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ARTICLE INFO ABSTRACT

This study sought to examine the relationship between dietary share of ultra-processed foods and metabolic
syndrome among US adults. We studied 6, 385 participants from the cross-sectional National Health and
Nutrition Examination Survey 2009-2014, aged 20+ years, with blood tests under fasting conditions and at
least one 24-hour dietary recall. Food items were classified according to the extent and purpose of industrial food
processing. Ultra-processed foods (UPF) are formulations of many ingredients, mostly of exclusive industrial use,
that result from a sequence of industrial processes (hence ultra-processed). Metabolic Syndrome (MetS) was
defined according to the 2009 Joint Scientific Statement as meeting three or more of the following criteria: (1)
elevated waist circumference (2) elevated fasting plasma glucose (3) elevated blood pressure (4) elevated tri-
glycerides (5) reduced high-density lipoprotein (HDL-C). Poisson regression models with robust variance ad-
justed for age, sex, race/ethnicity, family income, education, physical activity and smoking showed significant
linear association between the dietary contribution of UPF and the prevalence of MetS (a 10% increase in
contribution was associated with a 4% prevalence increase) (prevalence ratio -PR- = 1.04; 95% CI 1.02, 1.07). A
dietary UPF contribution of > 71% (5th population quintile) was associated with 28% higher prevalence of MetS
compared to a contribution below 40% (1st population quintile) (PR = 1.28; 95% CI 1.09, 1.50). The association
was stronger in young adults (PR between upper and lower quintiles = 1.94; 95% CI 1.39, 2.72) and decreased
with age. These findings add to the growing evidence that UPF consumption is associated with diet-related non-
communicable diseases.
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1. Introduction

Metabolic syndrome (MetS) is a complex of multiple, interrelated
risk factors for cardiovascular disease (CVD) and diabetes which occur
more often together than by chance alone and for which the cause is
often uncertain (Alberti et al., 2009). MetS is not an absolute risk in-
dicator, as it does not contain many of the factors that determine ab-
solute risk, such as age, sex, cigarette smoking, and low-density lipo-
protein cholesterol levels (Alberti et al., 2009). However, evidence
exists that people affected by MetS are at twice the risk of developing
CVD over the next 5 to 10 years and have a 5-fold risk of type 2 diabetes
mellitus compared to unaffected individuals (Alberti et al., 2009).

In the last decades, worldwide prevalence of MetS has risen

dramatically, presumably due to increasing obesity and lifestyle risk
factors (Alberti et al., 2009), including poor diet (Martinez-Gonzalez
and Martin-Calvo, 2013). Still, the most appropriate diet for prevention
and treatment of MetS remains uncertain (Pérez-Martinez et al., 2017).
Recent studies suggest that using overall dietary patterns rather than
isolated nutrients may better appraise the association between diet and
MetS (Martinez-Gonzalez and Martin-Calvo, 2013). In this sense, evi-
dence is supportive of a beneficial effect on MetS of the adherence to “a
priori defined” Mediterranean dietary pattern (Martinez-Gonzalez and
Martin-Calvo, 2013; Pérez-Martinez et al., 2017; Kastorini et al., 2011;
Gouveri and Diamantopoulos, 2015; Babio et al., 2014) and also,
though studies are scarce (Pérez-Martinez et al., 2017), to the DASH
diet or Northern Europe dietary pattern (Calton et al., 2014; Azadbakht
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et al., 2005; Adamsson et al., 2012). Conversely, other studies including
two recent meta-analyses (Martinez-Gonzalez and Martin-Calvo, 2013;
Rodriguez-Monforte et al., 2017; Shab-Bidar et al., 2018; Agodi et al.,
2018; Esmaillzadeh et al., 2007; Heidemann et al., 2011) have con-
firmed that greater adherence to “a posteriori-defined” Western dietary
pattern is associated with an increased risk for MetS, while prudent/
traditional dietary patterns are associated with a lower prevalence of
MetsS.

Highly present in Western dietary patterns, ultra-processed foods
(UPF) are formulations of many ingredients, mostly of exclusive in-
dustrial use, that result from a sequence of industrial processes (hence
ultra-processed) (Monteiro et al., 2019). Evidence exists that global
food supplies are increasingly dominated by UPF (Moodie et al., 2013;
Ultra-processed food and drink products in Latin America: Trends, impact
on obesity, policy implications, 2015; Stuckler et al., 2012; Monteiro and
Cannon, 2012; Monteiro et al., 2013). Nationally representative studies
carried out in the US (Martinez Steele et al., 2017; Martinez Steele and
Monteiro, 2017; Martinez Steele et al., 2016), Canada (Moubarac et al.,
2017; Moubarac et al., 2012) and other countries (Rauber et al., 2018;
Julia et al., 2018; Cediel et al., 2018; Latasa et al., 2017; Louzada et al.,
2015a, 2015b, 2018; Monteiro et al., 2010) have shown that high
dietary contribution of UPF renders nutritionally unbalanced diets.
Large, population-based cross-sectional and cohort studies support that
the consumption of these foods is associated with overweight and
obesity (Julia et al., 2018; Juul et al., 2018; Mendonca et al., 2016;
Louzada et al., 2015; Canella et al., 2014), dyslipidemia (Rauber et al.,
2015), hypertension (Mendonca et al., 2017) and abdominal obesity
(Juul et al., 2018). Two small cross-sectional studies found an asso-
ciation between UPF consumption and MetS in Brazilian adolescents
(Tavares et al., 2012) and among Indigenous Cree (Eeyouch) from
northern Québec (Lavigne-Robichaud et al., 2018).

The aim of the current study was to examine whether a relationship
exists between the dietary share of UPF and MetS among a re-
presentative sample of US adults.

2. Subjects and methods
2.1. Data source, population and sampling

We used nationally representative data from National Health and
Nutrition Examination Survey (NHANES, n.d.) 2009-2014 (three 2-
year cycles). NHANES is a continuous, nationally representative, cross-
sectional survey of the non-institutionalized, civilian US residents
conducted by The Centers for Disease Control and Prevention (Johnson
et al., n.d.). Participants were recruited using a four-stage sample de-
sign based on the selection of counties, blocks, households, and the
number of people within households.

The survey included an interview conducted in the home and a
subsequent health examination performed at a mobile examination
center (MEC), including blood collection. All NHANES examinees were
eligible for two 24-hour dietary recall interviews: the first one collected
in-person in the MEC (NHANES, 2009a) and the second by telephone, 3
to 10 days later (NHANES, 2009b). Dietary interviews were conducted
by trained interviewers using the validated (Moshfegh et al., 2008;
Blanton et al., 2006; Rumpler et al., 2008) US Department of Agriculture
Automated Multiple-Pass Method (Agriculture Research Service, n.d.).

Our analytical sample comprised non-pregnant and non-breast-
feeding individuals aged 20 years or above who fasted for at least 8h
and had complete information on all variables of interest, resulting in a
final sample size of 6385 individuals (Table 1). Nonresponse analysis
indicated no systematic bias due to socio-demographic characteristics
(OSM Table 1).

NHANES underwent institutional review board approval and in-
cluded written informed consent.
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2.2. Definition of outcome

Metabolic Syndrome (MetS) was defined based on the Joint
Scientific Statement definition (Alberti et al., 2009) as meeting three or
more of the following criteria: (1) elevated waist circumference (2)
elevated fasting plasma glucose (3) elevated blood pressure (4) elevated
triglycerides (5) reduced high-density lipoprotein (HDL-C) (Table 2).

2.3. Definition of exposure

We classified all recorded food items (Food Codes) for NHANES
cycles 2009-2014 according to NOVA, a four-group food classification
based on the extent and purpose of industrial food processing including
unprocessed or minimally processed foods, processed culinary in-
gredients, processed foods and ultra-processed foods (Monteiro et al.,
2019; Martinez Steele et al., 2016). This study focused on the NOVA
group of UPF further described in OSM 2. Details of how food item
classification was accomplished are further explained in previously
published papers (Martinez Steele et al., 2016; Juul et al., 2018) and in
OSM 2. We used the dietary contribution of UPFs (as a percentage of
total energy intake), both categorized into quintiles and continuous, as
our exposure variables.

2.4. Assessing energy and nutrient intakes

USDA's Food and Nutrient Database for Dietary Studies 5.0,
2011-2012 and 2013-2014 (US Department of Agriculture,
Agricultural Research Service, Nutrient Data Laboratory, 2016) were
used to code dietary intake data and calculate Food Code energy in-
takes, and also saturated and total fat dietary contributions (% of total
energy). For handmade recipes, we calculated the underlying in-
gredient (SR Code) energy values using variables from both FNDDS 5.0,
2011-2012 and 2013-2014 (U.S. Department of Agriculture,
Agricultural Research Service, n.d.) and USDA National Nutrient Data-
base for Standard Reference, Release 24, 26 and 28 (US Department of
Agriculture, Agricultural Research Service, Nutrient Data Laboratory,
2016).

Data on added sugars per Food Code were obtained by merging the
Food Patterns Equivalents Database (FPED) 2009-2010, 2011-2012
and 2013-2014 (Bowman et al., 2013).

2.5. Covariates

Socio-demographic covariates included age, gender, race, family
income, and education. Age was used both as a continuous variable and
grouped into three categories (20-39 years, 40-59 years, and 60 years
of age and over) (Johnson et al., n.d.). Race/ethnicity was categorized
as Mexican-American, Other Hispanic, Non-Hispanic White, Non-His-
panic Black and Other Races including Multi-Racial. With respect to
family income, ratio of family income to poverty was established and
categorized based on Supplemental Nutrition Assistance Program
(SNAP) eligibility as 0.00-1.30, > 1.30-3.50, and 3.50 and above
(Johnson et al., n.d.). Education reflected the highest grade completed
by the participant and was categorized as < 12 years (middle and ele-
mentary school), 12years (high school) and > 12years (college and
graduate School).

BMI was calculated by dividing weight by height squared (kg/m?)
and used as a continuous covariate.

Physical activity was categorized into three intensity levels — light
(< 150 min per week of moderate intensity equivalent activity), mod-
erate (150 to 300 min per week of moderate-intensity equivalent ac-
tivity) and vigorous (> 300min per week of moderate- intensity
equivalent activity) (U.S. Department of Health and Human Services,
2008). Smoking status was categorized as current smoker and non-
smoker. The covariate “Following special diet” (yes/no) was defined as
having tried to lose weight or not gain weight through diet modification
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Table 1
Study flowchart.

25,426 adults aged 20 years or above screened in
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NHANES 2009-2014

7,879 did not participate in the
household interview

17,547 also participated in the household
interview

581 did not participate in the
MEC health examination

16,966 also participated in the MEC health
examination [49]

l—»

7,328 examined in the morning session with valid
fasting glucose or triglycerides values

9,638 did not participate in
morning session or with invalid
fasting glucose or triglycerides
values

¥

416 no dietary data

6,912 also had dietary data

6,385 participants, 5,738 (89.9%) providing two
days of complete dietary intakes

Table 2

527 pregnant and
breastfeeding women or with
incomplete information on
variables of interest (dietary
data, education, BMI, fasting
glucose, fasting triglycerides,
HDL-C, blood pressure, waist
circumference, and data on
medication for diabetes,
hypertension, HDL-C and
triglycerides)

Criteria for the definition of metabolic syrndromed (Joint Scientific Statement definition (Alberti et al., 2009)) and standardized techniques.

Component

Cut-points

Elevated waist circumference®
Elevated fasting serum triglycerides”

Reduced high-density lipoprotein (HDL) cholesterol”

Elevated blood pressure®

Elevated fasting plasma glucose”

=102 cm in males or = 88 cm in females

=150 mg/dL (or current prescription treatment for dyslipidemia)

< 40 mg/dL in men or < 50 mg/dL in women (or current prescription treatment for dyslipidemia)

Systolic blood pressure = 130 mmHg and/or diastolic blood pressure = 85 mmHg (or currently taking antihypertensive

medication)

=100 mg/dL (or currently taking insulin or an oral hypoglycemic medication)

@ Height, weight, and waist circumference were measured by trained personnel in the MEC using standardized techniques and calibrated equipment. Waist
circumference was measured at the high point of the iliac crest at the end of normal expiration to the nearest 0.1 cm (Centers for Disease Control and Prevention, n.d.-

a)

and Prevention, n.d.-b).

b For the lipid and glucose assays, fasting morning blood samples were drawn from the participants' arm by certified phlebotomists (Centers for Disease Control

¢ Standardized techniques were used to obtain the blood pressure measurements. Up to four attempts were made to collect three blood pressure readings. The
average of up to three brachial systolic and diastolic blood pressure readings were used for the systolic and diastolic blood pressure values, following the integrated
survey information system averaging rules (Centers for Disease Control and Prevention. National Center for Health Statistics. National Health and Nutrition

Examination Survey, n.d.).

4 Metabolic syndrome was defined as meeting three or more of the following criteria.
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Table 3

Dietary contribution of ultra-processed foods and prevalence (%) of metabolic
syndrome according to characteristics of respondents. US population aged 20
and above under fasting conditions (NHANES 2009-2014).

Dietary Prevalence of
contribution of metabolic
ultra-processed syndrome
foods (% total
energy)
n Mean (SE)* % (SE)*
Gender Men 3144 55.9 (0.6) 41.9 (1.4)
Women 3241 55.0 (0.5) 41.5 (1.4)
P value 0.123 0.845
Age groups 20 to 39 2126 58.9" (0.6) 20.1% (1.1)
(years)” 40 to 59 2239 54.6° (0.8) 44.5° (1.4)
60 or above 2020 52.2€(0.6) 67.9° (1.5)
P for trend < 0.001 < 0.001
Race/ethnicity” Mexican 951  53.6°(0.5) 40.0"5€ (1.9)
American
Other Hispanic 665  47.6" (1.0) 35.0%% (2.0)
Non-Hispanic 2867 57.2%(0.5) 43.8° (1.3)
white
Non-Hispanic 1197 57.3%(0.8) 40.4%¢ (1.5)
black
Other race 705  45.1% (1.4) 30.5* (2.5)
(including
multi-racial)
P value < 0.001 < 0.001
Income to 0.00-1.30 1985 57.9" (0.7) 40.9* (1.5)
poverty® > 1.30-3.50 2133 56.9* (0.7) 43.4% (1.2)
> 3.50 and 1775 53.3% (0.6) 40.2" (1.7)
above
Missing 492 52.5%(1.3) 44.4" (2.9)
P value < 0.001 0.182
Educational < 12years 1542 55.9" (0.9) 49.3" (1.8)
attainment” 12 years 1381  59.6° (0.8) 46.5" (1.6)
> 12years 3462  54.0* (0.5) 38.0% (1.4)
P for trend < 0.001 < 0.001
Physical Low 2471 56.4° (0.6) 52.6* (1.3)
activity” Medium 863  53.9% (0.9) 42.4% (2.1)
High 3051 55.3%% (0.5) 33.9€ (1.5)
P for trend 0.109 < 0.001
Current smoker No 5109 54.5(0.5) 42.2 (1.1)
Yes 1276  59.5 (0.7) 39.7 (2.1)
P value < 0.001 0.277
Special diet No 4031 56.2 (0.6) 36.5 (1.2)
Yes 2354  54.4 (0.6) 49.6 (1.7)
P value 0.032 < 0.001
Total 6385 55.5 (0.5) 41.7 (1.1)

@ Pairwise differences across categories of selected covariates were tested
using Wald test (with Bonferroni inequality adjustment for multiple compar-
isons).

b In covariates with > 2 categories, values sharing a letter in the superscript
are not statistically significantly different at the p < 0.05 level.

or having sought help to lose weight from a dietitian or nutritionist in
the past year.

2.6. Data analysis

We utilized all available dietary intake data for each participant,
using means of both recall days when available (89% of participants)
and one day otherwise.

First, we evaluated the mean dietary contribution of UPF (% of total
energy) overall and across socio-demographic and life-style character-
istics and MetS status of respondents using linear regression. Thereafter,
we estimated the prevalence of MetS overall and across strata, using
Poisson regression with robust variance, as odds ratios may over-
estimate prevalence ratios for common outcomes (Barros and Hirakata,
2003). Test of linear trend was performed for ordinal variables and
Wald test with Bonferroni inequality adjustment for multiple
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comparisons was used for non-ordinal categorical variables or in the
absence of a statistically significant linear trend.

We used Poisson regression with robust variance to estimate the
association between quintiles of dietary contribution of UPF and pre-
valence of MetS. We estimated crude prevalence ratios (PRs), as well as
(1) age-adjusted PRs, (2) socio-demographic multivariable adjusted
PRs (including age, sex, race/ethnicity, income-to-poverty and educa-
tional attainment), and (3) multivariable socio-demographic and life-
style adjusted PRs (including model 2 covariates, smoking status and
physical activity level). We also examined the prevalence increase in
MetS associated with a 10% increase in the proportion of UPF con-
sumption (continuous variable).

As secondary analysis, we also evaluated whether the prevalence of
each MetS defining condition varied across quintiles of UPF consump-
tion.

Effect modification by sex, age (continuous) and age group were
tested by including a multiplicative interaction term (tested as con-
tinuous and/or dummy variable) in the multivariable socio-demo-
graphic and life-style adjusted model. Analyses were stratified ac-
cording to statistically significant interaction variables.

To test the robustness of the associations, we conducted sensitivity
analyses (using the multivariable socio-demographic and life-style ad-
justed model) excluding individuals: 1) on special diets to control or
minimize the effect of reverse causality; 2) with extreme energy intake
values (< 600 or > 4500 kcal for men and < 500 or > 3500 kcal for
women); 3) underweight (BMI < 18.5kg/m2); and 4) older than
64 years old. While the Joint Scientific Statement classifies use of
medication as an equal criterion for meeting the definition of specific
components, NHANES does not collect information on the therapeutic
indication for self-reported use of lipid-modifying agents which may be
used for increasing HDL-C and/or lowering triglyceride levels (National
Cholesterol Education Program (U.S.)., 2002; JAMA, 2001) and may
therefore lead to overestimation of MetS and related conditions
(Beltran-Sanchez et al., 2013). For this reason, we conducted an addi-
tional sensitivity analysis using a more conservative definition for MetS
that does not consider treatment for triglycerides or HDL cholesterol.

Given that total energy intake, added sugars (% energy intake), total
fat (% energy intake), saturated fat (% energy intake) and BMI are
plausible mediators and/or confounders of the association between UPF
consumption and MetS, adjusting for these factors could attenuate the
effect. We therefore conducted sensitivity analysis further controlling
for each of these five variables independently (in multivariable socio-
demographic and life-style models). These analyses were performed
after confirming the association between each dietary indicator/BMI
and exposure and outcome variables, respectively, using linear regres-
sion. Tests of linear trend were performed in all models by treating
quintiles of UPF consumption as an ordinal continuous variable.

NHANES survey sample weights were used in all analyses to account
for differential probabilities of selection for the individual domains,
nonresponse to survey instruments, and differences between the final
sample and the total US population. The Taylor series linearization
variance approximation procedure was used for variance estimation in
all analyses to account for the complex sample design and the sample
weights (Johnson et al., n.d.).

Statistical hypotheses were tested using a two-tailed p < 0.05 level
of significance. All analyses were conducted with Stata statistical soft-
ware package version 14.

3. Results

3.1. UPF consumption and prevalence of metabolic syndrome according to
sociodemographic and life-style variables

Among US adults aged 20 years or above who met the eligibility
criteria (n = 6385), the mean dietary contribution of UPF was 55.5%
(95% CI 54.6, 56.4) of total energy intake and decreased with age (p for
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linear trend < 0.001) (Table 3). UPF consumption was lowest among
Other Hispanic and Other race, intermediate among Mexican American,
and highest among Non-Hispanic White and Black (p < 0.05). In-
dividuals with income-to-poverty ratio < 3.5 and 12 years of educa-
tion presented the highest UPF consumption (p < 0.05). Participants
with low physical activity consumed more UPF than individuals with
medium physical activity level (p < 0.05). Current smokers
(p < 0.001) and individuals who were not following a special diet
(p = 0.032) also consumed more UPF.

The unadjusted prevalence of MetS was 41.7% (95% CI 39.6, 43.9)
(Table 3). Consistent with previously reported values (Aguilar et al.,
2015), the prevalence dropped to 35.4% (95% CI 33.4, 37.3) when
using a definition for MetS that does not consider current prescription
for triglycerides or HDL cholesterol. The unadjusted prevalence in-
creased with age and decreased with higher physical activity level (p
for linear trend < 0.001). Prevalence of MetS varied according to race/
ethnicity (p < 0.05) and was lower among individuals with higher
level of education (p for linear trend < 0.001) and not following a
special diet (p < 0.001). Even though unadjusted mean UPF con-
sumption did not differ between individuals with and without MetS
(55.9% kcal; 95% CI 54.6, 57.1 vs. 55.3% kcal; 95% CI 54.1, 56.4,
respectively), adjusted means by potential confounding factors did
differ.

3.2. Association between UPF consumption and metabolic syndrome

As shown in Table 4, though the crude association between UPF
consumption and MetS was not statistically significant, the age-adjusted
model, as well as models taking in to account other potential con-
founding factors, all showed significant positive associations. In the
fully adjusted model, the highest UPF consumption (5th quintile with
dietary contribution of UPF > 71% kcal) was associated with 28%
higher prevalence of MetS compared to the lowest consumption (1st
quintile with UPF consumption < 40% kcal) (PR = 1.28; 95% CI 1.09,
1.50). In the fully adjusted model, a 10% increase in the consumption of
UPF was associated with a 4% increase in the prevalence of MetS
(PR = 1.04; 95% CI 1.02, 1.07).

A significant interaction was observed between dietary contribution
of UPF and age (Wald test p < 0.01, interaction term using age as
continuous). When comparing the highest and lowest quintiles, the
association between UPF consumption and MetS was stronger among
20-39 y (PR=1.94; 95% CI 1.39, 2.72), than among 60
y + (PR = 1.16; 95% CI 0.99, 1.34) (Table 5). While a 10% increase in

Table 4
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UPF consumption was associated with a 12% increase in prevalence of
MetS among the 20-39 y (continuous PR = 1.12; 95% CI 1.06, 1.18),
the strength of the association dropped to a third among 40-59 y
(continuous PR = 1.04; 95% CI 0.99, 1.09). No interaction was ob-
served for sex (Wald test p = 0.28, interaction term included as con-
tinuous).

Sensitivity analyses confirmed the robustness of the results, as the
association between quintiles of UPF consumption and MetS did not
substantially change in any of the alternative scenarios (OSM Table 3).
The association grew slightly stronger after excluding people older than
64 years (PR between extreme quintiles = 1.41; 95% CI 1.14, 1.75) and
when using a more conservative definition of MetS (PR = 1.33; 95% CI
1.11, 1.59).

A positive association was observed between quintiles of UPF con-
sumption and total energy intake, added sugars, total fats, saturated fats
and BMI (p for linear trend < 0.001 in all cases). Participants with MetS
had lower mean energy intake (p < 0.001), higher mean total fat intake
(p < 0.001) and higher mean BMI (p < 0.001) (OSM Table 4). Still, the
association between quintiles of UPF consumption and MetS remained
unchanged after further adjustment for intake of energy, and total and
saturated fat (Table 6). The association remained significant but was
weaker when adjusting for added sugars (PR between extreme quin-
tiles = 1.23; 95% CI 1.08, 1.40) and BMI (PR = 1.20; 95% CI 1.07,
1.35).

A statistically significant association was also observed between
quintiles of UPF consumption and elevated waist circumference (PR
between extreme quintiles = 1.26; 95% CI 1.13, 1.39), reduced HDL-C
(PR =1.34; 95% CI 1.19, 1.49) and elevated blood pressure
(PR = 1.19; 95% CI 1.03, 1.38), in multivariable adjusted models (OSM
Table 5).

4. Discussion

Findings from this nationally representative study of US adults show
that higher dietary contribution of UPF is associated with higher pre-
valence of MetS. The association was especially strong among young
adults (between 20 and 39 years) and grew weaker with age.

A positive association between UPF consumption and MetS has been
reported in small studies carried out in Brazil (Tavares et al., 2012) and
Canada (Lavigne-Robichaud et al., 2018). Our results are also consistent
with evidence linking “a priori” Mediterranean, DASH and Northern
Europe dietary patterns (Martinez-Gonzalez and Martin-Calvo, 2013;
Pérez-Martinez et al., 2017; Kastorini et al., 2011; Gouveri and

Prevalence (%) of metabolic syndrome according to quintiles of dietary contribution of ultra-processed foods. US population aged 20 and above under fasting

conditions (NHANES 2009-2014) (N = 6385).

Dietary contribution of ultra-processed foods (% of total energy intake)

Metabolic syndrome

%

PR unadj (95% CI) PR adj" (95% CI) PR adj’ (95% CI) PR adj° (95% CI)

Quintiles Mean (range)
1st (n = 1489) 29.4 (0 to 39.7) 37.5
2nd (n = 1357) 45.9 (39.7 to 51.6) 43.6
3rd (n = 1201) 56.3 (51.6 to 60.9) 44.6
4th (n = 1197) 65.6 (60.9 to 71.1) 42.5
5th (n = 1141) 80.3 (71.1 to 100) 40.4
P for trend B _

Continuous _ _

P value

1 (ref.) 1 (ref.) 1 (ref.) 1 (ref)

1.16 (1.01, 1.33)
1.19 (1.05, 1.34)
1.13 (0.99, 1.29)
1.08 (0.91, 1.27)
0.544

1.01 (0.99, 1.03)
0.414

1.18 (1.04, 1.34)
1.23 (1.11, 1.37)
1.24 (1.09, 1.41)
1.34 (1.15, 1.56)
< 0.001

1.05 (1.03, 1.08)
< 0.001

1.16 (1.02, 1.33)
1.21 (1.09, 1.35)
1.22 (1.07, 1.39)
1.31 (1.12, 1.53)
0.001

1.05 (1.02, 1.07)
< 0.001

1.16 (1.02, 1.32)
1.20 (1.08, 1.34)
1.21 (1.07, 1.37)
1.28 (1.09, 1.50)
0.003

1.04 (1.02, 1.07)
0.001

@ Prevalence ratio (using Poisson model with robust variance) adjusted for age (years).

" Prevalence ratio adjusted for sex, age (years), race/ethnicity (Mexican-American, other Hispanic, non-Hispanic white, non-Hispanic black and other race -
including multi-racial-), ratio of family income to poverty (SNAP < 1.30, > 1.30-3.50, > 3.50 and over, missing) and educational attainment (< 12, 12years

and > 12 years).

¢ Prevalence ratio adjusted for sex, age (years), race/ethnicity, ratio of family income to poverty and educational attainment + current smoking status (yes,

no) + physical activity (low, medium, high).
4 PR for a 10% increase in the dietary contribution of ultra-processed foods.
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Table 5
Prevalence (%) of metabolic syndrome according to quintiles of dietary contribution of ultra-processed foods stratified by age group. US population aged 20 and
above under fasting conditions (NHANES 2009-2014).

Dietary contribution of ultra-processed foods (% Age group (years)
of total energy intake)

20-39 40-59 =60
(n = 2126) (n = 2239) (n = 2020)
% PR unadj PR adj” % PR unadj PR adj” % PR unadj PR adj”
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Quintiles
Ist 13.4 1 (ref) 1 (ref) 34.6 1 (ref) 1 (ref.) 60.2 1 (ref.) 1 (ref.)
2nd 18.4 1.38 (0.92,2.06) 1.37 (0.94, 44.2 1.28 (1.02, 1.59) 1.23 (0.98, 70.2 1.17 (1.02, 1.18 (1.03,
2.01) 1.54) 1.33) 1.34)
3rd 21.7 1.62 (1.06, 2.48) 1.59 (1.04, 49.9 1.44 (1.15,1.81) 1.37(1.09, 68.9 1.14 (1.00, 1.14 (1.01,
2.41) 1.72) 1.27) 1.28)
4th 22.1 1.66 (1.11, 2.46) 1.72 (1.17, 48.3 1.39(1.15,1.68) 1.33(1.09, 69.4 1.15 (0.99, 1.15 (0.99,
2.54) 1.61) 1.35) 1.34)
5th 24.7 1.85(1.32,2.58) 1.94 (1.39, 45.5 1.31(0.98,1.75) 1.24 (0.90, 70.7 1.17 (1.01, 1.16 (0.99,
2.72) 1.69) 1.36) 1.34)
p for trend < 0.001 < 0.001 _ 0.032 0.113 _ 0.075 0.127
Continuous” 1.11 (1.05, 1.16) 1.12 (1.06, _ 1.05 (1.01, 1.10)  1.04 (0.99, _ 1.02 (0.99, 1.02 (0.99,
1.18) 1.09) 1.05) 1.05)
P value < 0.001 < 0.001 _ 0.016 0.078 0.088 0.168

Mean (min max range) dietary contribution of ultra-processed foods per quintile - 20 to 39 y: 1st = 31.9 (0 to 42.8), 2nd = 49.4 (42.9 to 55.2), 3rd = 60.1 (55.3 to
64.6), 4th = 69.6 (64.6 to 75.1), 5th = 83.8 (75.2 to 100); 40 to 59 y: 1st = 28.6 (0 to 39.3), 2nd = 45.3 (39.3 to 50.7), 3rd = 55.3 (50.7 to 60.2), 4th = 64.5 (60.2
t0 69.7), 5th = 79.3 (69.8 to 99.8); +60 y: 1st = 28.0 (0 to 36.9), 2nd = 42.8 (36.9 to 48.5), 3rd = 53.0 (48.5 to 57.4), 4th = 61.8 (57.4 to 66.6), 5th = 75.1 (66.6
to 100).

2 PR = prevalence ratio (using Poisson model with robust variance) adjusted for sex, age (years), race/ethnicity, ratio of family income to poverty and educational
attainment + current smoking status (yes, no) + physical activity (low, medium, high).

> PR for a 10% increase in the dietary contribution of ultra-processed foods.

Table 6
Prevalence (%) of metabolic syndrome according to quintiles of dietary contribution of ultra-processed foods, adjusted for all socio-demographic, lifestyle and energy
intake, added sugars, saturated fat or BMI. US population aged 20 and above under fasting conditions (NHANES 2009-2014) (N = 6385).

Dietary contribution of ultra-processed foods (% of total energy intake) Metabolic syndrome

PRadj® (95% CI)  PRadj” (95% CI)  PRadj® (95% CI)  PRadj’ (95% CI)  PRadj° (95% CI)

Quintiles
1st 1 (ref) 1 (ref) 1 (ref.) 1 (ref) 1 (ref)
2nd 1.16 (1.04, 1.29) 1.15 (1.03, 1.28) 1.16 (1.04, 1.29) 1.16 (1.04, 1.29) 1.15 (1.03, 1.27)
3rd 1.20 (1.08, 1.34) 1.18 (1.06, 1.32) 1.19 (1.07, 1.34) 1.20 (1.08, 1.34) 1.13 (1.02, 1.26)
4th 1.20 (1.07, 1.35) 1.18 (1.05, 1.32) 1.20 (1.07, 1.34) 1.21 (1.08, 1.35) 1.15 (1.03, 1.28)
5th 1.28 (1.13, 1.44) 1.23 (1.08, 1.40) 1.28 (1.13, 1.44) 1.28 (1.13, 1.45) 1.20 (1.07, 1.35)
p for trend < 0.001 0.002 < 0.001 < 0.001 0.004
Continuous’ 1.04 (1.02, 1.07) 1.04 (1.01, 1.06) 1.04 (1.02, 1.06) 1.04 (1.02, 1.07) 1.03 (1.01, 1.05)
P value < 0.001 0.002 < 0.001 < 0.001 0.003

@ Prevalence ratio (using Poisson model with robust variance) adjusted for sex, age group, race/ethnicity, ratio of family income to poverty and educational
attainment + smoking status + physical activity + total daily energy intake (kcal).

b prevalence ratio adjusted for sex, age group, race/ethnicity, ratio of family income to poverty and educational attainment + smoking status + physical ac-
tivity + added sugars (% total energy).

¢ Prevalence ratio adjusted for sex, age group, race/ethnicity, ratio of family income to poverty and educational attainment + smoking status + physical ac-
tivity + total fat (% total energy).

4 Prevalence ratio adjusted for sex, age group, race/ethnicity, ratio of family income to poverty and educational attainment + smoking status + physical ac-
tivity + saturated fat (% total energy).

¢ Prevalence ratio adjusted for sex, age group, race/ethnicity, ratio of family income to poverty and educational attainment + smoking status + physical
activity + BMI (continuous).

f PR for a 10% increase in the dietary contribution of ultra-processed foods.

Diamantopoulos, 2015; Babio et al., 2014; Calton et al., 2014;
Azadbakht et al., 2005; Adamsson et al., 2012) and “a posteriori”
western and prudent/traditional dietary patterns (Martinez-Gonzélez
and Martin-Calvo, 2013; Rodriguez-Monforte et al., 2017; Shab-Bidar
et al., 2018; Agodi et al., 2018; Esmaillzadeh et al., 2007; Heidemann
et al.,, 2011) with MetS. Indeed, dietary patterns rich in UPF share
common features with Western dietary patterns (Rodriguez-Monforte
et al.,, 2017) and also tend to be poor in minimally-processed foods
(Martinez Steele et al., 2017; Moubarac et al., 2012; Rauber et al.,

2018; Louzada et al., 2015a). Conversely, dietary patterns based on
minimally processed foods share common traits with the Mediterranean
dietary pattern (Calton et al., 2014), DASH diet (Azadbakht et al.,
2005), the Northern Europe dietary pattern (Adamsson et al., 2012) and
prudent dietary patterns.

Given that the association of UPF food intake with MetS remained
significant when adjusted for total energy, added sugars intake, fat and
saturated fat intakes and BMI, dietary patterns based on UPF may
contribute to MetS through various intermediate pathways not only
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based on their nutrient profile but also on other characteristics related
to the foods and/or by displacing minimally processed foods from the
diet.

At the nutrient level, studies have shown that UPF and diets based
on UPF tend to be rich in saturated fats, added/free sugars and sodium,
and poor in fiber and micronutrients (Martinez Steele et al., 2017;
Martinez Steele and Monteiro, 2017; Martinez Steele et al., 2016;
Moubarac et al., 2017; Moubarac et al., 2012; Rauber et al., 2018; Julia
et al., 2018; Louzada et al., 2018; Cediel et al., 2018; Latasa et al., 2017;
Louzada et al., 2015a, 2015b; Monteiro et al., 2010). In turn, saturated
fatty acids, free sugars and sodium have been associated with increased
risk of MetS (Martinez-Gonzalez and Martin-Calvo, 2013) while
monounsaturated fatty acids, polyunsaturated fatty acids and dietary
fiber have been associated with reduced risk of MetS (Pérez-Martinez
et al., 2017; Calton et al., 2014; Djousse et al., 2010).

Beyond nutrient composition, other food characteristics may be
important in the association of UPF and MetS. Food processing is lar-
gely associated with loss of physical and structural characteristics of the
food matrix and has been linked with lower satiety potential and higher
glycemic response, with potential important implications for in-
dividuals with diabetes (Fardet, 2016). It has also been postulated that
UPF may promote inflammation-related diseases through diet-micro-
biome-host interactions. The presence of emulsifiers, additives and
large amounts of readily accessible acellular nutrients in UPF may
create an environment in the gut that favors the selection of microbes
that boost inflammation-related disease (Zinocker and Lindseth, 2018).
This may in turn promote the clinical progression of MetS in obese
people (Boulange et al., 2016).

At the food level, dietary patterns based on UPF may also be im-
portant. Dietary patterns based on UPF have been inversely associated
with consumption of selected minimally processed foods including le-
gumes, vegetables, fruits, fish and nuts (Martinez Steele et al., 2017;
Moubarac et al., 2012; Rauber et al., 2018; Louzada et al., 2015a)
whose intake has been associated with the prevention of MetS (Pérez-
Martinez et al., 2017; Calton et al., 2014; Rodriguez-Monforte et al.,
2017; Djousse et al., 2010).

We observed that the strength of the association between UPF
consumption and prevalence of MetS decreased with age. A plausible
explanation for these findings could be that as age increases, the rise in
prevalence of other risk factors such as sedentary lifestyle, obesity, or
other age-related disorders (associated or not with UPF consumption)
compete with diet as triggers for disease, leading to a drop in the
strength of association among the elderly. An alternative explanation,
under the assumption that MetS is not fully reversible, could be that the
chances that individuals change their diet in response to disease diag-
nosis increase with age (partly because of longer exposure to disease),
thereby resulting in increased reverse causality.

UPF consumption may also increase the risk of MetS by influencing
any or all of its defining conditions or by promoting overweight/obe-
sity. Confirming our results, previous studies have reported an asso-
ciation between UPF consumption and hypertension (Mendonca et al.,
2017), elevated waist circumference (Juul et al., 2018) and over-
weight/obesity (Julia et al., 2018; Juul et al., 2018; Mendonca et al.,
2016; Louzada et al., 2015; Canella et al., 2014). One study found that
UPF consumption at preschool age was a significant predictor of in-
creased total and LDL cholesterol concentrations during childhood
(Rauber et al., 2015), but not of reduced HDL as in our study.

Our study has several strengths. We studied a large, nationally re-
presentative sample of the US population, increasing external validity
of results. Also, the ability to disaggregate recipes into underlying in-
gredients enabled the calculation of more precise estimates of dietary
contribution of UPF.

Potential limitations should be considered. As with most population
measures, dietary data obtained by 24-hour recalls is imperfect (Subar
et al., 2015). However, 24-hour recalls are the least-biased self-report
instrument available (Prentice et al., 2011). Also, the standardized
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methods of NHANES have been shown to produce accurate intake es-
timates (Moshfegh et al., 2008; Blanton et al., 2006; Rumpler et al.,
2008) and are therefore suitable for assessing population averages.
Although NHANES collects limited information indicative of food pro-
cessing level (i.e. place of meals, product brands), these data are not
consistently determined for all food items and may also not provide
updated, market representative nutrient information (Slining et al.,
2015). The potential misclassification, which could lead to modest over
or underestimation of the dietary contribution of UPF, is more likely to
be non-differential and would therefore bias the association between
UPF and MetS towards the null. Previous studies suggest that people
with obesity may underreport consumption of foods with caloric
sweeteners (Bingham et al., 2007) such as desserts and sweet baked
goods (Lafay et al., 2000; Pryer et al., 1997). This social desirability
bias may lead to underestimation of the dietary contribution of UPF or
dilution of the association between UPF consumption and MetS. The
fact that NHANES does not collect information on self-reported use of
lipid medication may lead to overestimation of MetS (Beltran-Sanchez
et al., 2013). However, using a MetS definition that does not consider
treatment for triglycerides or HDL cholesterol did not alter the studied
association. Because common lifestyle risk factors tend to cluster
(Schuit et al., 2002), higher levels of UPF consumption could be a proxy
of an overall unhealthy diet or lifestyle, and subsequent residual con-
founding could overestimate the strength of the studied association.

The cross-sectional nature of our findings cannot infer causality.
This is especially true if we consider that MetS is a condition that likely
develops over years and may not be fully reversible. In this sense, re-
verse causality could lead to underestimation of the studied association
should people change their diet and consume less UPF after diagnosis.
Yet, the association remained largely unchanged after excluding in-
dividuals following any sort of diet.

In conclusion, this cross-sectional study found an association be-
tween dietary share of UPF and metabolic syndrome in a nationally
representative sample of the US adult population, thereby confirming
previous findings from small studies in Brazil and Canada. Furthermore,
it adds to the growing evidence of cross-sectional and longitudinal as-
sociations between UPF consumption and several diet-related non-
communicable diseases.
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