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Abstract

Background: Ultra-Processed Foods (UPFs) make up a growing share of older adults’ diets
and may contribute to frailty through pro-inflammatory pathways. The objective of this
study was to examine the association of UPF intake with frailty development and with
annual changes in select frailty components. Methods: This prospective cohort study used
data from 2547 participants in the Framingham Offspring Cohort. UPF intake was assessed
using a food frequency questionnaire and classified according to the NOVA framework, and
frailty was defined by the Fried frailty phenotype. We used cumulative and mixed logistic
regression models to examine the association between daily servings of UPF and odds of
developing frailty, adjusting for baseline age, education, energy intake, multivitamin use,
smoking, self-rated health, history of diabetes, cancer, cardiovascular disease, and diet
quality. For the frailty component analysis, we used cumulative linear regression models
to assess the association between UPF intake and annual changes in grip strength, gait
speed, and weight, further adjusting for BMI and physical activity. We also evaluated
potential effect modification by sex and baseline age (<60 vs. >60 years). Results: The
study population was 55.1% female, with a mean age of 60.3 &= 8.9 years. Over an average
follow-up of 10.8 years, 233 participants (9.2%) developed frailty. UPF intake was not
associated with frailty development in either the cumulative or mixed regression models.
UPF intake was not associated with annual weight change but was inversely associated
with annual change in gait speed and with annual change in grip strength in men only.
Conclusions: Our findings contribute preliminary evidence that, in middle-aged and older
adults, increased UPF intake is not associated with frailty but may be related to worsening
muscle strength and function. Further research with a more granular approach to UPF
classification is required to translate these findings to practical recommendations and to
clarify their clinical significance.

Keywords: nutrition; epidemiology; aging; UPFs; frailty

1. Introduction

The global population is aging rapidly due to decreasing birth rates and increasing
life expectancies. By 2050, it is expected that adults over 60 years of age will outnumber
youth and young adults aged 1024 years [1]. In this context, age-related diseases such as
frailty have emerged as a major public health concern.

Frailty is a multisystem condition characterized by decreased physiological reserve
and increased vulnerability to stressors [2,3]. It is associated with increased risk of disability,
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hospitalization, morbidity, and mortality [4-6]. Frailty is commonly defined using the Fried
frailty phenotype, which classifies individuals as frail if they exhibit three or more of the
following: unintentional weight loss, weakness, exhaustion, slowness, and low physical
activity [7]. In the U.S, approximately 15% of adults over 65 years of age experience
frailty [8]. Twin studies estimate that genetic factors account for 25-45% of the variability
in frailty, with the remainder attributed to individual-level environmental factors [9-12].
Therefore, there is great interest in identifying modifiable environmental factors, including
nutrition, that influence frailty and could be leveraged as a preventative strategy against
this condition.

Protein and energy undernutrition results in tissue catabolism and muscle loss [13,14],
and has been long understood as a frailty risk factor [15]. Other dietary characteristics may
contribute to frailty development, potentially through interaction with oxidative stress and
inflammatory pathways that have been implicated in the pathogenesis of frailty. For exam-
ple, higher consumption of unprocessed foods and greater adherence to dietary patterns
that are associated with lower oxidative stress and inflammation, such as carotenoids [16],
fruits and vegetables [17], and antioxidants [18,19], and a Mediterranean dietary pattern
and the alternative Healthy Eating Index [20-22] are associated with a lower risk of frailty
development. Conversely, higher dietary inflammatory index scores [23,24] are associated
with a higher risk of frailty.

Ultra-Processed Foods (UPFs) make up a growing portion of the older adult diet [25]
and may be relevant to frailty [26]. UPFs are defined according to the NOVA framework as
“formulations of ingredients, mostly for industrial use only, derived from a series of indus-
trial processes” [27]. UPFs tend to be high in added sugars, sodium, saturated and trans
fats, and energy while providing low amounts of fiber, protein, and essential micronutrients
necessary for a balanced diet and healthy aging [28]. These characteristics, together with
the addition of cosmetic additives, make UPFs hyperpalatable and appealing [29]. The poor
nutritional quality, high energy density, and palatability, among other characteristics, make
UPFs a plausible pro-inflammatory factor and may link UPF intake to musculoskeletal
decline and frailty development [26].

There is limited research on the relationship between UPF intake and frailty. Two cross-
sectional studies reported that higher UPF intake is associated with increased odds of
frailty [30,31]. To the best of our knowledge, only two prospective cohort studies have
examined this relationship. One study followed 1822 men and women in the Seniors-
ENRICA cohort over 3.5 years and defined frailty using the Fried phenotype [32], while
the other analyzed data from 63,743 women in the Nurses” Health Study for up to 26 years
and defined frailty using the FRAIL scale [33], which is moderately correlated with the
Fried phenotype [34]. Both studies reported that higher UPF intake was associated with a
greater risk of frailty. Further longitudinal investigation of the relationship between UPF
consumption and frailty, particularly with substantial follow-up in both men and women
and using the validated Fried frailty phenotype, will contribute valuable further evidence
on this topic.

This study aimed to examine the relationship of UPF consumption with odds of
frailty development and with annual changes in related frailty phenotype components of
grip strength, gait speed, and weight change in middle-aged and older adults from the
Framingham Heart Study (FHS) Offspring cohort. We hypothesized that daily UPF intake
would be associated with greater odds of frailty development and decreased grip strength
and gait speed. Based on prior literature linking UPF intake with weight gain [35-38], we
anticipated that UPF intake may be associated with increased weight over follow-up. We
also discussed the limitations and challenges of the current UPF classification and offered
pathways to enhance our understanding of how UPFs affect health.
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2. Materials and Methods
2.1. Study Population

This prospective cohort study used data from the Framingham Heart Study (FHS)
Offspring cohort. The FHS began in Framingham, Massachusetts, in 1948. It originally
enrolled 5209 adults aged 28-62 years of age. Participants returned biennially for data
collection, including physical examinations, laboratory tests, cardiovascular disease (CVD)
assessments, and questionnaires. In 1971, 5124 offspring of the original cohort participants
were enrolled in the FHS Offspring cohort, undergoing similar assessments approximately
every four years. Dietary assessment was added to the fifth examination cycle in 1991-1995.
We used data from the seventh (1998-2001, n = 3539), eighth (20052008, n = 3021), and
ninth (2011-2014, n = 2430) study examinations for the primary analysis and included
data from the fifth (1991-1995, n = 3799) and sixth (1995-1998, n = 3532) examination
cycles for sensitivity analyses. The original FHS data collection protocol and procedures
were approved by the Institutional Review Board of Boston University Medical Center.
The present study was approved by the Institutional Review Board of Tufts University
(STUDY00004638).

Our sample included all participants who had diet and frailty data at our baseline
assessments, were not frail at baseline, had a follow-up frailty assessment, and had infor-
mation on relevant covariates. Figure 1 describes the flow of participants into the analytic
sample. The data were sourced from BioLINCC, which included only participants who
consented to genetic data sharing (n = 4988). We excluded 1627 participants who were
missing a baseline frailty assessment (i.e., no frailty assessment at examinations seven or
eight) and 59 participants who were frail at baseline. Among the remaining 3302 non-frail
participants, we excluded 323 individuals missing dietary data at baseline and then 431 who
lacked a follow-up frailty assessment. Finally, one participant was excluded due to missing
non-categorical covariate data across all three examination cycles (missing data for covari-
ates treated exclusively as categorical throughout the analyses were coded into a separate
‘missing’ category). The final sample for the frailty analysis included 2547 participants.

2.2. Diet Assessment

The usual diet over the past year was assessed using the Harvard 126-item semiquan-
titative food frequency questionnaire (FFQ) [39]. The FFQ provides a list of foods with
standard serving sizes, and participants report their frequency of consumption using nine
categories, ranging from “never or less than once per month” to “6+ times per day.” Partici-
pants could also list up to three additional foods not included in the standard 126-item list,
along with their frequency of consumption.

FFQs were considered invalid if more than 12 items were left blank, or if total energy in-
take was <600 kcal /day or >4000 kcal/day for women and <600 kcal/day or >4200 kcal/day
for men. Nutrient intakes were calculated by multiplying the frequency of consumption
for each food item by its nutrient content. Nutrient composition was based on the USDA
food composition database and other published sources [40].

UPF intake was defined by the NOVA classification system [27] and was the exposure
of interest. FFQ items were classified as UPF or non-UPF using the NOVA assignments
published by Khandpur et al. [41]. This classification was developed through independent
coding by three researchers, and discrepancies were resolved through consultations with
experts and additional resources (research dietitians and grocery store scans). Two re-
searchers on our team independently classified the 349 items in the free form ‘Other Foods’
section of the FFQ that were not classified in the paper by Khandpur and colleagues, and
discrepancies between reviewers were decided by consensus. Daily servings of UPF were
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energy-adjusted using the residual method and centered at 2000 kcal [42] and evaluated as
a continuous variable.

Participants enrolled in the Framingham
Offspring Study (n=5124)

No genetic data consent (n=136)

\4

Available data in BioLINCC (n=4988)

Missing baseline frailty assessment
(n=1627)
Frail at baseline (n=59)

A 4

Non-frail at baseline exam (n=3302)

Missing dietary data at baseline (n=323)

Non-frail and valid dietary data at
baseline exam (n=2979)

Missing frailty assessment at follow-up
(n=431)

\d

Non-frail and valid dietary data at
baseline exam, and > 1 follow-up frailty
assessment (n=2548)

Missing multivitamin use data (n=1)

Non-frail and valid dietary data at
baseline exam, > 1 follow-up frailty
assessment, and complete covariate data

(n=2547)

Figure 1. Flowchart of participants in study.

2.3. Frailty Assessment

Frailty was defined using the Fried frailty phenotype, which consists of five compo-
nents: unintentional weight loss, weakness, exhaustion, slowness, and low activity [7]. The
phenotype was originally conceptualized by Fried et al. and evaluated using data from
the Cardiovascular Health Study, with the components defined as follows: unintentional
weight loss as self-reported weight loss of >4.5 kg or >5% of body weight in the past year;
exhaustion as a response of “occasionally a moderate amount of time” or “most of the
time” to either of the Center for Epidemiologic Studies Depression Scale (CES-D) questions,
“I could not get going” or “I felt that everything I did was an effort”; weakness as grip
strength (kg) in the lowest sex- and BMI-specific quintile; slowness as a 15 ft gait speed
(m/s) in the lowest sex- and height-specific quintile; and low physical activity as energy
expenditure in the lowest sex-specific quintile (estimated in kilocalories). Individuals were
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classified as robust if they met none of the components, pre-frail if they met one or two
components, and frail if they met three or more components [7].

Based on prior work, we adapted some of the Fried frailty criteria according to the
data available in the Framingham Offspring Study [43-46]. Low activity was assessed using
the Physical Activity Index (PAI) [47], reflecting the sum of sedentary, slight, moderate, and
vigorous activity as metabolic equivalent of task (MET-hrs/d). We determined the cut-off
threshold for the lowest quintile of the PAI score at the baseline examination and held this
threshold constant in subsequent exams to identify participants meeting the criterion for
low physical activity. Also consistent with prior work [43—46], weight loss was defined
as losing more than 10 Ibs. in the past year, having an underweight BMI (<18.5 kg/m?),
or experiencing an annualized weight loss of more than 10 Ibs. per year. Additionally,
participants who met the weight loss criterion at any given examination were assumed
to continue meeting this criterion, as it is unlikely for individuals to sustain a yearly loss
of 10 Ibs over time. Exhaustion was defined according to Fried’s original criteria, using
responses from the CES-D.

Weakness and slowness were also defined according to the grip strength and gait speed
cut-offs established by Fried et al. [7]. Grip strength was assessed on a Jamar Hydraulic
Hand Dynamometer (Lafayette Instrument, Lafayette, IN, USA) and recorded in kg of
force. Participants were seated in a chair with their dominant-side forearm supported on
the arm of the chair, and with their elbow flexed to a 90-degree angle. Participants were
then instructed to squeeze the dynamometer for 3 s with their maximum strength. Three
trials were attempted on each hand for a total of six trials. We selected the highest value
across the six trials (regardless of the side, i.e., left vs. right) for analysis.

Gait speed was assessed via a 3 or 4 m walk test. Participants were instructed to walk
the distance at their normal pace. Gait speed was derived by dividing the walk time by the
length of the course. Consistent with prior studies, individuals who reported a functional
limitation as the reason for missing grip strength or gait speed measurements were coded
as meeting the weakness and/or slowness criteria [43].

We classified individuals as frail if they met three or more criteria, and as non-frail if
they met two or fewer criteria. Individuals were not classified if they did not have sufficient
component data to definitively determine their status. For example, to be considered
non-frail, participants needed to complete assessments for three criteria that they did
not meet.

2.4. Covariates

To minimize potential confounding, several demographic and lifestyle factors related
to frailty were considered as covariates. These included sex, age, and the highest level of
education achieved as a proxy for socioeconomic status (categorized as did not graduate
from high school, high school graduate, some college, college graduate, and missing).
Current smoking status was recorded as “yes” or “no” for regular smoking in the past year.
Self-reported health status was categorized into three groups: Fair/Poor, Good/Very Good,
and Excellent. Physical activity was characterized by the PAI described above.

Diet-related covariates included multivitamin use (yes/no) and daily energy intake
(kcal/day), which were collected via the FFQ. Diet quality was also assessed using a
modified dietary approaches to stop hypertension (DASH) diet score, which accounted
for intake of fruits, vegetables, sugar-sweetened beverages, nuts and legumes, red meat,
milk, whole grains, and sodium, based on prior work [48,49]. Briefly, we calculated the
energy-adjusted residual of each of these components and categorized the residual in
quintiles. A value of 1 was assigned to the lowest quintile up to a value of 5 for the highest
quintile, except for the components of red meat, sugar-sweetened beverage, and sodium, in
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which the scoring was reversed. The DASH score was the sum of the component scores,
ranging from 8 to 40, in which a higher score indicates better diet quality [48,49].

Indicator variables were created for the following conditions: history of type 1 or
type 2 diabetes (defined as oral glucose tolerance test plasma glucose > 200 mg/dL, or
>126 mg/dL fasting blood glucose, or use of diabetes medication, at a past examination),
history of non-skin cancer (validated by health record review), and history of CVD, which
included coronary heart disease, congestive heart failure, stroke, transient ischemic attack,
or intermittent claudication.

Participants” weight and height were measured during the examinations. Body mass
index (BMI) was calculated by dividing weight (in kg) by height (in m?). To maximize the
available frailty assessments, missing weight and height data were imputed by carrying
the last observation forward. If BMI was missing, it was calculated using available or
imputed weight and height. If weight or height measurements were unavailable, the last
non-missing BMI value was carried forward.

2.5. Statistical Analysis

The baseline characteristics of the study population were summarized as mean (SD)
for continuous variables and percentages for categorical variables. We compared the
baseline characteristics of participants who were included in the study and those who were
excluded due to missing follow-up data to investigate potential loss to follow-up bias. We
also compared the baseline characteristics of participants across high vs. low UPF intake,
using the median intake as the cutoff. Additionally, we assessed the correlation between
energy-adjusted servings of UPFs and DASH score.

We used cumulative and mixed effects logistic regression models to examine the
relationship between UPF intake and frailty. The two different approaches allowed us
to evaluate frailty as a terminal condition (cumulative model) and a dynamic condition
(mixed model), and to model the chronic (cumulative model) and immediate effects (mixed
model) of the independent variables.

In the cumulative regression models, participants were followed from their baseline
assessment until their censoring visit, defined as either their first frailty diagnosis or their
last assessment with available frailty data, whichever occurred first. UPF intake was
updated during follow-up when additional data were available. For instance, events at
the ninth examination were linked to the average UPF intake from the seventh, eighth,
and ninth examinations if the baseline was the seventh examination, or from the eighth
and ninth examinations if the baseline was the eighth examination. Covariates such as
multivitamin use, current smoking status, energy intake, alcohol consumption, DASH
score, and self-rated health were updated similarly. History of CVD, cancer, or diabetes
was assessed at the censoring visit. Age, education, and sex were treated as fixed variables,
based on baseline data.

The cumulative logistic regression models were used to estimate the odds ratio (OR)
and 95% confidence intervals of frailty development for each one-serving increase in UPF
intake. Model 1 was adjusted for baseline age, education, and sex. Model 2 was additionally
adjusted for energy intake, multivitamin use, smoking status, self-rated health, history
of diabetes, history of cancer, and history of CVD. Model 3 was further adjusted for the
DASH score.

For the mixed-effects approach, participants were not censored after frailty onset. UPF
intake and covariates such as multivitamin use (categorical), current smoking (categorical),
energy intake, DASH score, and self-rated health (categorical), as well as history of CVD,
cancer, and diabetes, were treated as time-varying covariates and updated at each examina-
tion. Mixed-effects logistic regression models with a random intercept for the participant
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were used to evaluate odds ratios of developing frailty per one serving increase of UPF
intake, using the same adjustment scheme specified above.

To better understand the effect of UPF intake on the frailty-related components, we
conducted separate linear regression models to estimate the association between UPF intake
and annualized changes in grip strength, gait speed, and weight. The annualized change
was calculated by subtracting the measure at the censoring examination from the measure
at the baseline examination, divided by the years between the baseline and censoring visit.
The same adjustment scheme was applied, but with physical activity (all) and BMI (grip
strength and gait speed only) added as additional covariates in models 2 and 3.

Because frailty is more common in women than men and in older ages compared with
younger ages [8], we evaluated potential effect modification by sex and baseline age (cut
off of <60 vs. >60 years, selected for balanced sample sizes) first by performing stratified
analyses and second by comparing the fit of the model with an interaction term between
UPF intake and the stratifying variable to the model without the interaction term.

We conducted several sensitivity analyses to assess the robustness of the results, in-
cluding (1) calculating frailty without imputed height, weight, or BMI data, (2) considering
participants reporting a functional limitation for grip or gait speed as not fulfilling the
corresponding weakness or slowness criteria, and (3) using cumulative dietary intake from
examination 5.

All analyses were conducted using SAS software (version 9.4; SAS Institute, Cary, NC,
USA). Two-sided p values < 0.05 were considered statistically significant. We followed
the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology)
recommendations for reporting of cohort studies [50].

3. Results

The baseline characteristics of the study population are presented in Table 1. Overall,
55.1% of participants were female, with a mean & SD age of 60.3 + 8.9 years, BMI of
28.1 & 5.3 kg/m?, and energy-adjusted UPF intake of 7.2 4 2.9 servings/day. Men had a
higher energy-adjusted UPF intake than women (7.4 &= 3.0 vs. 7.0 £ 2.9 servings/day), and
participants 60 years of age and older had a higher energy-adjusted UPF intake compared
with participants less than 60 years of age (7.4 & 2.9 vs. 6.9 & 3.0 servings/day). Compared
with the analytic sample, the 431 participants excluded due to missing follow-up frailty
assessments were older (mean age 66.7 = 8.9 years at baseline), more likely to be smokers
(15.8% vs. 11.1%), and had lower grip strength (30.4 = 11.9 vs. 33.6 & 12.9 kg) and gait
speed (1.1 £ 0.3 vs. 1.3 + 0.3 m/s). They were also more likely to have a history of CVD
(23.7% vs. 10.1%), cancer (16.0% vs. 8.3%), and diabetes (20.7% vs. 10.3%).

The baseline characteristics of participants by high (>6.7 servings/day) and low
(<6.7 servings/day) UPF intake are shown in Supplementary Table S1. Compared to
those with low UPF intake, participants with high UPF intake had a slightly higher BMI
(28.5 4 5.4 vs. 27.7 + 5.2 kg/m?) and a higher prevalence of CVD (11.8% vs. 8.4%), cancer
(8.9% vs. 7.8%), and diabetes (12.2% vs. 8.3%) history. They were also more likely to report
fair /poor health status (6.1% vs. 3.6%) and to have a high school degree or less as their
highest level of education (35.1% vs. 27.4%). PAI was similar between the high and low
UPF intake groups (37.6 £ 6.1 vs. 38.2 &+ 6.3, respectively).
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Table 1. Baseline characteristics of 2547 participants in the analytic sample and 431 participants
excluded due to lack of frailty follow-up assessment in the Framingham Offspring Study.

Participants Excluded Due to Lack of

Characteristics Included Participants Frailty Follow-Up Assessment
Mean (SD)orn (%) n Mean (SD)orn (%) n

Follow-Up Time (years) 10.8 (2.7) 2547 - -
Age (years) 60.3 (8.9) 2547 66.7 (9.6) 431
Female, n (%) 1402 (55.1) 2547 215 (49.9) 431
Education, n (%)

Less than High School 87 (3.4) 18 (4.2)

High School Graduate 708 (27.8) 547 144 (33.4) 131

Some College 723 (28.4) 131 (30.4)

College Graduate 990 (38.9) 113 (26.2)

Missing 39 (1.5) 25 (5.8)
Current Smoking, 1 (%) 283 (11.1) 2547 68 (15.8) 430
Health Status, n (%)

Good Nery Good 1187 (467 2547 260 (605 10

Fair/Poor 123 (4.8) 43 (10.0)
UPF Intake (servings/day) 7.2(2.9) 2547 7.3 (2.7) 431
Energy Intake (kcal/day) 1840.4 (594.3) 2547 1788.4 (587.8) 431
DASH Score 242 (5.2) 2547 23.7 (5.2) 431
Multivitamin Use, 1 (%) 1331 (52.3) 2545 220 (51.2) 430
BMI (kg/m?) 28.1 (5.3) 2547 28.5 (5.1) 431
Physical Activity Index 37.9 (6.2) 2510 37.8 (6.6) 418
Grip Strength (kg) 33.6 (12.9) 1905 30.4 (11.9) 290
Gait Speed (m/s) 1.3 (0.3) 2084 1.1 (0.3) 304
Exhaustion, n (%) 130 (5.1) 2533 28 (6.6) 427
Weight Loss, 1 (%) 47 (1.9) 2547 8 (1.9) 431
History of CVD, n (%) 257 (10.1) 2547 102 (23.7) 431
History of Cancer, 1 (%) 212 (8.3) 2547 69 (16.0) 431
History of Diabetes, 1 (%) 261 (10.3) 2547 89 (20.7) 431

3.1. Frailty Analysis

Over an average follow-up of 10.8 years, 233 (9.2%) of participants developed frailty.
The prevalence of frailty was 4.0% at examination 8 and 7.8% at examination 9. There were
nine participants who transitioned from frail at examination 8 to non-frail at examination 9.

We observed no significant association between UPF intake and odds of developing
frailty across all levels of adjustment in both the cumulative models and the mixed models
(Table 2). There was no significant interaction between UPF intake and sex or baseline
age (Table 3). Notably, the DASH score was inversely associated with odds of developing
frailty in both the fully adjusted cumulative model (OR: 0.94, 95% CI: 0.91-0.98, p = 0.002)
and mixed model (OR: 0.82, 95% CI: 0.76-0.87, p < 0.001). Additionally, UPF intake was
inversely correlated with DASH score at baseline (R = —0.27, p < 0.001).



Nutrients 2025, 17, 2631 9 of 22

Table 2. Association of Ultra-Processed Food (UPF) intake (energy-adjusted servings per day) and
odds of developing frailty.

Cumulative Logistic Regression Mixed Logistic Regression

OR (95% CI) p value OR (95% CI) p value
Model 12 1.04 (0.98, 1.10) 0.16 0.97 (0.90, 1.04) 0.35
Model 2 1.01 (0.95, 1.07) 0.81 0.98 (0.91, 1.10) 0.94
Model 3 ¢ 0.98 (0.92, 1.05) 0.55 0.93 (0.84,1.02) 0.14

2 Model 1 is adjusted for baseline age, education, and sex; b Model 2 is adjusted for model 1 covariates and
energy intake, multivitamin use, smoking, self-rated health score, history of diabetes, history of cancer, and
history of cardiovascular disease; © Model 3 is adjusted for model 2 covariates and Dietary Approaches to Stop
Hypertension score.

Table 3. Sex and age-stratified associations of UPF intake (energy-adjusted servings per day) and
odds of developing frailty.

Cumulative Logistic Regression Mixed Logistic Regression
OR (95% CI) @ P (Interaction)®  OR (95% CI) 2 P (Interaction) P
Sex
Men (n = 1145) 0.95 (0.86, 1.06) 0.39 0.99 (0.81,1.21) 0.70
Women (n = 1402) 1.07 (1.04, 1.09) 0.94 (0.83,1.05)
Baseline Age
Baseline Age < 60 years (n =1253)  1.05 (0.93, 1.20) 0.17 0.94 (0.78,1.12) 0.68
Baseline Age > 60 years (n =1294) 0.95 (0.88, 1.03) 0.96 (0.85, 1.08)

@ Models adjusted for baseline age, education, energy intake, multivitamin use, smoking, self-rated health score,
history of diabetes, history of cancer, history of CVD, DASH score; b From likelihood ratio test comparing model
fit with multiplicative interaction term to model without multiplicative interaction term.

3.2. Frality Components

The grip strength analysis included 1872 participants with grip strength data at the
censoring exam and the baseline exam. There was no relationship between UPF intake and
annualized change in grip strength in the overall sample (Table 4) or effect modification
by age; however, there was effect modification by sex (P interaction = 0.01). In men, each
additional serving of UPF intake was related to a 0.02 kg (95% CI: —0.05, —0.001, p = 0.04)
annual decrease in grip strength in the fully adjusted model, whereas, in women, there was
no relationship between UPF intake and annualized change in grip strength (Table 5).

The gait speed analysis included 2033 participants with data available at both baseline
and the censoring examination. Higher UPF intake was associated with a modest but
statistically significant annualized decline in gait speed across all models (Table 4). In the
fully adjusted model, each additional serving of UPF was linked to a decrease of 0.001 m/s
per year (95% CI: —0.001, —0.000, p = 0.03). We did not observe any effect modification by
sex or baseline age (Table 5).

The weight change analysis included 2545 participants with data available at both
baseline and the censoring examination. There was no significant association between UPF
intake and annualized weight change overall (Table 4) or in the sex- and age-stratified
analyses (Table 5).

The results of the first two sensitivity analyses were consistent with the primary
analysis (Supplementary Table S2). In the third sensitivity analysis, in which UPF was a
cumulative average from examination 5, higher cumulative UPF intake was associated
with lower odds of frailty in the mixed logistic regression model (Model 3: OR = 0.62, 95%
CI: 0.46-0.82, p < 0.01). Results in the cumulative logistic regression model were consistent
with the primary analysis.
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Table 4. Association of Ultra-Processed Food intake (energy-adjusted servings per day) and annual-
ized change in select frailty components.

B (95% CI) p Value
Annualized Change in Grip Strength, kg/year (n = 1872)
Model 12 —0.01 (—0.02, 0.00) 0.14
Model 2P —0.01 (—0.02, 0.01) 0.23
Model 3 ¢ —0.01 (—0.02, 0.01) 0.30
Annualized Change in Gait Speed, m/s/year (n = 2033)
Model 1 —0.001 (—0.001, —0.002) 0.01*
Model 2 —0.001 (—0.001, —0.0001) 0.03 *
Model 3 —0.001 (—0.001, —0.0001) 0.03 *
Annualized Change in Weight, Ib/year (n = 2545)
Model 1 —0.02 (—0.05, 0.00) 0.09
Model 2 —0.02 (—0.05, 0.01) 0.17
Model 3 —0.02 (—0.05, 0.01) 0.28

2 Model 1 is adjusted for baseline age, education, sex; ® Model 2 is adjusted for model 1 covariates and energy
intake, multivitamin use, smoking, self-rated health score, history of diabetes, history of cancer, and history of
CVD, BMI, and physical activity index; © Model 3 is adjusted for model 2 covariates and DASH score; * p < 0.05.

Table 5. Sex- and age-stratified associations of UPF intake (energy-adjusted servings per day) and
annualized change in select frailty components.

B (95% CI) 2 p (Interaction) ®

Sex

Annualized Change in Grip Strength, kg/year

Men (n = 848) —0.02 (—-0.05, —0.001) 0.01*
Women (n = 1024) 0.01 (—0.01, 0.03)
Annualized Change in Gait Speed, m/s/year
Men (n =917) —0.0004 (—0.001, 0.0004) 0.35
Women (n = 1116) —0.001 (—0.002, —0.0003)
Annualized Change in Weight, Ib/year
Men (n = 1145) —0.02 (—0.06, 0.02) 0.98
Women (n = 1400) —0.01 (—0.06, 0.03)

Baseline Age
Annualized Change in Grip Strength, kg/year
<60 years (n = 959) —0.02 (—0.04, —0.001) 0.14
>60 years (n = 913) 0.01 (—0.01, 0.03)
Annualized Change in Gait Speed, m/s/year
<60 years (n = 1027) —0.0004 (—0.001, 0.0002) 0.64
>60 years (n = 1006) —0.0008 (—0.002, 0.000)
Annualized Change in Weight, Ib/year
<60 years (n = 1253) —0.03 (—0.08, 0.01) 0.71
>60 years (n = 1292) 0.001 (—0.04, 0.04)

2 All models adjusted for baseline age, education, energy intake, multivitamin use, smoking, self-rated health
score, history of diabetes, history of cancer, history of CVD, DASH score. Grip and Gait speed models are also
adjusted for PAI score and BMI; ® From ANOVA comparing model fit with multiplicative interaction term to
model without multiplicative interaction term; * p < 0.05.

4. Discussion

In this analysis of 2547 adults in the Framingham Offspring Cohort, we did not observe
a relationship between UPF intake and the odds of developing frailty over a mean follow-
up of 10.8 years. UPF intake was inversely related to gait speed in the overall sample and
was associated with a decrease in grip strength in men; however, the effect sizes were small,
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and the clinical significance of these findings is unknown. UPF intake, as measured in the
presented analysis, was not associated with the annual change in weight.

4.1. Our Findings in Context

The lack of an association between UPF intake and frailty contrasts with findings from
two previous longitudinal studies. Fung et al. reported that higher UPF intake, assessed
via the Harvard FFQ, was associated with increased risk of frailty in 63,743 women from
the Nurses’ Health Study over up to 26 years of follow-up. Frailty was measured using
the FRAIL scale, based on self-reported fatigue, low strength, reduced aerobic capacity,
multiple chronic illnesses, and weight loss [34]. Similarly, Sandoval-Insausti et al. found
that higher UPF intake, assessed as a percentage of total energy intake using an open-form
diet history questionnaire [51], was associated with greater odds of incident frailty (Fried
phenotype) in 1822 adults aged 60 years or older from the Seniors-ENRICA cohort over
3.5 years of follow-up [32].

Several factors may explain these contrasting findings. First, studies on UPF intake
rely on researchers’ interpretations of the NOVA classification system, leading to variability
in which foods are categorized as UPFs. Prior research shows poor agreement among
researchers when classifying foods, even when ingredient lists are available [52]. We
used the same classification reference [41] as Fung et al. [34], but it is difficult to know
how our classification compared with the Sandoval-Insausti group, given the different
dietary assessment methods. Second, frailty assessment methods differed across these
studies, potentially contributing to inconsistent results. Fung et al. used the self-reported
FRAIL scale, which is moderately correlated with the Fried frailty phenotype (r = 0.617,
p < 0.001) [53]. Both our study and that of Sandoval-Insausti et al. used the Fried frailty
phenotype but with slight adaptations. For example, Sandoval-Insausti et al. applied
weakness and slowness cut-offs specific to their sample, defined low physical activity as
walking <2.5 h/week for men and <2 h/week for women, and had a different grip strength
protocol (measured on the dominant hand only) [32]. In contrast, we used the original
cut-offs published by Fried et al., defined low physical activity as the lowest quintile of
the physical activity index, and selected the maximal grip strength across both hands [7].
Finally, the baseline age of our participants was relatively young at 60.3 years, given that
frailty prevalence increases rapidly after age 75 [8]. However, no significant interactions
between frailty and age were observed in our study to suggest that associations would be
different across those aged <60 years versus those aged >60 years.

Diet quality, represented by a modified DASH score, was inversely associated with the
odds of developing frailty in our study. This finding is consistent with prior research [54-59] and
may reflect the protective effects of whole grains, fiber, and micronutrients [60]. UPFs are
typically low in these nutrients and high in salt, sugar, and fat, and, therefore, contribute to
poor diet quality [61-65]. For this reason, it is important to adjust for diet quality in analyses
of UPF and health to distinguish the effects of processing from nutrient content. In our
population, UPF intake in energy-adjusted servings/day was modestly but significantly
correlated with the DASH score (r = —0.27, p < 0.001).

To the best of our knowledge, no other study has assessed the relationship between
UPF intake and gait speed. In our study, higher UPF intake was inversely associated with
gait speed, with each additional serving linked to a 0.001 m/s annual decrease in gait
speed. Gait speed in older adults reflects lower body strength and aerobic capacity [66]
and predicts disability [67], functional dependence [68], and mortality [69]. Inflammatory
markers have been associated with both lower gait speed [70,71] and gait speed decline
in older adults [72]. Since UPFs may promote a pro-inflammatory state due to their high
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sugar and fat content, low fiber and micronutrient levels, and additives like emulsifiers and
non-nutritive sweeteners [73], this may be a mechanism linking UPF intake and gait speed.

We found that UPF intake was inversely associated with modest annual decreases in
grip strength in men but not in women. This finding adds to the growing body of evidence
on the relationship between UPF intake and muscle health. Zhang et al. reported that
higher UPF intake was associated with an annual decrease of 0.37 kg in grip strength over
a median follow-up of 3 years in 5409 adults aged 40 and older, with no evidence of an
interaction by sex. Grip strength was measured by a different protocol, with participants
in the standing position, making it difficult to compare the absolute effect size with our
study [74]. Several studies have also reported an inverse relationship between UPF intake
and lean mass, which is correlated with grip strength [75], but it is a less sensitive predictor
of falls and fractures [76] and mortality [77]. This association has been observed in young
and middle-aged adults, as well as adolescents [78-80]. Sex-specific findings were reported
in a longitudinal study of 1021 young adults (aged 23-25 years), where UPF intake was
associated with decreased percent lean mass in women but not in men after 13-15 years of
follow-up [81].

We did not detect a significant relationship between UPF intake and annual change in
weight, in contrast to several other longitudinal studies in middle-aged and older adults
that report associations between UPF intake and increased weight. In the EPIC cohort
(n = 348,748; median age approximately 51 years), higher UPF intake was associated with
weight gain and increased risk of overweight and obesity over 5 years [35]. Similarly,
in the NutriNet-Santé cohort (n = 110,260; mean baseline age 43.1 years), UPF intake
was positively associated with BMI increase over 4.1 years of follow-up [36]. The SUN
(University of Navarra Follow-Up) study, with 8451 middle-aged participants, reported
that higher UPF intake was linked to a greater risk of developing overweight and obesity
over 8.9 years [37]. In the ELSA-Brasil cohort (n = 11,827; mean baseline age 51.3 years),
higher UPF intake was associated with increased weight and waist circumference over
3.8 years [38]. The inconsistencies in findings could be due to many factors, including
conceptual and technical differences in study designs and implementations.

We utilized weight change and BMI in our analyses, in keeping with the Fried frailty
phenotype; however, these metrics are not straightforward indicators of health in older
adults. Lean mass loss typically begins in the third decade of life and is compensated for by
fat mass increases until around age 70, when total body weight tends to decline [82]. Small
decreases in weight appear to be a normal part of aging in healthy adults [83], and even
larger amounts of intentional weight loss coupled with appropriate exercises can improve
quality of life and physical function in overweight adults while mitigating unfavorable
losses in bone and muscle catabolism [84]. On the other hand, unintentional weight loss
exceeding 5% of body weight may signal serious underlying disease and is associated
with unfavorable musculoskeletal catabolism, morbidity, and mortality [85] and is a strong
prognostic criterion for frailty [86]. Measures such as waist circumference or fat mass
measures may therefore better reflect adiposity and metabolic disorder in older adults than
body size alone [87]. Future studies should consider these complementary indicators of
body composition to better capture the relevant metabolic and musculoskeletal context of
UPF intake and weight in older adults.
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4.2. Strengths and Limitations

This study had several strengths. It addressed a research question on the relationship
between UPF intake and frailty, which had minimal prior literature. To our knowledge, it
also provided the first evidence on the relationship between UPF intake and gait speed in
older adults. The follow-up period of 10 years allowed us to investigate long-term dietary
exposure and to update covariates across examinations using data from a community-based
cohort study. The sample size was also sufficiently large, and this study was well-powered
to detect even modest associations. We evaluated the relationship between UPF intake and
frailty using two modeling approaches, allowing us to account for both chronic and more
immediate exposure to UPFs. Additionally, we used the Fried frailty phenotype, a highly
validated measure, and applied a published UPF classification system for standardized
and reproducible methods. However, this study also had limitations. The population was
predominantly White (>99% of our study sample), which limits the generalizability of our
findings to more diverse populations. There is also likely a loss to follow-up bias given that
our included population was generally healthier compared to those excluded due to a lack
of frailty follow-up assessment. Dietary intake was self-reported, making it susceptible
to measurement error and recall bias. We could not characterize UPF intake as % energy
from UPFs because we did not have access to the energy contributions of each FFQ item.
Additionally, the observational design prevents us from drawing causal conclusions. While
we adjusted for key covariates, the possibility of residual confounding remains.

4.3. Future Directions

Our results indicate an association between UPF intake and decreased grip strength
and gait speed, but not frailty. These are hypothesis-generating findings that suggest
certain types of modern food processing may negatively impact healthy muscle aging
and contribute to a growing body of literature linking UPF intake with chronic disease.
However, to advance this body of research toward actionable conclusions, we need to
reform how food processing is evaluated. While the NOVA classification system has been
instrumental in driving research on food processing and health, it also has limitations that
are important to contextualize the findings of UPF research.

The NOVA classification system simplifies the complex, real-world context of nutri-
tion, UPFs, and health, making its application and interpretation challenging [88,89]. For
example, age-related factors, including gastrointestinal and hormonal changes, psychiatric
conditions, medications, comorbidities, and socioeconomic barriers, can limit the desire
for and the ability to access and prepare nutritious food, potentially contributing to unin-
tentional weight loss in older adults [90]. Some ‘ultra-processing’ may help older adults
overcome these challenges by enhancing food palatability, improving accessibility (less
preparation required and longer shelf life), and providing a softer texture. While it would
be unfavorable to recommend nutrient-poor UPFs to older adults, given the importance
of diet quality in the development of age-related diseases like frailty, other nutrient-dense
UPFs can contribute to meeting dietary guidelines. For example, whole grains provide
fiber, micronutrients, and phytoestrogens and have been linked with improved glucose
tolerance [91] and decreased abdominal fat [92] and metabolic syndrome [91] in older
adults. The top contributors to whole grain intake in older adults are bread and cold
breakfast cereals, both of which are classified as UPFs [91,93]. Ultimately, providing broad
generalizations on the UPF group as a whole could steer people away from UPFs that con-
tribute valuable energy and nutrients. A more granular view of the UPF category in future
research is required to make evidence-based dietary recommendations that incorporate
these realities.
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Other challenges in UPF assessment are due to the nature of the cohort study de-
sign. Cohort studies provide a valuable opportunity to examine exposures and diseases
longitudinally, but have inherent financial and logistical considerations that inform data
collection and methodology. For example, FFQs are widely used in prospective cohort
studies because they are less resource-intensive and more cost-effective than methods such
as 24-h dietary records, but they sacrifice detail, including ingredient- and product-specific
information. Data collection methods also reflect research priorities at the time of study
design. While existing data can be leveraged to address contemporary questions like those
related to UPFs, doing so introduces potential error and reproducibility concerns. For
example, the NOVA framework, proposed in 2010, postdates the Harvard FFQ and is based
on ingredient contents. In applying the NOVA framework to FFQs, researchers must make
subjective judgments, leading to variability in interpretation and inevitable misclassifi-
cation, especially when both UPF and non-UPF versions of a food likely contribute to
the same category. For example, Figure 2 shows how we rated our certainty in our UPF
classification for each FFQ item. While some items like ‘Candy Bars’ and ‘Processed Meats’
obviously fulfill the UPF criteria, others, like ‘Brownies” or ‘White/Dark Bread’, may or
may not depending on their ingredient composition.
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Figure 2. Depiction of the UPF classification of foods in the 126-item FFQ, positioned and color-coded
according to our rating of confidence in the classification. The * text describes abbreviations used:
home-made (HM) and ready-made (RM).

We did not have the resources for multiple expert input on this uncertainty rating, and
so we did not pursue dividing the nutrient contribution of a food item to reflect uncertainty
as has been done in prior work [94,95]. Initiatives to develop a UPF-specific FFQ [96]
could also help to limit misclassification error. However, it is unclear if these efforts
will be enough to progress UPF research towards scientifically rigorous and practically
meaningful conclusions.
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Classifying UPF intake as a single exposure aligns with the level of dietary detail in
cohort studies, and this strategy has been useful for generating hypotheses about UPFs and
health. However, this approach ultimately will not provide a way forward for scientifically
rigorous or actionable guidance for consumers or food manufacturers. Grouping all UPFs
together limits our ability to parse out the effects of nutritional value versus processing and
to identify the mechanisms at play in the observed relationship between UPF intake and
chronic disease. Furthermore, recommending complete avoidance of UPFs is impractical, as
they are deeply embedded in our food system and ways of life, contributing the majority of
caloric intake and grocery store offerings [97]. A more targeted approach to reformulation,
or consumer education, would be more feasible and scientifically aligned, but current
research lacks the granularity needed to guide such efforts. Thus, it is important for the
nutrition science community to pursue research methods, including harnessing the use
of Artificial Intelligence (Al) that can enhance the comprehensiveness and granularity of
UPF research.

4.4. AI, UPF Research, and UPF Policy

Al refers to machines performing tasks that typically require human intelligence [98].
The ability of Al algorithms to analyze and derive insights from large, complex, and
multimodal datasets makes them a promising tool for advancing nutrition research [98].
Efforts to use Al to enhance the consistency and granularity of UPF classification, thereby
improving the quality of UPF research, are already underway. For example, Menichetti
and colleagues developed FoodProX, a machine-learning classifier that predicts NOVA
classifications based on nutritional data from the FNDDS. They also introduced FPro, a
continuous index that quantifies the degree of food processing, which importantly intro-
duces the ability to differentiate foods within NOVA categories [99]. A number of other
Al algorithms have been developed for the purpose of classifying UPFs. For instance, Hu
and colleagues recently published on fine-tuned language models that predict NOVA food
categories based on ingredient lists [100], and Elbassuoni et al. introduced a deep learning
NOVA classifier that classifies foods from images [101]. These tools aid in advancing
objective UPF classification, but, with the exception of FPro, do not provide a more granular
characterization of food processing beyond the NOVA categories. With the growing body
of Al-powered applications that are based on or promoting the use of NOVA categories,
the in-depth, evidence-based validation is critical to justify the reliability and usability of
such tools.

Beyond improving classification, Al can also aid in the causal analysis of the rela-
tionship between UPFs and health and inform real-world recommendations on UPFs.
Numerous characteristics of UPFs may contribute to health outcomes, including nutrient
composition, sensory qualities, additives, and ingredients, through a range of unknown
mechanisms, as shown in Figure 3. Rather than a single feature driving the association
between UPF and poor health, it is likely that multiple interacting and sometimes contra-
dictory effects contribute, with the exact permutation of contributing factors varying by
food item.
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Figure 3. The TAST*E framework shows proposed causal mechanisms linking Ultra-Processed Foods
(UPFs) to frailty. Common UPF contents (orange) and resulting UPF qualities (yellow) are linked
to potential biological mechanisms (light blue) that are implicated in frailty. Importantly, the same
UPF contents have utility in the food supply that should be considered in evaluating the UPF issue.
These are highlighted with the TAST*E framework. The figure was created using Kumu Relationship
Mapping Software (https://kumu.io/) [102].

Causal Al, a rapidly evolving field, aims to model, infer, and test causal relationships
and is particularly relevant for exploring the cause-and-effect links between UPF intake
and health outcomes. Unlike predictive algorithms, which rely on correlations and patterns
between variables, causal Al seeks to identify true cause-and-effect relationships [103].
The fundamental process of causal Al closely mirrors the approach of epidemiologists:
developing causal diagrams, analyzing observational data to infer causal relationships,
and testing causal mechanisms [103]. Manual analysis, however, is constrained by the
complexity and volume of potential relationships, whereas Al approaches are well-suited
to navigate these issues. Causal Bayesian networks, for example, can navigate and identify
relationships between all variables in a dataset, without pre-specified input on which vari-
ables might interact, enabling discovery in large, complex, and multimodal datasets [104].
Unlike predictive modeling, a causal Al approach reveals the exact relationships between
variables and the intermediate mechanisms linking cause and effect (for example, the exact
relationship between a food additive and mechanisms towards a health outcome) [104],
which will be essential for targeted UPF interventions.

Beyond identifying the causal relationship between UPF intake and health outcomes,
causal Al approaches can help policymakers understand the impact of potential recom-
mendations or interventions on UPF intake while incorporating complex contextual factors.
For example, in developing UPF reformulation policies, we must consider both the health
effects of additives and ingredients in UPF foods as well as their functional roles in the food
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supply, including taste, appearance, food safety, texture, and extended shelf life (TAST*E
in Figure 3). Using causal Al, we can explore “What-if?” questions for reformulation
scenarios to assess not only the impact on consumer health but also potential effects on
food properties and safety.

Thoughtful integration of Al with traditional epidemiological methods could help
refine our understanding of UPFs and their health effects, ultimately guiding more precise
and feasible dietary recommendations. Scientific expertise will be essential in overseeing
and informing such efforts, particularly in weighing the strength of evidence that defines
the relationships between food qualities, contents, and health. Key challenges remain,
including data quality and harmonization, especially considering the limited availability of
large databases with complete nutritional and ingredient information, and the scarcity of
prospective cohort studies with such intensive dietary data.

5. Conclusions

The ultimate goal of UPF research is to determine how UPF intake causally affects
human health, so that we can use this evidence to inform practical, evidence-based public
health recommendations. The findings of our study contribute to the growing body of
literature examining the relationship between UPF intake and chronic disease outcomes in
aging. Our findings suggest UPF intake is related to modest declines in muscle function,
but a relationship with frailty was not supported. We highlighted future research directions,
including Al approaches, that have the potential to advance UPF research with greater
granularity, nuance, and practical relevance but rely on access to high-quality datasets and
continued expert input. Any food policies related to UPFs will need to consider not only
the causal relationship between UPFs and health but also the potentially positive roles that
UPFs play in ensuring food security in vulnerable populations like older adults and the
integral role they currently play, for better or for worse, in our modern food system and
ways of life.
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