrations of phthalic acid, ΣDEHP, and five DEHP metabolites, while more frequent 

intake of minimally processed foods was associated with lower levels of ΣDEHP and five 

DEHP metabolites. In our analysis of individual ultra-processed food items, hamburgers/

cheeseburgers, French fries, sodas, and cake were each individually associated with higher 

urinary ΣDEHP. Unsupervised, exploratory factor analysis identified a pattern consistent 

with more frequent processed food intake, and this data-driven processed food pattern 

was positively associated with urinary concentrations of phthalic acid, ΣDEHP, and five 

DEHP metabolites. Lower household income and lower maternal education levels were 

associated with higher urinary ΣDEHP mediated through higher ultra-processed food intake, 

implicating socioeconomic barriers to accessing affordable, minimally processed foods. To 

our knowledge, this study is the first to evaluate the proportion of dietary intake from 

NOVA ultra-processed foods during pregnancy as a potential source of prenatal phthalate 

exposures, and the first to show that ultra-processed food consumption partially mediates 

socioeconomic disparities in phthalate exposures. Moreover, these findings in a racially 

and socioeconomically diverse, US Southern population enhances inclusion of groups 

traditionally under-represented in research.
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Prior to this study, the only analyses of links between ultra-processed food consumption 

and phthalates were conducted in the US (NHANES) (Buckley et al., 2019; Martínez Steele 

et al., 2020) and Taiwanese (Huang et al., 2021) general populations. Higher consumption 

of minimally processed food was associated with lower concentrations of MEP and MBP 

in the Asian Taiwanese adult population (Huang et al., 2021). In an analysis of NHANES 

2013–2014, greater ultra-processed food intake was associated with higher urinary MCPP, 

MCNP, and MCOP (Buckley et al., 2019). Including data from 2009 to 2016, a second 

NHANES study found that greater ultra-processed food intake was associated with higher 

MCPP, MCNP, MBZP, and DINP molar sum (Martínez Steele et al., 2020). In contrast 

to those studies, where no associations with DEHP were observed, we found strong 

associations of ultra-processed foods with urinary DEHP metabolites. Our study sample 

was recruited earlier (2006–2011) than the participants in these NHANES analyses, and 

temporal trends in phthalate exposures likely explains the discrepant findings. Declines in 

DEHP over time have been observed as it is increasingly replaced with other high molecular 

weight phthalate substitutes such as DINP and DIDP (Zota et al., 2014; Koch et al., 2017). 

Exemplifying this trend, we detected MEHP in 99.1 % of our study sample, while MEHP 

was only detected in 57.8 % in the NHANES 2013–2014 study (Buckley et al., 2019). 

Additionally, for three phthalate metabolites significantly associated with ultra-processed 

foods in NHANES (MCPP, MCNP, and MCOP), concentrations were significantly lower in 

this cohort compared with national estimates (Adgent et al., 2020).

We observed that consumption of food items commonly found at fast food restaurants was 

associated with increased urinary ΣDEHP. These foods included hamburgers/cheeseburgers, 

French fries, and sodas. This result is consistent with prior studies showing higher phthalate 

exposures in association with fast foods (Zota et al., 2016). Although positive associations 

between ultra-processed foods and DEHP observed here appear to be primarily driven by 

fast foods, our results suggest additional phthalate exposure sources such as cakes and 

pies. Similarly, prior studies have also shown that consumption of foods prepared away 

from home may increase phthalate exposures (Varshavsky et al., 2018). Interestingly, the 

association we found between the frequency of soda consumption and urinary ΣDEHP was 

substantially attenuated and no longer statistically significant when sodas were modeled 

in terms of percent of total energy intake. We explicitly accounted for diet and non-diet 

soda consumption. Thus, modeling energy intakes could have resulted in classifying diet 

soda drinkers as having zero soda exposure. Modeling consumption frequencies rather than 

calories may have advantages in such cases where phthalate contributions from low calorie 

foods, such as diet sodas, could be missed.

DEHP remains ubiquitous, particularly in fast foods, despite the general trend toward lower 

levels of exposure and replacement by alternative plasticizers (Schecter et al., 2013). More 

than 20 years ago, disposable gloves used in the preparation of foods were identified as a 

major source of DEHP in packaged foods (Tsumura et al., 2001). Tsumura and colleagues 

found that these gloves were upwards of 41 % by weight of DEHP, detected DEHP in 100 

% of packed lunches purchased from 10 convenience stores and 10 restaurants, and observed 

that DEHP could readily migrate into handled foods in a lab experiment (Tsumura et al., 

2001). In a recent study, 70 % of food samples collected in 2017–2018 from six of the 

most popular fast food restaurants contained detectable levels of DEHP, yet DEHP was not 
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found in gloves collected from the same restaurants (Edwards et al., 2022), which could 

reflect shifts from vinyl to safer alternative glove materials such as poly-ethylene or nitrile 

(Olson et al., 2019), and suggests other prominent sources of exposure. Recent analyses 

of plasticizers in US market products detected DEHP in food contact materials including 

tubing, the gaskets found in metal cap closures used on glass jars and bottles, and paper-

based fast food packaging (Carlos et al., 2018; Carlos et al., 2021). Food contact materials 

may be sources of exposure to additional environmental chemicals, including phthalate 

replacements like di(2-ethylhexyl) terephthalate (DEHT) (Edwards et al., 2022), per- and 

polyfluoroalkyl substances (PFASs) (Susmann et al., 2019), and bisphenols (Martínez Steele 

et al., 2020; Hartle et al., 2016).

We found that urinary phthalates during pregnancy were not only associated with ultra-

processed foods and individual fast food-related items, but also with data-driven dietary 

patterns. Our dietary patterns based on exploratory factor analysis have several advantages 

over NOVA. For instance, NOVA requires manual classification of food items. Individuals, 

including those involved in scientific research, possess unique relationships with food, 

and these individualized perspectives could be a source of bias during manual food 

categorization. Additionally, each FFQ item can only be assigned to a single NOVA group, 

and exposure misclassification could occur for foods that may belong to different groups 

depending on how they are prepared. A possible disadvantage of exploratory factor analysis 

is the potential to produce uninterpretable factor variables. However, the FFQ data factors 

generated here were relatively distinct and interpretable. Furthermore, one of the factors 

was characterized by increased processed food consumption, and as with increased NOVA 

ultra-processed food intake, this processed food factor was associated with higher urinary 

phthalic acid, ΣDEHP, and DEHP metabolites.

Exploratory factor analysis revealed additional dietary patterns associated with phthalate 

exposures. For instance, pregnant women with diets high in vegetables, fruits, yogurt, fish, 

and nuts had reduced ΣDEHP and MINP concentrations. This finding corroborates inverse 

associations between phthalate levels and consumption of fruit in NHANES (Trasande 

et al., 2013; Colacino et al., 2010), and results from a study of pregnant women in the 

Tongji Birth Cohort, where a fruit-nut-vegetable pattern constructed by principal component 

analysis correlated with lower MEOHP exposure (Luo et al., 2022). However, positive 

associations between fruits and DEHP have also been reported (Husøy et al., 2019), and 

a previous NHANES analysis found no associations between healthy diet patterns and 

phthalate exposures, suggesting that factors beyond food selection (such as production, 

storage, and preparation) may be stronger predictors of contamination (Melough et al., 

2022). Interestingly, we found another factor characterized by increased consumption of 

salad and salad dressing which was associated with increased urinary MCIOP. MCIOP is 

the primary metabolite of DINP, which has been detected in cap gaskets (Carlos et al., 

2018; Fankhauser-Noti and Grob, 2006) and vegetable oils (Nanni et al., 2011), implicating 

potential contamination in salad and salad dressings.

Our finding that diets high in minimally processed foods, vegetables, fruits, yogurt, fish, 

and nuts correlate with lower urinary phthalate concentrations suggests opportunities for 

intervention. However, the results of prior dietary interventions aimed at reducing phthalate 
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exposures are mixed (Rudel et al., 2011; Sathyanarayana et al., 2013; Barrett et al., 2015). 

One study found that a 3-day fresh, unprocessed food intervention significantly decreased 

levels of urinary DEHP metabolites during the intervention compared with the pre- and post-

intervention periods (Rudel et al., 2011). By contrast, another intervention study randomized 

participants to a 5-day complete dietary replacement designed to reduce phthalate and 

bisphenol exposures, and found an unanticipated rise in DEHP during the intervention 

compared with the pre- and post-intervention periods (Sathyanarayana et al., 2013). Follow-

up testing of the food samples used in the dietary replacement revealed substantial levels of 

DEHP in the individual spices, especially ground coriander. Complicating this, a previous 

cohort study found negative associations between consumption of spices and phthalate 

metabolite levels (Serrano et al., 2014). Thus, although the consensus of prior research 

suggests that consumption of ultra-processed and fast foods may drive phthalate exposures, 

switching to a minimally processed diet may not guarantee decreased exposure owing 

to unpredictable sources of phthalate contamination. Dietary recommendations are a short-

term solution that places burdens on consumers, and regulatory policies promoting safer 

alternatives (rather than regrettable substitution with equally hazardous phthalates, as has 

already been done with DINP for DEHP) (Engel et al., 2021) may be a more effective 

strategy to reduce harmful prenatal phthalate exposures.

This is the first study to show that ultra-processed food consumption partially mediates 

links between lower socioeconomic status and greater phthalate exposures. Individual (Rao 

et al., 2013; Darmon and Drewnowski, 2015; Glanz et al., 1998) and neighborhood level 

(Zenk et al., 2005; Moore and Diez Roux, 2006; Block et al., 2004; Richardson et al., 

2014) socioeconomic factors are known to affect food access. In this study, associations 

of lower household income and maternal education levels with higher phthalate exposures 

were partially mediated through higher levels of ultra-processed food intake. However, this 

mediation pathway was not found for neighborhood deprivation index. These disparate 

results for individual versus neighborhood level socioeconomic indicators can possibly be 

explained by differing constraints faced by low and high-income consumers. Individual 

financial constraints are among the top factors influencing health-related food-shopping 

behaviors (Cannuscio et al., 2014). For instance, low-income individuals in food deserts may 

be unable to afford transportation costs to facilitate access to supermarkets, while higher 

income individuals living in the same residential areas may not face this constraint (Rose 

and Richards, 2004; Guy et al., 2004; Cotterill and Franklin, 1995). Beyond income, some 

individuals choose to shop in stores where other shoppers align with their self-perceived 

socioeconomic status (Cannuscio et al., 2014). It is possible that these individual-level 

socioeconomic factors may, in some cases, override neighborhood characteristics in guiding 

food choices. These hypotheses align with several studies reporting that many individuals 

do not shop at the supermarket closest to them (Cannuscio et al., 2013; Drewnowski et al., 

2012; LeDoux and Vojnovic, 2013). Thus, regulatory action aimed at enhancing economic 

access, rather than just physical access, to minimally processed foods could be an effective 

strategy to curb ultra-processed food-associated phthalate exposures.

These results should be considered in the context of several limitations. First, our study 

focused on ultra-processed foods and did not incorporate information on food contact 

materials. We grouped foods based on their level of processing following NOVA, but 
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future work could apply a similar strategy by designing a manual food categorization 

system specifically related to the degree of food contact with plastics during processing. 

Food contact with plastics may also result from consumer practices, and prior studies have 

examined associations of phthalate exposures with self-reported use of plastics in food 

contact materials including microwave containers, tableware, and food packaging (Serrano 

et al., 2014; Yan et al., 2009; Valvi et al., 2015; Cantonwine et al., 2014). Second, self-

reported dietary intake is subject to intentional and unintentional misreporting and thus 

the potential for misclassification bias. To address these errors, dietary biomarkers have 

been used in nutritional epidemiology (Naska et al., 2017), although it is unclear how such 

measures could be employed in our study of ultra-processed foods and phthalates. Third, 

most phthalate metabolites are subject to short half-lives and high variability with respect to 

the time and date of sample collection (Preau et al., 2010; Sugeng et al., 2020). A 24-hour 

recall reflecting diet in the hours preceding urine collection would likely better capture 

which foods contributed to phthalate exposure. Alternatively, multiple spot urine collections 

throughout pregnancy and at different times of day could also increase the precision of 

the diet-phthalate associations reported here. Fourth, because we conducted many statistical 

tests, false discoveries are possible. Finally, although we controlled for many potential 

confounding variables, residual confounding cannot be ruled out in any observational study.

In summary, our study demonstrates associations between maternal dietary patterns, 

particularly the consumption of ultra-processed foods and fast-food items, and higher 

urinary phthalate concentrations during pregnancy. These findings expand upon previous 

research conducted in the general US and Taiwanese populations and highlight dietary 

sources of phthalates in pregnant women rather than the general population. Moreover, 

our exploratory factor analysis approach provides a data-driven internal validation of 

associations of processed food intake with increased phthalate exposures. We additionally 

corroborate findings from prior studies by showing associations of healthy diets high in 

vegetables, fruits, yogurt, fish, and nuts with lower levels of some phthalates. Although 

these findings have important implications for modifiable lifestyle factors regarding dietary 

choices during pregnancy, unpredictable contamination and socioeconomic barriers to 

dietary modification preclude the use of dietary recommendations as a sole means to reduce 

phthalate exposures. Policy reforms to reduce dietary phthalate exposures, especially from 

food packaging, are critically needed.
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Fig. 1. 
Distributions of 2nd trimester urinary phthalate metabolite levels among CANDLE 

participants (N = 827). Boxplots with 1.5 interquartile range (IQR) whiskers show 

distribution of log10-adjusted, specific gravity corrected urinary phthalate levels, and 

log10-adjusted DEHP molar sum. DEHP metabolites indicated in bold. DEHP molar sum 

calculated as (MEHP * (1/278.34)) + (MEHHP * (1/294.34)) + (MEOHP * (1/292.33)) + 

(MECPP * (1/308.33)) + (MCMHP * (1/308.33)).
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Fig. 2. 
NOVA food groups. Manual categorization of Block food frequency questionnaire frequency 

data into NOVA food groups.
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Fig. 3. 
Associations of NOVA groups and ultra-processed foods with phthalate levels. Histogram 

(A) shows the distribution of CANDLE participants with respect to food frequency for ultra-

processed and minimally processed food groups as a percentage of total food frequency. 

Linear model coefficients and 95% confidence intervals depict: (B) Associations of ultra-

processed and minimally processed NOVA food group dietary proportions with phthalates 

from separate models for each NOVA group by phthalate outcome combination; (C) 

Associations of individual ultra-processed food items with DEHP molar sum from separate 

models per food item; and (D) A sensitivity analysis for the top four ultra-processed foods 

associated with sum DEHP where food items were modeled as percent of total daily energy 

intake rather than frequency of intake. All models in B-D were adjusted for maternal 

age, education, race, ethnicity, household income, number of individuals in the household, 
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neighborhood deprivation index, pre-pregnancy BMI, tobacco and alcohol use, and daily 

caloric intake.
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Fig. 4. 
Mediation analyses of sociodemographic characteristics, ultra-processed foods, and sum 

DEHP. Causal mediation analysis examining the role of ultra-processed food intake as 

a mediator on the pathway between socioeconomic factors and DEHP exposure during 

pregnancy. Regression-based mediation approach was implemented in the ‘CMAverse’ 

R package with closed-form parameter function estimation and bootstrap inference with 

1,000 iterations. Models estimated the percent change in DEHP (95 % confidence interval) 

associated with: (A) being in the 75th ($71,440.5) versus 25th ($17,909.0) percentiles 

of income, (B) higher education versus no higher education, and (C) being in the 75th 

versus 25th percentiles of neighborhood deprivation index. The no higher education group 

includes individuals self-reporting “High School completion” and “<High School” while 
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the higher education group includes individuals self-reporting “Some graduate work or 

graduate/professional degree” and “Graduated college or technical school.” P values < 0.05 

indicated in bold.
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Fig. 5. 
Associations of FFQ factors with phthalate levels. Exploratory factor analysis with 5 

factors for 114 food item frequencies from the Block FFQ (A). Top 12 loadings for 

each factor shown. Loadings are approximately equal to Pearson correlations between 

the food items and factors (i.e., milk on cereal is nearly 100% correlated with the 

“Cereal” factor). Coefficients and 95% confidence intervals depict one-percent increase 

in phthalate exposures per one-standard deviation (std. dev) increase in FFQ factors (B). 

Linear models include all 5 factors and covariates as predictors of phthalates, with one 

model per metabolite. Covariates included age, education, race, ethnicity, household income, 
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number of individuals in the household, neighborhood deprivation index, pre-pregnancy 

BMI, tobacco and alcohol use, and daily caloric intake.
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