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Abstract of Dissertation

Associations between Dietary Quality, Metabolomics, and Age-related Changes in
Physical Function and Frailty in Older Adults

While often perceived as a natural part of aging, the gradual decline in physical
and cognitive functions can precipitate functional impairment and disability. A better
understanding of the mechanism underlying these functional declines is necessary to
develop timely, sustainable, and cost-effective strategies to preserve functions and

mitigate the negative impacts of functional declines as individuals age.

Diet quality has been suggested to be an important modifiable factor influencing
physical function and frailty status in older adults'. Although prior studies have
investigated the role of diet in maintaining physical function in older adults, significant
knowledge gaps persist. In particular, a comprehensive evaluation of dietary quality that
simultaneously considers adherence to dietary guidelines, dietary diversity, and ultra-
processed foods (UPF) consumption is lacking. Moreover, the biological mechanisms
through which these different aspects of diet influence trajectories of physical function

and frailty, especially at the molecular level, are not yet fully understood.

The objectives of this dissertation were to evaluate multidimensional dietary
quality in older adults, quantify their associations with trajectories of physical function
and frailty, and then explore the potential mechanistic pathways linking diet and
functional aging. These objectives were addressed through three specific aims. In the first
aim, we examined cross-sectional and longitudinal associations between the three

complementary dietary pattern scores and changes in physical function and frailty status
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in older adults. In the second aim, we identified plasma metabolites associated with the
dietary pattern scores to characterize metabolomic signatures reflective of the overall
diet. In the third aim, we tested whether those identified diet-related metabolites were
also associated with physical function and frailty outcomes to explore potential biological
mechanisms linking diet to functional aging. We further conducted validation analyses
using data from another similar cohort with study participants at a comparable age range

to assess the robustness and generalizability of our findings.

The results of this dissertation demonstrate that different aspects of dietary quality
are distinctly and significantly associated with physical function and frailty trajectories in
older adults. Higher adherence to the Dietary Guidelines for Americans was consistently
associated with better lower-extremity function and lower frailty index over time. Higher
consumption of UPF was associated with less optimal functional outcome and an
elevated risk of frailty, with stronger associations observed for grip strength among
females. Dietary diversity showed more complex and sometimes adverse associations,
likely reflecting the heterogeneity in the nutritional quality of the foods consumed by the

participants.

Metabolomic profiling identified distinct yet partially overlapping signatures
across the dietary patterns. Several diet-related metabolites were also associated with
frailty trajectories, revealing two potential mechanistic pathways linking diet to frailty:
microbial tryptophan metabolism, which plays a role in immune regulation and chronic
inflammation, and long-chain sphingolipid metabolism, which is closely related to lipid

remodeling of the cell membranes and metabolic fitness.

X



Collectively, this dissertation highlights that different dimensions of dietary
quality capture distinct aspects of diet that have meaningful implications on functional

aging and frailty development.
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Chapter 1: Introduction

1.1 Physiological Changes During Aging and Measurements of These
Changes

In recent years, advancements in medical care, improved public health measures,
and expanded access to high-quality preventive healthcare have contributed to increased
life expectancy. As a result, the global population is undergoing a significant
demographic shift. In 2020, for the first time, the number of people aged 60 and older
surpassed that of children under five? , and the proportion of individuals over 60 is
expected to nearly double from 12% in 2015 to 22% by 2050°. This shift presents both
challenges and opportunities for societies worldwide. In the United States, the population
aged 65 and older grew by 38.6% between 2010 and 2020, which is the fastest rate since
the late 19th century, reaching a total of 55.8 million*. This rapid increase has been
largely driven by the aging baby boomer generation, all of whom will be aged 65 or older
by 2030%. Aging is a major risk factor associated with multiple chronic conditions, such
as cardiovascular, neurological, and musculoskeletal diseases. However, there is great
heterogeneity in aging and health outcomes in later life>, highlighting the opportunities
and needs for more precise screening and assessment of health in older adults to develop

targeted interventions to promote healthy aging.

Formally defined by the World Health Organization, “healthy aging” refers to the
ongoing process of maintaining and improving physical and mental health, independence,
and quality of lifeS. Successful aging, on the other hand, is a related classic concept
popularized by Rowe and Kahn in 1987. Successful aging emphasizes three key

components: low probability of disease and disability, high cognitive and physical



function, and active engagement with life throughout the aging process. Both concepts
are multidimensional and influenced by biological, physiological, and social factors that
interact over time. Physical function preservation is a key component for both successful
and healthy aging, as it plays a crucial role in maintaining independence and quality of

life in older adults.

Among many physiological changes that occur with aging, changes in body
composition, particularly the loss of skeletal muscle mass and the increase in body fat,
are most profound. Muscle mass decreases by approximately 3-8% per decade beginning
in midlife, with the rate of loss accelerating after the age of 603. In this age group,
individuals may lose around 3% of their muscle mass each year, particularly affecting the
fast-twitch type Il myofibers®!!. The type II myofibers are responsible for generating
rapid, powerful muscle contractions but are highly prone to fatigue!?. Studies have shown
that a reduction of 10-40% type II myofibers was observed in muscle tissue collected
from older individuals compared to younger individuals'!, with total muscle loss
potentially reaching nearly 50% by the eighth or ninth decade of life'3. This involuntary,
age-related loss in skeletal muscle mass, strength, and function is commonly referred to
as “sarcopenia”!*. Contemporary consensus definitions emphasize muscle strength (e.g.,
grip strength) as a primary indicator of sarcopenia, with measures of physical
performance such as gait speed used to further characterize its severity and functional
consequences in older adults'>. Sarcopenia is widely recognized as a major contributor to
functional decline and disability in older adults. Although sarcopenia itself is not the
focus of this dissertation, it provides an important context for selecting key outcomes that

reflect muscle strength and physical function.



The term “sarcopenia” was derived from the Greek phrase meaning “poverty of
the flesh” and was first introduced by Rosenberg in 1989'¢. While the European Working
Group on Sarcopenia in Older People (EWGSOP)!”!8 provides widely adopted diagnostic
criteria (low muscle mass, low muscle strength, low physical performance), their
applicability to Asian populations is limited due to differences in body size and
composition. To address this, the Asian Working Group for Sarcopenia (AWGS)
established region-specific cut-offs for indicators like grip strength and gait speed'®. For
example, EWGSOP?2 defined low muscle strength as < 27kg for men and < 16kg for
women, whereas AWGS defined < 26kg for men and < 18kg for women. Several other
organizations, including the International Working Group on Sarcopenia (IWGS)?® and
the Foundation for the National Institute of Health (FNIH)?!, have also proposed
definitions, leading to variability in the reported prevalence of sarcopenia. For instance,
in the systematic review by Nascimento et al.??, the global prevalence of sarcopenia
among community-dwelling older adults aged 60 years and above ranged from 5% (95%
CI: 1-10%) for EWGSOP2 to 17% (95% CI: 11-23%) for IWGS in 2021. Another
systematic review by Petermann-Rocha F et al., which did not restrict participants to
community-dwelling older adults, reported a similar prevalence was observed using
EWGSOP criteria (22%, 95% CI: 20-25%), while the lowest was reported with FNIH
criteria (11%, 95% CI: 9-14%). A couple of studies also suggested that sarcopenia
prevalence differs by gender, but their findings were inconsistent: in nursing home
settings, men appeared to be more affected by sarcopenia?’, whereas in community

settings, a higher prevalence of sarcopenia has been reported in women?*,



These structural changes in muscle composition translate into measurable declines
in strength and physical function. Among the most widely used objective indicators of
muscle strength and function is grip strength?, typically assessed using a hand grip
dynamometer. While grip strength reflects neuromuscular function of the upper limbs, it
has also been applied in older adults as a proxy for overall body strength, capturing the
generalized musculoskeletal effects of conditions such as stroke, fatigue, and obesity?®.
Because of its broad relevance, grip strength has become a critical measure in both
clinical practice and public health research for assessing functional capacity and

identifying older adults at greater risk of adverse outcomes?’.

Previous studies have demonstrated the reliability and validity of dynamometers
and have proposed normative thresholds by sex, geographic region, and ethnicity;
however, no device-specific thresholds were defined?®. In addition, one study comparing
measurements from three widely used dynamometers in outpatients aged 60 years and
older further underscored the absence of a universally accepted device type or
standardized protocol for grip strength assessment, particularly among older
populations?®. Given this variability in both device selection and measurement
approaches, Table 1 was developed to synthesize evidence from several scoping and
systematic reviews. This table summarizes the three most commonly used types of
dynamometers, their key characteristics, and the health conditions in which grip strength
has been employed as a proxy measure, thereby highlighting both the diversity and the

clinical relevance of these existing assessment practices.



Table 1. Characteristics of the grip strength assessment included in previous studies

Types of Examples Characteristics/ Weakness/ Space for Health
Dynamometers Advantages improvement condition/focus in
the past research
Hydraulic Jamar hand Adjustable Not up to date Frailty &
dynamometer anatomical and rigid because of its cognitive
handle higher weight, decline**3¢; Bone
Lafayette High re-test calibration mineral density*’,
dynamometer reliability and requirement, sarcopenia and
precision? leaking issue3%3! physical
The most cited Not precise at lower | function’®,
dynamometer in the measurements3®3! relationship
literature3° Not easy to perform | between physical
Considered as the or less accurate for | performance and
“gold standard” by older adults with dementia®
the American joint problems or
Society of Hand muscle
Therapists to weakness3>3
measure grip Prior grip strength
strength3%:3! models had higher
error rate compared
to recent models
Pneumatic Martin Another reliable These devices are Functional
vigorimeter tool to measure grip less widely used autonomy in older
strength*, high comparing to the adults*!, muscle
correlation to the hydraulic fatigability>?
Jamar dynamometer?®
dynamometer>!:4
More accurate to
use for older adults
with muscle
weakness (pre-frail)
or older females®*
Lower correlation to
the hand anatomy
(width of palm, etc.)
compared to Jamar
dynamometer*
Mechanical Smedley Adjustable handles Despite the high Frailty*, physical
(spring-type) hand Widely used in correlation between | predictors of
dynamometer Asian countries® hydraulic decline in
dynamometer functional
Takei (Jamar) and spring- | capacity, balance
scientific type dynamometer | and muscle
instrument (both Smedley and | strength in older
Takei) in some adults with
studies, notable recurrent falls®
differences in
measured grip
strength have been
observed*>*




Recognizing the variability and health implications of grip strength helps justify
its inclusion but also highlights the need to look beyond this single measure to better
capture the functional capacity and age-related changes. Therefore, alongside grip
strength, we also included the Short Physical Performance Battery (SPPB) and frailty as
outcomes to provide a more comprehensive view of functional changes in older adults,
where SPPB reflects lower limb performance, and frailty reflects broader physiological

vulnerabilities associated with aging.

The SPPB, originally developed by Guralnik et al.*®, is a widely used composite
test designed to objectively evaluate an individual’s physical performance across three
key domains: balance, muscle strength, and gait speed, which directly reflect functional
capacity in the aging population*’. The SPPB has been associated with several health
outcomes in previous studies, such as falls*®, sarcopenia®’, cardiovascular diseases’®,
disability>!, institutionalization’?, frailty?, and mortality>*. Recent studies have extended
the use of the SPPB beyond cross-sectional screening to examine the longitudinal
trajectory of physical performance in older adults. Studies show that declines in SPPB
scores over time are strongly predictive of future major mobility disability>> and
mortality®®7, making it not only a sensitive indicator of current functional status but also
a valuable tool for anticipating long-term outcomes. Detailed descriptions of SPPB

components and scoring criteria are provided in the Method section for Aim 1.

Frailty, a multidimensional syndrome characterized by increased vulnerability to
stressors and reduced physiological reserve®, has emerged as a key indicator of the

overall health status of older adults. To briefly explain the concept of frailty, as muscle



loss progresses during aging, declines in muscle strength and endurance directly impair
physical function, leading to difficulties in mobility, balance, and daily activities. These
functional limitations increase vulnerability to adverse outcomes, bridging muscle mass
and strength loss (sarcopenia) with the clinical manifestation of frailty>*-¢! and limiting

the capacity of older adults to recover from illness, hospitalization, and injury.

There are several definitions and measures that have been developed for
diagnosing frailty. The two most widely applied conceptual models are the Frailty
Phenotype (FP) model by Fried et al.,> in the U.S., and the Frailty Index (FI) based on
the “Deficit Accumulation Model” by Rockwood and Mitnitski®? in Canada. These two
models reflect distinct approaches to defining and operationalizing the construct. The FP
model characterizes frailty as a definable clinical syndrome that involves multiple signs
and symptoms related to negative energy balance, sarcopenia, and diminished
strength®>8, and frailty is independent of comorbid diseases or disability. The FP model

identifies frailty using five key criteria:

e Unintentional weight loss
e Self-reported fatigue

e Low physical activity level
e Slow gait speed

e  Weak grip strength

Individuals meeting one or two of these criteria are classified as “pre-frail”, while
those meeting three or more are considered “frail”. This approach emphasizes frailty as a

categorical condition that an individual either has or does not have, similar to a



diagnosable syndrome, and its intent is to identify frailty as a distinct physiologic

syndrome, rather than a synonym of disability and the byproduct of other diseases.

In contrast, the Frailty Index (FI) adopts a more comprehensive approach by
quantifying frailty based on the accumulation of age-related health deficits across
multiple domains. Unlike the FP model, the construction of the FI does not have a pre-
defined set of criteria but rather involves selecting deficit variables based on certain
criteria and data availability. Typically, the FI is expressed as a ratio of the deficits
present to the total number of deficits considered in a study. Because data availability
varies across different studies, FI operationalizations across studies often include
different numbers or types of deficits. To enhance reproducibility and comparability
across studies, Searles and colleagues provided a set of criteria to guide the selection of
candidate deficits for FI operationalization. These criteria help ensure methodological
rigor while maintaining the adaptability that makes the FI widely applicable in diverse

datasets®.

Searle and colleagues® proposed the following criteria for selecting variables in the

FI construction:

- Variables must represent health-associated deficits. Age-related traits that are not
necessarily associated with health status, like grey hairs, should not be considered.

- The prevalence of the deficits represented should generally increase with age.

- The chosen deficits should not saturate too early in the life course. For example,
presbyopia is nearly universal by the age of 55 and therefore would not be

appropriate to include.



- The selected deficits should span multiple physiological systems rather than focus
on one domain alone.

- When the FI is applied longitudinally to the same individuals, the same set of
deficits must be used across time points. But this requirement does not apply to
comparisons across different study samples.

- Atleast 30-40 deficits should be included to ensure the robustness of the index.

Based on these criteria, deficits commonly used in FI construction include comorbid
conditions, basic and instrumental activities of daily living (ADLs and IADLs), self-
reported physical limitations, physical performance measures, and neuropsychiatric
evaluations®. While the specific number and type of deficits used for FI
operationalization can vary across studies, findings have been similar: FI demonstrates
strong associations with mortality, institutionalization, and overall health decline,
especially when at least 30 variables are included®>%3. Searle and colleagues highlighted
that, despite variations in the number and type of deficits used to operationalize the FI
across studies, the resulting estimates, such as rates of deficit accumulation and their
associations with mortality, tend to be similar®. This flexibility of FI operationalization
has encouraged more widespread evaluation of frailty and the interpretation of frailty as a

naturally progressive phenomenon and a property of a complex biological system.

As noted in a study assessing the application of the FP model to geriatric inpatients,
the FP model is more commonly used in research focused on a community-dwelling older
adult population, who generally have better overall health compared to geriatric unit
inpatients®. Additionally, the FP model does not explicitly consider cognitive or

psychosocial factors, such as depression and cognitive decline, which are both prevalent



and significant risk factors for healthy aging®. It was argued in a study that, compared to
the FP model, the FI provides a more sensitive prediction of adverse health outcomes
because of its better graded risk scale and its robustness in clinical A applications,
regardless of the number and specific types of conditions included in its

operationalization®’.

Despite their differences, studies have shown that both approaches perform similarly
in predicting aging outcomes when applied to the common dataset®’. Taken together, the
FP and FI models represent two complementary approaches to understanding frailty, and
the choice between them often depends on research objectives, population characteristics,

and data availability. Summarizing from previous studies?¢-6267-% both constructs used to

calculate the FI have their own strengths (see Table 2 below), and their applicability

varies depending on research goals, study design, and data availability.

Table 2. Comparison between Fried's Frailty Phenotype and the Frailty Index®’

Feature Fried’s Frailty Frailty Index (FI)%
Phenotype’®
Conceptual Approach Eh@lno;type model (physical Deficit accumulation model
ailty
Domains Assessed Primarily physical function and Multiple domains (e.g.:
muscle strength physical, cognitive, etc.)
Components Five components: weight loss, A set of age-related health

fatigue, low physical activity,
slow walking speed, weak grip
strength

deficits depending on available
data

Scoring Mechanism

Categorized as: meeting > 3
criteria= “frail”; 1-2 criteria =
“pre-frail”, none of the criteria=
“robust”

Calculated by dividing the
number of health deficits by the
total number of deficits assessed

Measurement Type

Categorical or dichotomous (frail
vs. robust)

Continuous score (0-1)

Strengths Easy to administer; focuses on Comprehensive; captures more
physical function aspects of age-related changes
Limitations Limited scope—not assessing Requires rich dataset; more

cognitive/psychosocial status

complex to construct
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Muscle mass and strength loss (sarcopenia), physical function decline or
impairment, and frailty are closely interconnected (Figure 1)7°72, Sarcopenia is
considered one of the primary etiological factors in the development of physical frailty.
Frailty can further deteriorate physical function and accelerate sarcopenia through
mechanisms such as reduced physiological resilience and malnutrition, often resulting
from poor appetite and inadequate nutrient intake. Conversely, declining physical
function exacerbates both frailty and sarcopenia by restricting mobility, reducing physical
activity, and increasing dependence, thereby perpetuating a vicious cycle of functional

decline in older adults.

Loss of muscle
mass, strength,
and function
(Sarcopenia)

Physical Function Decline

Frailty

Figure 1. The interrelated triads: sarcopenia, frailty, and physical function decline

Given the growing aging population, early detection and management of these
conditions can help preserve mobility, independence, and overall well-being, while also
reducing healthcare costs and easing the burden on social care systems. To break this

cycle of functional decline and improve the quality of life for older adults, the first step is
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to identify and address modifiable risk factors of these three health outcomes and then

implement preventive strategies to preserve physical function.

1.2 Overall Dietary Quality and Functional Aging

Adequate nutrition is an important behavioral factor that impacts aging trajectories,
and a healthy diet that provides sufficient nutrients and energy can help maintain our
physical, emotional, and social well-being. Yet, meeting nutritional needs can become
more challenging for older adults, as aging is often accompanied by reduced physical
activity, which can lead to decreased appetite and lower caloric intake’>. At the same
time, declines in physical function and mobility may limit access to nutritious foods”7,
increasing older adults’ reliance on the consumption of caloric-dense but nutrient-poor
options and thereby reducing overall dietary quality’®’”. These factors increase the risk of

malnutrition, which can negatively impact other conditions such as sarcopenia and

frailty’®7°.

Given the metabolic and physiological changes that occur with aging, several
evidence-based dietary recommendations for older adults have been established and
incorporated into national dietary guidelines and public nutrition programs, such as the
Dietary Guidelines for Americans®® and the Toolkit for Senior Nutrition Programs from

the Nutrition and Aging Resource Center’8!:82;

e Maintain a healthy weight or prevent additional weight gain by following a

recommended healthy dietary pattern.
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e Increase intake of protein, vitamin D, calcium, and vitamin B12 from various
nutritious food sources or supplements, if needed.

e Eat more vegetables, fruits, whole grains, and dairy while cutting down intake
of added sugars, saturated fat, and sodium.

e Drink enough liquids every day to stay hydrated.

e Eat smaller meals multiple times throughout the day if experiencing a loss of

appetite.

In epidemiological studies, the relationship between diet quality and aging is often
assessed by examining adherence to recommended dietary patterns. The Healthy Eating
Index (HEI) is an example, which is designed to measure how closely an individual’s diet
aligns with the Dietary Guidelines for Americans. In addition to the HEI, other indices,
such as the Mediterranean Diet Score (MDS), the Dietary Approaches to Stop
Hypertension (DASH), and the Dietary Diversity Score (DDS), are frequently used to
capture different dimensions of dietary quality by emphasizing various aspects of nutrient

intake and food group consumption.

Numerous observational studies have examined the associations between adherence
to a priori dietary patterns and physical function-related outcomes. The findings of these
studies consistently emphasize the importance of diet as a crucial, modifiable lifestyle
factor for maintaining functional status in older adults. Results from the 1999-2002
National Health and Nutrition Examination Survey (NHANES) showed that older adults
aged 60 years and above with higher adherence to the Healthy Eating Index (HEI)-2005
exhibited higher knee extension power and faster gait speed compared to those with

lower adherence to this dietary pattern score!. The HEI-2005 is an updated version of the
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original HEI created in 1995 to assess how well the dietary intake of individuals aligns
with the key recommendations of the Dietary Guidelines for Americans 200533, In the
Baltimore Longitudinal Study of Aging, higher adherence to various healthy dietary
patterns, including the healthful plant-based diet (hPDI)4, the Alternative Healthy Eating
Index (AHEI)?®, and the Mediterranean-DASH Intervention for Neurodegenerative Delay
(MIND)3®, was associated with greater grip strength and lower risk of physical function
decline, measured using the Short Physical Performance Battery (SPPB) and the Health,
Aging and Body Composition Physical Performance Battery (HABCPPB). Similar
associations were observed in the TRELONG (Treviso Longeva) study in Italy, where
higher adherence to the Mediterranean-Style Dietary Pattern Score (MSDPS) was
associated with a better SPPB score?’. Higher scores of the Diet Quality Index-
International (DQI-I) and the Mediterranean Diet Score (MDS) were associated with
lower odds of prevalent sarcopenia (defined as having “low muscle mass, low muscle
strength, and/or low physical performance by AWGS algorithm) in older Chinese men®3.
Taken together, these findings highlight the consistent role of healthy dietary patterns in
supporting musculoskeletal health, mobility, and overall functional capacity in aging
populations. However, while much of the existing research has relied on a priori dietary
pattern scores that primarily assess the quantity and types of healthy foods consumed,
less 1s known about how processed food intake and overall diet diversity affect aging-
related outcomes. This gap is particularly relevant as foods with excessive industrial
processing, or ultra-processed foods (UPFs), have become a dominant component of the
typical diets of many older adults’’, and the rising consumption of these foods may

replace consumption of nutrient-dense, minimally processed foods, thereby reducing the
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intake of essential nutrients and impacting nutritional adequacy®’. To gain a more
comprehensive understanding of how overall dietary quality influences muscle health
with aging, it is essential to understand how processed food consumption and diet
diversity impact health trajectory in older adults. Results from such investigations could
generate scientific evidence to support existing nutrition recommendations or enhance

them with these features of diet.

1.2.1 Measurement of Dietary Diversity in Aging Research

A healthy diet comprises a combination of different foods. Eating a greater
diversity of foods is an internationally accepted recommendation for a healthy diet, as it
facilitates achieving sufficient intake of both essential nutrients and overall energy from
different food sources”’?3. Variations in dietary cultures, national dietary guidelines
across countries, and dietary intake assessment have led to inconsistencies in how dietary
diversity is measured and defined”®. Previous nutrition studies have developed dietary
diversity indicators that are applicable to their study populations to assess nutrient
adequacy and the associations between dietary diversity and different health outcomes®>
190, Based on a systematic scoping review that analyzed dietary diversity indicators and
their associations with nutritional adequacy and health outcomes, four types of dietary
diversity indicators were identified based on 161 reviewed articles, as summarized in

Table 3°4.
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Table 3. Summary of the characteristics of the four types of dietary diversity
indicators identified from the reviewed articles included in the scoping review by
Verger EO et al., 2021%

Type of dietary Description and scoring criteria | Example scores
diversity indicator

Food item-based Simple count of the different food Food Variety Score (FVS)
indicators consumed. Consuming the same food

item 1 or more times scored 1; not
consuming a food item scored 0.

Food group-based Simple count of the different food Dietary Diversity Score (DDS)
indicators groups consumed. Most of the time,
consuming some foods from the same
group 1 or more times scored 1; not
consuming a food group scored 0.

Dietary guidelines- Assessed the number of different food Healthy Food Diversity (HFD)
based indicators groups consumed over a reference period | index

and allocated different weights to each
food group according to national food-
based dietary guidelines or international
recommendations.

Other indicators Relied on different concepts. Some e The Berry Index (BI)
indicators reflect the distribution of e  The Quantitative Index
foods consumed, another main type of for Dietary Diversity
the indicators reflect the ratio between (QUANTIDD) index
the variety within some food groups and e The Dissimilarity index

the “variety” within other food groups.

Among these different types of dietary diversity indicators, the food item-based
and food group-based indicators, such as the DDS developed by Kant et al. in the 1990s°!
and the Women’s Dietary Diversity Score developed in 2005 by the Food and Nutrition
Technical Assistance Project (FANTA) and the Food and Agriculture Organization
(FAO)!%! have been more commonly utilized by previous nutritional studies to assess the
dietary diversity of individuals. These two types of dietary diversity indicators are
particularly popular due to ease of scoring criteria (regardless of consumption frequency,
individuals will receive a score of one as long as they consume the food or food groups,
and zero if not consumed)'?2. However, a potential weakness of these types of diversity

measures noted by previous studies was the limitation in the food items or food groups

that were included. Some studies only measure dietary diversity based on the
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consumption of healthy or unhealthy food items!®-19, For example, in Kant’s study®!, the
DDS was developed using only five major healthy food groups (dairy, meat, grain, fruit,
and vegetable), while less healthy foods, such as red and processed meats, were often
excluded from consideration®*!%, Also, the number of food groups considered when
calculating the DDS largely depends on the availability of food group data within each
study. This results in large variability across studies that utilized this measure in the
number of food groups used for food group-based indicators®*. Additionally, a simple
food item or food group count measure does not account for the distribution of individual
food items in the diet. For example, a person who consumes a balanced variety of
different foods is likely to achieve greater nutrient diversity, whereas someone whose diet
is dominated by a single food or food group is at higher risk of malnutrition, including
micronutrient deficiencies, imbalanced energy intake, and, over time, increased
vulnerability to chronic diseases and physical function impairment, especially in older
adults. To address this limitation, an alternate dietary guideline-based diversity indicator
was developed using national food-based guidelines. In addition to capturing the diversity
of the dietary components, this approach provides a more accurate assessment of the
nutrient balance and quality of the diet by assigning different weights to food groups,
based on their recommended intake proportions specified in the dietary guidelines.
Originally developed by Drescher and colleagues'%, the HFD index addresses the
limitations of count-based measures by capturing the distribution of different food groups
within a diet, and it is the most widely used dietary guideline-based diversity indicator in

epidemiological research®,
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The HFD index, drawing inspiration from the Berry Index, assigns different
weights to food groups and subgroups based on the German Nutrition Society (DGE)
dietary guidelines'%. This dietary guideline-based indicator reflects improvements in
dietary quality through higher scores when participants increase their intake of healthy
food groups. If the distribution between the food groups does not change or changes in
favor of less healthy food groups, the HFD index will remain the same or decrease. With
this algorithm, researchers can distinguish between dietary diversity across healthy and
less healthy food items when utilizing the HFD index. The weights of each food group
can be adjusted according to the most relevant dietary guidelines for the study population,
providing flexibility in how the index is applied. When studies use the same dietary
guidelines to develop the HFD, the resulting dietary diversity measures are more
comparable across different populations. For example, Vadiveloo et al. modified the HFD
index in 2014 by incorporating the health weights for each food group based on the
interpretation of the 2010 Dietary Guidelines for Americans (DGA), using the dietary
data from multiple 24-hour dietary recalls from the 2003-6 NHANES!?’. This U.S. HFD
index was later applied in another study conducted in Iran to investigate the association

between dietary diversity and non-alcoholic fatty liver disease!®,

In addition to the food item/group-based count measures and the dietary
guideline-based indicators, other indicators, such as calculating the dissimilarity of the

food consumed'?, the food variety ratio!!°

, and the proportion of foods that contribute to
total energy (Quantitative Index for Dietary Diversity/ QUANTIDD)'!!, are frequently

adopted in nutritional studies to assess the dietary diversity of study populations. These

various dietary diversity indices have been associated with better health status®>112113,
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including a limited number examining functional status in older adults®®7111:114 "~ A cross-
sectional study examining health data from participants with an average age of 74 in two
cities in Japan reported that lower dietary diversity (measured using DDS) was associated
with confirmed and severe sarcopenia, after adjustment of baseline physical activity,
sociodemographic factors, and medical conditions''®. In the Chinese Longitudinal
Healthy Longevity Survey (CLHLS), older adults aged 60 and above who maintained
high dietary diversity (also measured using DDS) and who showed improvement in
dietary diversity had significantly lower risks of physical function impairment compared
to those with persistently low dietary diversity®®. In the same study, older adults with
higher DDS in the CLHLS were also found to have significant reductions in the risks of
developing sarcopenia and frailty®’. In summary, these findings suggest that dietary
diversity, assessed through a range of indices, plays an important role in supporting

healthy aging.

While traditionally associated with a varied intake of nutrient-dense whole foods,
dietary diversity today may reflect the increased consumption of a wide range of
processed products, especially UPFs, which have become a dominant component of
modern diets!!6. This shift raises concerns about whether greater food variety necessarily
translates to better diet quality, particularly in older adults, who may be more vulnerable

to the health risks associated with lower dietary quality and malnutrition.

1.2.2 Definitions of Ultra-Processed Foods and Functional Aging

Food processing is a fundamental and often necessary practice to ensure food
safety, enhance shelf-life, and improve palatability!'!”, but it is important to distinguish

between general food processing and ultra food processing. Nearly all foods undergo
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some degree of processing, ranging from basic techniques such as pasteurization and
freezing to more complex industrial processing such as hydrogenation. UPFs differ
significantly from minimally or moderately processed foods, as they are primarily
composed of refined ingredients or food content that often contains minimal to no whole
or unprocessed food content!'®. Despite these distinctions during production, identifying
UPFs can be challenging for consumers, health professionals, and policymakers, as food
labels are not required to disclose the specific processes or the purposes of using these
processes'!'?. To address this challenge, several food processing classification systems
have been developed over the past decade, aiming to facilitate the identification of UPFs
and lay the groundwork for establishing a standardized definition that can be effectively

utilized in nutrition research.

Among the several systems developed!'!*1?2, the Nova system developed in Brazil
is the most widely adopted in previous studies!?}. The Nova system classifies foods and
food products based on their degrees and the purposes of the industrial processing into

four groups:

1. Minimally processed foods/ unprocessed foods: These are natural foods that have

undergone little or no processing. Minimal processing, such as the removal of
inedible parts, drying, pasteurization, and vacuum packaging, is acceptable as the
main aim of this processing is to extend the shelf life of the product or make the
preparation of the foods easier at home. Examples of foods are fresh vegetables

and pasteurized milk.
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2. Processed culinary ingredients: The materials of Group 2 can be obtained directly

from Group 1 foods or nature to use as condiments in cooking. Examples of these
materials are oils, butter, sugar, and salt.

3. Processed foods: Foods categorized in Group 3 are usually simple dishes made at

home by adding Group 2 ingredients to Group 1 foods or products that undergo
certain industrial processes to extend their durability and make them more
enjoyable by modifying their sensory qualities. Examples of these foods are
breads, cheeses, and canned vegetables.

4. Ultra-processed foods (UPFs): UPFs are industrial formulations made mostly

from substances extracted from foods, derived from food constituents (such as
hydrogenated fats), or synthesized artificially (such as colorings and flavor
enhancers). Examples of foods are packaged snacks, sweetened beverages, and

pre-prepared frozen dishes.

Analyses of worldwide UPF sales data and consumption patterns show a consistent
rising trend in UPF consumption across age groups in different countries'?*!?°, Within the
U.S., A study examined multiple 24-hour dietary recalls from participants aged 19 and
older across nine cross-sectional waves of NHANES (2001-2002 to 2017-2018) found
that UPF intake among U.S. adults increased from 53.5% to 57.5% between 2001 and
2018, with this upward trend observed across all sociodemographic groups'2®. A similar
pattern was observed among older adults aged 60 years and above, with more than half of
their daily energy intake also coming from UPFs in the U.S.7"!?7, Several
sociopsychological factors shape food choices in older adults, often leading to a greater

reliance on UPFs as a primary source of energy. In a study examining perceived barriers

21



to food choices among 200 homebound older adults in the U.S., Locher et al. found that
sensory appeal, convenience, and cost were among the most influential factors in food
selection, whereas health and nutritional value were given lower priority, even after
accounting for sociodemographic differences!'?®12°, Notably, hyper-palatability,
affordability, and convenience, these defining characteristics of UPFs, align closely with
the key determinants of food choices in this age group. Additionally, the age-related
decline in taste, smell, and vision can lead to reduced appetite!?, further influencing
dietary habits. The intensified flavors of UPFs may compensate for sensory impairments,

making these foods more appealing and increasing overall consumption.

Given the high consumption frequency of UPF among older adults, it is important to
have a better understanding of its role in the aging process and overall health outcomes.
These ultra-processed food products possess characteristics that raise concerns about
overall diet quality and the health implications for populations that consume them

frequently!??

. One major concern is the poor nutritional profile of these food products, as
UPFs are often high in added sugars and saturated fats while lacking essential nutrients
such as dietary fiber and vitamins'3!!32, A high-sugar and high-saturated fat diet has been
suggested to induce systemic inflammation via alteration of the microbiota-gut-brain axis
in both human and animal studies'3*!34, Strong evidence also supports that a diet high in
sugar and fat increases the risk of obesity!*>!13¢ and metabolic dysregulation'3”-138, which

139

may, in turn, raise the risk of multimorbidity!3® and mortality'4.

Additionally, high consumption of UPFs is also associated with lower water intake'4!

and higher intake of food additives, such as artificial sweeteners and emulsifiers, that
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may alter our gut microbiota'#2. For example, commonly used sweeteners such as
acesulfame-K, aspartame, saccharin, and sucralose have been suggested to cause gut
dysbiosis in rodents'**, which may impair glucose metabolism and disrupt glucose
tolerance, potentially contributing to weight gain'#*. These additives, along with high
levels of saturated fat, salt, and sugar, are responsible for the hyperpalatability of UPFs
and the overconsumption among consumers. Hence, it is believed that the consumption of
UPF is also associated with chronic inflammation and gut dysbiosis'* because of both its
dietary components and industrial additives, as illustrated by the figure retrieved from

Asensi et al.'* (Figure 2)

Gut microbiota Nutritional quality
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Figure 2. Possible mechanisms explaining the relationships between ultra-processed
foods and low-grade inflammation. (1 increased; | decreased.)

Results from a cross-sectional analysis within the Melbourne Collaborative
Cohort Study indicated that each additional 100g of UPF consumed was associated with a
4.0% significant increase in high-sensitive CRP concentration in 2018 adults with an

average age of 57'2°. Older adults aged 60 and above who consumed 11% of their daily
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energy from UPFs were found to have 3.67 times higher odds of developing incident
frailty compared to their counterparts who consumed only 4% of their daily energy from
UPFs % in the Seniors-ENRICA study in Spain. Given these associations between UPF
consumption, systemic inflammation, and frailty risks, it stands to reason that UPF
consumption may also be a notable risk factor for physical function decline through a

similar mechanism involving inflammation.

In summary, nutrition plays a significant role in life, and dietary modifications are
often more feasible and cost-effective to comply with compared to medication regimens,
potentially creating long-lasting positive effects on the overall health of older adults.
While the overall dietary quality (assessed by the HEI-2015 score) of U.S. adults aged 20
and above has shown modest improvement over the last two decades!#’, it has
paradoxically deteriorated among those 65 years and older'*®. Dietary quality assessed
using a single dietary pattern index may reflect an insufficient consumption of healthy
food groups or overconsumption of less healthy food groups, but may not be able to
reflect other important aspects of the diet, such as the diversity and processing levels of
the foods. These factors should be considered when evaluating dietary quality and its
impact on older adults’ physical function. Notably, no previous studies have explored the
associations between these two aspects of dietary quality and changes in physical
function over time specifically. To address this gap, we propose using the updated HEI-
2020, along with an assessment of UPF consumption and dietary diversity, to provide a
more comprehensive picture of overall dietary quality among older adults in the
Baltimore Longitudinal Study of Aging. We anticipate that the findings from this

dissertation research can generate important implications for creating up-to-date,
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evidence-based dietary recommendations for older adults. This endeavor can formulate
more relevant and updated public health nutrition programs geared towards promoting

the overall well-being of older adults more sustainably.

1.3 Metabolomics in Nutrition Research

Beyond dietary pattern scores, another promising approach to deepening our
understanding of nutrition and aging is to investigate the health impacts of dietary factors
at the molecular level through the study of metabolites. Metabolites are small molecules
that are intermediates or products of biochemical processes in the body, including lipids,
amino acids, ketones, and steroids, etc'*. Because they reflect both dietary intake and
physiological responses, metabolites serve as a valuable biomarker of nutritional status
and health. Studying metabolites offers a unique opportunity to move beyond dietary
assessment alone, helping to unveil the biological mechanisms that connect diet with

functional health

Metabolomics, the comprehensive study of metabolites present in biological
specimens such as blood, urine, and tissues, has become a powerful tool for exploring
metabolic changes across the aging process!*’. Identification of metabolites that are
associated with various age-related health conditions is leading to a better understanding
of the biology of aging. By capturing distinct metabolic “fingerprints” associated with
physiological and pathological status, metabolomics provides valuable insights into how
diet shapes metabolic pathways and influences long-term health!!. Different
metabolomic approaches, including both targeted and untargeted assays, enable

researchers to characterize metabolites at varying depths of detail, with subsequent
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application of advanced bioinformatics and statistical methods to manage the high-

dimensional data and conduct robust multivariate analyses (as illustrated in Figure 3).

Dictary intervention Observational studies

studies (trials)

Cross-sectional l Prospective

Diet records/food Metabolomics data Phenotypic information

frequency questionnaires
Sbmin? e = Blood Urine

Data preparation: pre

Statistical approaches

etwork analysis

Validation/replication
in external studies

Biomarkers of intake Provide insights into Biomarkers of disease

biological mechanisms

Discovery of Habitual or short-

novel biomarkers term diet markers

Figure 3. Workflow of nutritional metabolomics approaches (Guasch-Ferré et al.,2018")

(PCA: Principal component analysis, PLS-DA: partial least-squares discriminant analysis, OSC: orthogonal signal correction, O-
PLS-DA: orthogonal partial least squares discriminant analysis)

There is a growing interest in using metabolite profiling as an objective assessment to
identify biomarkers of specific food consumption or compliance with a dietary pattern'>2.
Among all the ‘omics’ data, metabolomics plays an important role in the field of nutrition
as it is more time-sensitive than other ‘omics’ and can reflect the biological status of the
individuals by the time of biofluid sample (such as plasma and urine) collection. A
metabolite or a set of metabolites that are associated with dietary patterns could be used
as an objective measure of diet, in contrast to dietary patterns assessed by a questionnaire.
In addition to serving as biomarkers to track dietary pattern alignments, the evaluation of
the metabolites associated with diet can provide insights into which molecular pathways

are affected by diet and how this can impact the risk of various health outcomes'°.
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To date, multiple studies have identified metabolomic signatures associated with
dietary patterns and further connected these diet-related metabolites to health
outcomes'’%133161 o ffering insights into the mechanisms underlying diet-health
relationships. A study by Kim et al in 2021 used untargeted metabolomic profiling with
GC-MS to identify serum metabolites associated with the HEI-2015, the Alternative
Healthy Eating Index (AHEI)-2010, the DASH diet, and the alternate Mediterranean diet
(aMed) among African American participants from the Atherosclerosis Risk in
Communities Study'>®. They found a considerable overlap in metabolites linked to these
four dietary indices, reflecting shared food components and common metabolic pathways
underlying these healthy dietary patterns. Most identified metabolites associated with the
HEI-2015 were strongly related to fruit and vegetable intake. One unique metabolite to
the HEI-2015 identified in this study was deoxycarnitine!*¢, Deoxycarnitine is a precursor
of L-carnitine and was negatively associated with the index'%?. Elevated levels of
deoxycarnitine have been observed in participants with high intake of refined grains and
animal foods in a short-term feeding trial, suggesting its potential as a marker of poor diet
quality'®3. Other studies conducted in different populations have also reported similar
metabolite signatures for the HEI-2015. For example, in the Multi-Ethnic Study of
Atherosclerosis, HEI-2015 was significantly associated with unsaturated fatty acyl chains

and proline'8

, which were also observed in Kim’s study. Similarly, in the Cancer
Prevention Study II Nutrition Cohort that used untargeted LC-MS to identify HEI-2015-
associated metabolites in a group of postmenopausal women, McCullough et al. found

that metabolites associated with HEI were mainly derived from fish, fish oil and plant-

based foods, such as docosahexaenoate (DHA) and hydroxy-CMPF!®!, By identifying the
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metabolites associated with the HEI-2020 in this dissertation, our study aims to build
upon and replicate these findings in another cohort while extending the understanding of
the healthy diet and aging relationship by linking HEI-related metabolites to age-related

functional outcomes.

In addition to identifying metabolomic signatures, researchers have investigated
whether these metabolites help explain the pathway through which dietary patterns
influence health outcomes. In their study examined cross-sectional associations between
HEI-2015 and a wide range of metabolites in both plasma and stool samples in 75
participants, Bagheri M and colleagues identified that multiple metabolic pathways, such
as lipid and amino acid metabolisms, are influenced by dietary quality measured using
HEI. Another study in 2024 took a similar approach to examine the metabolomic
signature of HEI-2015 in a group of 154 young Hispanic adults and further conducted a
metabolomic pathway enrichment analysis'®4. Researchers found that HEI was
significantly associated with pathways involved in amino acid and lipid metabolism, as
well as immune function, oxidative stress, and inflammation'®*. Although numerous
studies have linked HEI-related metabolites to metabolic health outcomes, no research to
date has directly investigated the associations between these metabolites and physical

function outcomes or age-related changes in these outcomes.

As for the food processing aspect of dietary quality, in a recent study published in
May 2025, NIH researchers identified metabolite patterns in blood and urine that serve as
objective markers of energy intake from UPFs using data from the Interactive Diet and
Activity Tracking in AARP study!%. Overall, 191 serum metabolites and 293 urinary

metabolites were significantly correlated with UPF intake, spanning a wide range of
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biological pathways. Some examples of these UPF-related metabolites are acylcarnitine
derivatives, which were positively associated with UPF intake and commonly observed in
individuals with higher meat consumption, and f-cryptoxanthin, which was negatively
associated with UPF intake, and is a known biomarker of fruit and vegetable
consumption'>®, Among the metabolites identified, N6-carboxymethyllysine was of
particular interest, as it has been previously linked to both the incidence and severity of
diabetes, as well as to increased risk of other cardiometabolic conditions. The positive
association between N6-carboxymethyllysine and UPF intake suggests a potential link
between UPF consumption and Type 2 diabetes risk 60168 A similar study identified
metabolic biomarkers of the UPF dietary patterns and examined the associations between
these metabolites and incident chronic kidney disease (CKD)'>3. Su and colleagues found
glucose, mannose, and N2, N2-dimethylguanosine were positively associated with both
higher UPF consumption and elevated CKD risk!>®. The discovery of N2, N2-
dimenthylguanosine was particularly noteworthy, as it usually reflects renal clearance in
the body'%®. Hence, the observed association may suggest that higher UPF consumption
elevates CKD risk due to impaired urinary excretion or glomerular filtration!”?. Similar to
findings from metabolomic studies of HEI, currently no studies have directly examined
whether UPF-related metabolites are associated to physical function outcomes or with
age-related changes in these outcomes. Furthermore, to the best of our knowledge, no
research has yet identified metabolites associated with dietary diversity scores,
particularly the HFD index. Many findings from previous nutritional metabolomics
studies remain unvalidated or unreplicated in comparable populations, and prior work has

not explored whether diet-related metabolite biomarkers are associated with physical
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function changes or frailty trajectories. Identifying these metabolites and being able to
replicate the previous findings in more studies are critical to provide validated evidence

on how healthy diets may contribute to healthier aging.

Hence, we proposed to conduct this dissertation research to 1) examine both the
cross-sectional and longitudinal associations between dietary factors (composed of three
elements: overall dietary quality, dietary diversity, and UPF consumption), and physical
function changes, as well as frailty progression; 2) develop metabolomic signatures of the
selected dietary patterns and identify diet-related metabolite biomarkers; 3) investigate
whether the diet-related metabolite biomarkers are also associated with the functional
outcomes and explore the potential biological explanation of the observed associations
between dietary quality with measures of physical function and frailty. We will use data
from the BLSA and Health, Aging and Body Composition (Health ABC) study to

complete these analyses. The key findings will be validated in the Health ABC study.
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Specific Aims

1. To determine both cross-sectional and longitudinal associations between different
aspects of dietary quality (overall dietary quality, dietary diversity, and UPF
consumption) and physical function (grip strength, SPPB), and the frailty index

2. To identify the plasma metabolites associated with the measures of dietary quality
in older adults.

3. To determine which diet-related metabolites are significantly associated with
physical function changes and trajectories of frailty over time in the BLSA study,

and then validate these findings using data from the Health ABC study

Hypotheses

1. We hypothesize that higher overall dietary quality, greater dietary diversity, and
lower UPF consumption are associated with lower risks of physical function
decline and frailty progression over time in older adults

2. We hypothesize that overall diet quality, measures of diet diversity, and
consumption of UPF have measurable impacts on plasma metabolite profiles

3. We hypothesize that metabolites positively associated with better overall dietary
quality, higher diversity, and lower UPF consumption are also associated with
slower physical function decline or frailty progression. In contrast, metabolites
that are associated with lower overall dietary quality and diversity, but higher
UPF consumption are associated with more rapid physical function decline and

frailty progression
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Chapter 2: Methods

2.1 Study population and data access
2.1.1 Baltimore Longitudinal Study of Aging (BLSA)

The data examined for the primary analyses in this dissertation research were
from the Baltimore Longitudinal Study of Aging (BLSA). The BLSA, initiated in 1958, is
an ongoing open cohort study designed to explore and understand the normal human
aging process'’!. Its primary objective is to identify biological and non-biological factors
that impact aging trajectory and to identify the underlying mechanisms of the aging
process!’!. As one of the longest-running longitudinal aging studies globally, the BLSA
has evolved to adopt a scientific paradigm that seeks to “tear the seals from the well-
concealed mysteries of aging” by examining the biological underpinnings of functional
aging. This approach emphasizes mobility as a central indicator of overall health and

physiological resilience!”2.

Participants in the BLSA are community-dwelling volunteers primarily from the
Baltimore-Washington area. They undergo comprehensive medical and psychological
evaluations at the National Institute on Aging clinical center in Baltimore every one to
four years, where follow-up intervals depend on their ages'’3. The BLSA cohort is
predominantly White, with most individuals having middle to high socioeconomic status,
higher education (college or graduate level), and good access to healthcare!”3174. As such,
previous studies using BLSA data have noted limitations in the generalizability of the
clinical and pathological findings from this cohort, as participants may be healthier than
the general population of the same age®*!74175, Given that our outcome, physical function

in older adults, is closely associated and influenced by socioeconomic factors and access
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to medical care, we have adopted specific strategies to account for this context. For
example, we selected the physical function assessment with stricter cut-offs and greater
sensitivity to detect more subtle changes in physical function. Further details are provided
in the “Outcome Assessment” section below. The BLSA was conducted adhering to the
guidelines outlined in the Declaration of Helsinki. All procedures involving human
subjects/patients received approval from the Institutional Review Board at the National
Institutes of Health. Written informed consent was obtained from all participants at every

visit.

2.1.2 Health, Aging, and Body Composition (Health ABC) Study

The data for validating our findings across the three aims will be drawn from the
Health, Aging, and Body Composition (Health ABC) study. Launched in 1997, Health
ABC is an observational epidemiologic cohort study designed to explore early markers of
functional decline in healthy older adults living in Memphis, Tennessee, and Pittsburgh,
Pennsylvania!’®. The study cohort included 3,075 men and women aged 70 to 79 at the
baseline between 1997 and 1998, and followed continuously for 17 years, until 2015'7°,
Participants were included if they had no functional limitations, defined as reporting no
difficulty walking a quarter mile or climbing ten steps, no disabilities in basic activities of
daily living, no use of walking aids, and no history of cancer treatment in the three years
prior to recruitment!’¢, The institutional review boards of the University of Pittsburgh, the
University of Tennessee, the University of California-San Francisco Coordinating Center,
and the National Institute on Aging approved the Health ABC study protocol. All

participants provided written informed consent at each visit.
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2.2 Aim 1: Associations between dietary quality, physical function, and
frailty

Exposure (x) Health Outcomes (y)
Dietary Quality Physical Function
Adherence to national dietary (SPPB, grip strength)
recommendations Frail
(HEI-2020) ki ty
Diet Diversity (FD)
(U.S. HFD-Index) — *HABCPPB
UPF consumption (Nova) (sensitivity analysis)

Figure 4. Illustration of Aim 1: Evaluation of overall dietary quality among older adult
participants in the BLSA and investigation of its associations with changes in physical
Sfunction and frailty status

The first aim of this dissertation is to investigate the cross-sectional and
longitudinal associations between several dimensions of dietary quality, assessed using
three a priori dietary pattern scores (Figure 4), with measures of physical function and
frailty status. To address this aim, we calculated the three dietary pattern scores and then

performed association analyses using data from the BLSA.

2.2.1 Dietary intake assessment in BLSA and Health ABC

Since 2005, the BLSA has collected self-reported dietary intake data using a
validated, self-administered, semi-quantitative food frequency questionnaire (FFQ) that
assesses participants’ typical eating patterns over the past year!”’. This FFQ was adapted
from the original Block-National Cancer Institute FFQ, with details of the adaptations
used in the BLSA described elsewhere!”’. In brief, adaptations were made to the food
list, weighting of items within each FFQ food line, portion sizes, and recipe assumptions
to better reflect the general U.S. population. These changes included incorporating
common foods and recipes among large ethnic minority groups, expanding portion size

options, adding questions on food preparation, and improving question flow. Versions of
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this questionnaire have been previously validated in a Puerto Rican population living in
Massachusetts!’®. The dietary data from the FFQ were transferred to the electronic files
of the NDSR software and the USDA National Nutrient Database for Standard Reference

to calculate the food and nutrient intake profiles.

For the validation analysis, in the Health ABC study, trained dietary interviewers
administered a modified 108-item Block FFQ during the year 2 follow-up visit to assess
participants’ dietary intake over the previous year. The Health ABC study FFQ list was
developed specifically for the Health ABC study using multiple 24-h recalls obtained
from White and Black adults aged 65 years and above from the third NHANES
(NHANES III)! 7. Trained interviewers used portion size estimation tools such as wood
blocks, food models and standard kitchen measures, as well as flash cards to assist
participants in quantifying food portions. Interview procedures were periodically
monitored to ensure data collection quality and consistency. The completed FFQs were
processed and analyzed by the Block Dietary Data Systems to estimate intakes of macro-

and micronutrients!”’,

2.2.2 Dietary Pattern Score 1: Health Eating Index-2020 (HEI-2020)

The HEI was developed by the U.S. Department of Agriculture (USDA) Center
for Nutrition Policy and Promotion (CNPP) and first released in 1995 to assess the
overall dietary quality of individuals aged two and older in the U.S., based on adherence
to the Dietary Guidelines for Americans (DGA)'$%13!, Each version of the HEI is
designed to reflect the most current dietary recommendations. As such, the HEI-2020 was

updated to align with the 2020-2025 DGA'#2,
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While it builds on the structure of previous versions, particularly the HEI-2015,
there are no major changes in components or scoring standards between HEI-2020 and
HEI-2015 because no new scientific evidence emerged to justify substantial updates'®?.
Similar to the HEI-2015, the overall HEI-2020 scores are made up of 13 major food
groups (see Table 3) that commonly exist in the typical American diet and match the key

recommendations with the 2020-2025 DGA.

Each food group is assigned a score based on its adequacy (for foods that are
encouraged to be consumed more) or moderation (for foods recommended in limited
amounts). Total fruits, whole fruits, total vegetables, greens and beans, total protein
foods, and seafood and plant proteins are scored from 0 to 5 to reflect intake levels from
none to meeting recommended amounts per 1000 kcal. Other food group components,
including whole grains, dairy, fatty acids, refined grains, sodium, added sugars, and

saturated fats, are scored from 0 to 10 using similar criteria.

Table 4. Healthy Eating Index-2020 components and scoring criteria (Shams-White et
al., 2023/%%)

Component Maximum points Standard for maximum score Standard for minimum score of zero
HEI-2020 (applies to ages 2 and older)
Adequacy components
Total Fruits 5 > 0.8 cup equiv. per 1000 kcal No Fruit
Whole Fruits 5 > 0.4 cup equiv. per 1000 kcal No Whole Fruit
Total Vegetables 5 > 1.1 cup equiv. per 1000 kcal No Vegetables
Greens and Beans 5 > 0.2 cup equiv. per 1000 kcal No Dark Green Vegetables or Legumes
Whole Grains 10 > 1.5 oz equiv. per 1000 kcal No Whole Grains
Dairy 10 > 1.3 cup equiv. per 1000 kcal No Dairy
Total Protein Foods 5 >2.5 oz equiv. per 1000 kcal No Protein Foods
Seafood and Plant 5 > 0.8 oz equiv. per 1000 kcal No Seafood or Plant Proteins
Proteins
Fatty Acids 10 (PUFAs + MUFAs)/ SFAs > 2.5 (PUFAs + MUFAs)/SFAs < 1.2
Moderation components
Refined Grains 10 < 1.8 oz equiv. per 1000 kcal >4.3 oz equiv. per 1000 kcal
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Sodium 10 < 1.1 gram equiv. per 1000 kcal >2.0 grams per 1000 kcal

Added Sugars 10 <6.5% of energy >26% of energy

Saturated Fats 10 < 8.0% of energy > 16% of energy

The final HEI-2020 was calculated as a sum across the 13 food groups to produce
a total score ranging from 0 to 100, with higher scores reflecting greater adherence to the
2020-2025 DGA. As the BLSA is a cohort-based study in the U.S., the HEI-2020 allows
for assessing overall dietary quality, as defined within the context of U.S. dietary culture,
and evaluates the level of adherence to DGA among the BLSA participants. In the BLSA,
HEI-2015/2020 has been derived previously, and details of the calculation have been

published!”>.

2.2.3 Dietary Pattern Score 2: U.S Healthy Food Diversity Index (HFD-index)

The HFD index, first developed by Drescher et al. in 2006'%, was designed to
address two major limitations of earlier dietary diversity measures by incorporating both
the quantity and quality of foods consumed'®. It is essentially a modified version of the
Berry Index, which was primarily used in economic research on food diversity until
Katanoda et al. applied it to diet data to measure annual changes in dietary diversity in

Japan®®. The Berry Index is defined as:

k
Berry Index (BI) = 1 — 2 s?

i=1

The variable s; represents the proportion of daily intake from the ith food group,
and k represents total number of food groups. The BI index ranges from 0 to 1-1/n, where
n is the number of food items or food groups consumed. By design, the index encourages
a more diverse food intake: as the number of foods consumed increases, the BI

approaches 1 or high diversity. If an individual’s diet consists of only 1 food, then the
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BI=0. However, this design of the BI index can assign a high diversity score when an
individual consumes an equal proportion of different foods, regardless of the nutritional
value of the foods. To address this, a modification was implemented that allows for
flexible weighting of different food groups such that the diversity index increases as the
diet adheres to the consumption of healthier food in accordance with dietary guidelines.
To assign appropriate weights that reflect the nutritional quality of the diet, the overall
health value (hv) of the diet was incorporated into the HFD index. This hv is determined
by summing the products of the quantities of foods consumed (s;) and their respective

health factors (hf) across food groups.

k
hv =thi X s;
i=1

s; = proportion of intake from the ith food group

k = total number of food groups

The hf reflects the recommended consumption of the ith food group based on the
selected dietary guideline. To derive hf, all food items were first classified into several
main food groups and food subgroups within these main food groups. The recommended
consumption proportion of each main food group (G ) and subgroup (G,,) is calculated or
estimated based on the selected dietary guideline to produce the hf for each food

subgroup. The formula of hf is written as:
hf == Gb X GW

For example, in the original HFD index by Drescher et al.!%, the hf for each food
subgroup was derived based on the dietary recommendations from the German Nutrition

Society. According to this guideline, all foods were categorized into three main groups
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(plant food, animal food, fats and oil), and the recommended consumption of these three
groups (Gp) were “73% for plant foods, 25% for animal foods, and 2% for fats and oil.”
Within each main group, the relative shares of subgroups (G,,) were further estimated.
For example, within the “plant food” main group, the “vegetables/fruits/leaf
salads/juices” subgroup was suggested to have a proportion of 36% to the main group. As

a result, the hf for “vegetables/fruits/leaf salads/juices” is 0.26, calculated as:
hf (veg/fruits/leaf salads/juices) = 0.73 X 0.36 = 0.263

In summary, combining the BI and the hv of the diet, the completed HFD index is

modeled as:

k
HFD=(1—Zsi2xhv

i=1

s; = proportion of intake from the ith food group
k = total number of food groups

hv = the health value of the diet

The BI index component reflects the diversity of the diet, and the hv component
reflects how closely an individual’s typical diet aligns with the selected dietary guideline
to provide information on their dietary quality. The HFD index is usually calibrated by
dividing it by the maximum possible hv to keep the score on a 0-1 scale. For example, if
an individual’s entire diet came from “vegetables/fruit/leaf salads/juices” group, the hv of
this diet is 0.26, since this subgroup alone would account for 100% of total intake. In this

case, the HFD index will be dividing by 0.26 to achieve proper calibration.

The HFD index was later adapted to the U.S. context by Vadiveloo et al.'?7 in

2014 based on the 2000-kcal USDA Food Pattern included in the 2010 DGA '33and the
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Report of the Dietary Guidelines Advisory Committee (DGAC). Vadiveloo and
colleagues grouped the twenty-six food groups from the multiple 24-hour dietary recall
data in 2003-6 NHANES into three main food groups: “Emphasises”, “Includes”, and

“Limits”'%7, and then calculated the hf for each group (Table 5).

Table 5. Health factors (hf) calculated based on the 2000-kcal USDA food pattern in
the 2010 DGA (Vadiveloo et al, 2014'7)

Food Groups Recommended Amounts  Share of food subgroup Broad food share (Gb) x share of Health Factors (hf)

(Cups) (Cups) food subgroup (Gw)
Emphasises (0.78) 9.49/12.15
Whole grains 1.5 1.5/9.49=0.16 0.78=0.16 0.12
Low-fat milk 3 3/9.49=0.32 0.78x0.32 0.25
Vegetables 2.5 2.5/9.49=0.26
Dark green vegetables 0.2 0.2/2.5=0.08 0.78x0.26x0.08 0.02
Red and orange vegetables 0.8 0.8/2.5=0.32 0.78x0.26x0.32 0.07
Legumes 0.2 0.2/2.5=0.08 0.78%0.26x0.08 0.02
Starchy vegetables 0.7 0.7/2.5=0.28 0.78x0.26x0.28 0.06
Other vegetables 0.6 0.6/2.5=0.24 0.78%0.26x0.24 0.05
Fruits 2 2/9.49=0.21 0.78x0.21 0.16
Nuts, seeds and soya products 0.6 0z/0.08 cup 0.08/9.49=0.008 0.78x0.008 0.006
Seafood 1.2 02/0.30 cup 0.30/9.49=0.030 0.78x0.030 0.02
Oils 27g=5.4 tsp/0.11 cup 0.11/9.49=0.010 0.78=0.010 0.008
Includes (0.20) 2.43/12.15
Meat (0z) 1.8 02/0.45 cup 0.45/2.43=0.19 0.20x0.19 0.04
Poultry 1.5 02/0.38 cup 0.38/2.43=0.16 0.20x0.16 0.03
Eggs 0.40z/0.1 cup 0.1/2.43=0.04 0.20x0.04 0.01
Refined grains 1.5 cup 1.5/2.43=0.62 0.20x0.62 0.12
Limits (0.02) 0.23/12.15
Discretionary solid fats 16g/0.07 cup 0.07/0.23=0.30 0.02x0.30 0.006
Added sugar 32g/0.16 cup 0.16/0.23=0.70 0.02x0.70 0.01
Total 12.15 1

Based on their interpretation of the 2010 DGA, they proposed that foods from the

“Emphasises” group should represent 78% of the total food volume in a 2000-kcal diet

and included most of the healthy food items, such as plant-based foods and low-fat dairy

products. Foods from the “Includes” group should represent 20% of the total food volume

and are mainly animal products and refined grains. The “Limits” group consists of less

healthful items, such as added sugars and solid fats, and should only represent 2% of the

total food volume.

We decided to use the U.S. HFD-index to assess dietary diversity among older

adults in the BLSA because the dietary data (NHANES) and recommended guidelines
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(2010 DGA) used in developing this index align closely with our study population,

offering a more relevant and valid measure of the actual dietary intake situation of our

study population. To tailor the index for our research, we updated this index by

modifying the hf for each food group based on the Healthy U.S.-Style Dietary Pattern

for Adults Ages 60 and Older in the 2020-2025 DGA, incorporating age-specific nutrition

recommendations outlined in the guideline (Table 6).

Table 6. Health factors (hf) calculated based on the 2020-2025 DGA's Healthy U.S.
Style Dietary Pattern and the specific dietary recommendation outlined in this

guideline
Food Groups

Emphasises (0.78)
Whole_grains
Dairy
Vegetables
Dark green vegetables
Red and orange vegetables
Legumes
Starchy vegetables
Other vegetables
Fruits
Nuts, seeds and soya products
Seafood
Oils
Include (0.20)
Meat (0z)
Poultry
Eggs
Refined_grains
Limit (0.02)
Saturated_fat
Added_sugar
Total

Recommended Amounts
(Cups)
9.58/12.24
1.5
3
2.5
0.2
0.8
0.2
0.7
0.6
2
0.17
0.32
0.11
2.43/12.24
0.45
0.38
0.1
1.5
0.23/12.24
0.07
0.16
12.26

Share of food subgroup
(Cups)

0.1565762
0.313152401
0.260960334

0.08
0.32
0.08
0.28
0.24
0.208768267
0.017745303
0.033402923
0.011482255

0.185185185
0.156378601
0.041152263
0.617283951

0.304347826
0.695652174

New Health Factor (hf)

0.122129436
0.244258873

0.016283925
0.066805846
0.016283925
0.058455115
0.048851775
0.162839248
0.013841336
0.02605428
0.008956159

0.037037037
0.03127572
0.008230453
0.12345679

0.006086957
0.013913043

Original health factor
(hf)

0.12
0.25

0.02

0.07

0.02

0.06

0.05

0.16

0.006
0.02
0.008

0.04
0.03
0.01
0.12

0.006
0.01

Updated changes in the recommended intake amounts comparing the 2010 to

2020 DGA are marked in red in the table. The updated hf's based on the 2020-2025 DGA

are listed in the second column from the right, while those derived from the 2010 DGA

by Vadiveloo et al.!%” are shown in the far-right column for comparison. Notably,

recommended intake levels increased for nuts (from 0.08 to 0.17 cups) and seafood (from
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0.30 to 0.32 cups), leading to corresponding increases in their hfs. Among these, the hf

for nuts showed the largest increase, from 0.006 to approximately 0.014.

To further examine whether diversity within healthy food groups is associated
with the three outcomes, we constructed a fruit and vegetable-specific Healthy Food

Diversity (FV-HFD) score as a sensitivity analysis.

The FV-HFD score was derived based on intake of the six fruit and vegetable
groups included in the FFQ used in the BLSA study (fruit, dark green vegetables, red and
orange vegetables, legumes, starchy vegetables, and other vegetables). The score was
calculated in a similar Berry index-based approach, and the details are included in the

Supplemental Materials.

2.2.4 Dietary Pattern Score 3: The UPF consumption measurement (Nova)

Similar to the HEI, the Nova score has been derived within the BLSA. To
quantify the amount of processed food consumed by the BLSA participants, all food
items recorded in the FFQ were compiled into a food list and categorized into four groups
according to the Nova classification system (unprocessed or minimally processed foods,

processed culinary ingredients, foods with simple processing, and UPFs)!!8:119,

To identify UPFs in the BLSA FFQ-derived food list, we followed a three-step
approach. First, three investigators classified the food items into Nova categories, using
established criteria and drawing on references from previous studies with similar
demographic and dietary assessment strategies as the BLSA. In the second step, the
classifications of food items by the different investigators were compared. Food items

with unanimous agreement were directly assigned to their corresponding Nova groups.
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Items where consensus could not be reached were discussed in team meetings, which
included nutrition researchers who have expertise and knowledge of the BLSA

participants.

The total intake of each Nova food group (in grams) and the average daily energy
intake from each food group (in kcal) were calculated in our study sample. The UPF
consumption of participants was adjusted for total energy intake using the residual
method, which treated UPF consumption as the dependent variable (y) and total energy
intake as the independent variable (x) in a linear regression analysis. This energy-adjusted
UPF consumption was divided into quartiles and used as the main predictors for the UPF

consumption in the main analyses.

Not all the UPFs have the same health impacts on older adults’ physical function.
For example, vitamin D fortified milk, though classified as UPFs in Nova, has been
shown to support muscle strength and function'®*. In light of this, we classified all UPF
items into ten subgroups, previously developed and applied in the Nurses’ Health Study

(NHS), NHS II, and the Health Professionals Follow-up Study!®3:

1. Cereals and breads

2. Sauces, spreads, and condiments

3. Packaged sweet snacks and desserts

4. Packaged savory snacks

5. Arttificially & sugar-sweetened beverages
6. Animal-based products/processed meats
7. Ready-to-eat mixed dishes

8. Yogurt and dairy-based products
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9. Others (which mainly included two types of SlimFast™ powders in the BLSA)

10. Alcoholic beverages

2.2.5 Outcome Assessment: Grip strength, SPPB, HABCPPB, and Frailty

To assess changes in physical function over time, we used repeated measures of
sex-specific maximum grip strength and the Short Physical Performance Battery
(SPPB)!3¢ as the primary outcomes in our longitudinal analyses. Given that our
participants may be healthier than the general population of the same age, we also
included an expanded version of the SPPB test used in the Health ABC study

(HABCPPB) in sensitivity analysis to enhance the robustness of our findings.

Grip strength has been applied in previous studies as a proxy for neuromuscular
function of the upper limbs and overall body strength. More information on variations
and the validity of grip strength measurement is provided in the Introduction section. In
the BLSA study, grip strength of participants was measured bilaterally at each follow-up
visit using a Smedley Hand Dynamometer. The maximum recorded grip strength value
(in kg) was used in the analyses. A sex-specific binary variable for low grip strength was
defined as < 27kg for men and < 16kg for women. These cut-offs are consistent with the

low grip strength definition from the EWGSOP2'3.

The SPPB is a well-validated tool used to assess lower extremity function in older
adults. Details on its development and links to health outcomes are provided in the
Introduction. In the BLSA, the SPPB was administered at each follow-up visit to assess
physical function®. It consists of three components: a 4-meter usual gait speed test, three

standing balance tests, and five chair-stand tests'®¢. Each component is scored on a scale
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from O (unable to complete) to 4 (optimal performance), resulting in a total score ranging
from 0 to 12, with higher scores indicating better lower extremity function and overall
physical performance. We also considered a categorical classification of SPPB.
Consistent with previous literature, we defined impaired lower extremity function as an
SPPB score <10 and unimpaired function as a score > 10. This cutoff has been associated

with increased risk of disability and all-cause mortality'-3.

Considering that the BLSA participants may be healthier than the general
population at the same age, the expanded version of the SPPB, HABCPPB, was included
in our sensitivity analysis to minimize the potential ceiling effects of using SPPB in this
study population. The HABCPPB was developed by Eleanor M. Simonsick et al. to
differentiate gradations of functional capacity in well-functioning older men and
women. 37 This test builds upon the three components of the SPPB by incorporating
additional elements to enhance sensitivity in detecting subtle declines in physical
function. Specifically, the HABCPPB includes a 6-meter walk test at a usual pace on a
20-cm-wide walkway!'®’, increased the holding time to 30 seconds for both semi-tandem
and full-tandem stands, and added a 30-second single-leg stand. For each of the three
components, a performance ratio score was calculated by dividing the participants’
observed performance by their best performance score. The final HABCPPB score was
then derived by adding these four ratio scores together, ranging from 0 to 4. A higher

HABCPPB score indicated better physical function.

Frailty status of the BLSA participants was assessed using the Frailty Index (FI),
which was developed based on the “Deficit Accumulation Model” introduced by

Rockwood and Mitnitski in 2007%2. Several considerations motivated the use of the FI
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rather than the FP in this dissertation. First, the FP primary reflects physical
manifestations of frailty, while the FI captures the accumulation of health deficits across
multiple domains, including physical frailty. As such, the FI provides a more
comprehensive measure of vulnerability associated with aging. In addition, previous
analysis within the BLSA have shown that relatively few participants meet the criteria for
frailty using the FP because the BLSA participants are more robust than the general
population at the same age range. The FI therefore provides greater sensitivity for
detecting variation in frailty status within this population. Detailed descriptions of the
various frailty assessment models, along with a comparison of the two most commonly
used approaches, are provided in the Introduction. The selection and operationalization of
FI variables within the BLSA have been detailed in a previous publication'3®. Briefly, the
FI was calculated using 44 variables that reflected the reported difficulty with basic and
instrumental activities of daily living (ADL and IADL), self-rated health (short-term
health survey SF-12), depression status (CES-D scale), cognitive function status
(MMSE), the prevalence of 15 common age-related conditions (e.g.: cancer,
hypertension, diabetes, heart disease, chronic kidney disease), unintentional weight loss,
low physical activity/sedentary behavior and muscle strengths. The FI of each participant
ranged from O to 1, with a value closer to 1 indicating a higher risk of frailty or a more

severe frailty status (frailty progression).

2.2.6 Covariates

Covariates for the primary analyses were considered based on univariate analyses
and previous literature on physical function and frailty in the BLSA83%, Given that the

BLSA is an ongoing open cohort with no common baseline for the participants, we used
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participants’ ages at their first valid dietary visits as their baseline ages. Covariates
included in multivariable adjusted models were age at first valid dietary assessment, sex,
self-reported race/ethnicity, education (years), BMI (kg/m?), smoking status (never
smoking, previously smoking, currently smoking), average caloric intake across dietary
visits (for HEI and HFD), and follow-up time calculated as the time from the first valid

diet to the outcome of interest.

Three models with sequential covariate adjustment were constructed. Model 1
was minimally adjusted for age, sex, and race/ethnicity. Model 2 additionally adjusted for
socioeconomic and lifestyle factors such as education, smoking status, and baseline
physical activity. Model 3 further adjusted for BMI and total energy intake. Results

presented in the following section were mainly from Model 3.

To minimize the risk of over-adjustment, the baseline physical activity level was
included only in the primary analysis of diet and grip strength and in sensitivity analyses
for models examining diet and SPPB and FI. Since unintentional weight loss is a
component of the FI that was operationalized in the BLSA, BMI was not considered in
the primary FI models and was included only in the sensitivity analyses for FI. All
covariates, except BMI, were collected via questionnaire. BMI was calculated using
measured weight (kg) divided by height squared (m?). Race/ethnicity was classified as
White, Black, or other. Baseline physical activity level was measured using a validated
questionnaire and classified based on weekly MET minutes into sedentary (<50), low
(50-249), moderate (250-499), and high (> 500), consistent with previous analyses within
the BLSA®®. Energy intake (kcal per day) was derived from FFQs and averaged across

VISits.
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2.2.7 Inclusion & Exclusion

The analytic sample was derived from 1,556 BLSA participants with available
FFQ data. Individuals younger than 30 years and those with implausible energy intake
(<600 or > 4,800 kcal/day) were excluded, resulting in a sample of 1,500 participants
with valid FFQ data. Because the BLSA is an ongoing open cohort, participants entered
the study at different time points and completed different numbers of follow-up visits. In
addition, not all outcomes are measured at every visit. Hence, the availability and timing
of the measurement of grip strength, SPPB, and FI differed across visits, and the final

analytic sample size varied across samples.

We included participants aged 60 years or older who had available outcome data
after their first valid dietary assessment and complete covariate information. This yielded
1,136 participants for the grip strength analysis, 1,113 for the SPPB analysis, and 1,146
for the FI analyses. A sensitivity analysis using the HABCPPB as the outcome was
conducted in 1,025 participants aged 60 and above with complete data. An example of the
participant flowchart for the FI analysis is presented in Figure 5. The corresponding
flowcharts for grip strength, SPPB, and HABCPPB analyses are provided in the

Supplemental Materials (Supplemental Figures 1-3).
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BLSA participants with
available FFQ data

(n=1556)
Exclusion: Participants < 30 yr
and with invalid daily energy
intake < 600 or > 4800

BLSA participants with keal/day (n=56)

valid FFQ data
(n=1500)

Exclusion: missing and
invalid Fl (n=64) e

Exclusion: participants
<60yr(n=278)

—

Exclusion: missing
covariates (n=12)

BLSA Participants 2 60 yr
with valid Fl data (n=1146)

Figure 5. Participant selection process for FI analysis as an example

Because the primary analyses used a complete-case approach, participants were
excluded if missing outcomes and covariates. To assess the potential selection bias,
baseline characteristics of participants included in the analytic samples were compared
with those of those excluded after applying the eligibility criteria. For example, we
compared the characteristics of the 1,146 participants included in the FI analysis to the 76
participants aged 60 years and above with valid FFQ data who were excluded. The
corresponding tables are provided in the Supplemental Materials (Supplemental Table
16-19).

2.2.8 Statistical analysis

For Aim 1, we examined the longitudinal associations between dietary quality and
changes in physical function and frailty status among BLSA participants aged 60 and
older. The main dietary exposures were three measures of dietary quality: the HEI-2020,
Nova score (for UPF consumption in % kcal/day), and the modified U.S. HFD index.

Each score was averaged across all available visits to better reflect the overall long-term
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dietary habits. Each dietary score was categorized into tertiles based on the distribution of
the scores in the study population to evaluate effects of these three aspects of diet on
physical function outcomes. For all three dietary pattern scores, participants were
grouped into tertiles representing “low (Tertile 1), medium (Tertile 2), and high (Tertile 3)
scores or consumptions. Categorizing dietary exposure is commonly used in nutritional
research because FFQ data in general reflect estimates on consumption frequency, and it
is more appropriate for ranking individuals based on relative intake rather than
quantifying absolute intakes. Therefore, we grouped participants in tertiles based on
analytic sample size and dietary data distribution. We also explored potential non-linear
relationships by comparing the tertile groups. No strong evidence of deviation from linear
trends was observed. Therefore, tertile-based models were selected for the primary

presentation of results.

The associations between the diet exposures and repeated measures of outcomes
(grip strength, SPPB, and FI) were assessed using linear mixed-effects (LME) models.
All LME models fit with random intercepts and slopes to allow for variation in baseline
value and change over time of the outcome for each participant. Fixed effects included
time since baseline (“follow-up years”), dietary exposures, relevant coefficients, and an
interaction term between dietary scores and time to evaluate whether the trajectory of the
outcome differed across levels of dietary quality. The coefficients of the interaction terms
represent differences in the rate of change of the outcome over time across dietary

exposure groups. For grip strength, analyses were conducted stratified by sex.

Cox proportional hazards models estimated the differences in the risks for time to

first occurrence of low grip strength (men: <27kg, women: <16kg), time to first

50



occurrence of poor physical function (SPPB<10), and time to first occurrence of frailty
onset (FI>0.2). Proportional hazards assumptions were tested using Schoenfeld residual

plots.

Descriptive analyses were conducted to characterize the study population at
baseline. Continuous variables were summarized using means and standard deviations,
and categorical variables were summarized using frequencies and percentages across
tertiles of the dietary scores. Differences across tertiles were assessed using analysis of

variance (ANOVA) for continuous variables and chi-square tests for categorical variables.

Sensitivity analyses were conducted to examine associations of UPF subgroups
(in tertiles) and the FV HFD with primary outcomes, including additional models using
HABCPPB as an alternative outcome. All analyses were conducted in R version 4.3.2,

with statistical significance determined using a two-sided alpha of 0.05.

2.3 Aim 2 & Aim 3: Metabolomic Analyses

Primary Analysis: BLSA
Validation analysis: Health ABC

| Plasma Metabolites |

Dictary Qual.ity - Physical function changes
(adherence to the DGA, diet diversity, Frail v devel th .
UPF consumption) railty development/progression

Figure 6. lllustration of Aim 2 & 3: Identification of metabolites that are significantly
associated with the three dietary pattern scores and proposed outcomes in BLSA, then validate
the findings in the Health ABC study
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Considering that both Aim 2 and Aim 3 are relevant to metabolomic analyses, we
combined the methods sections for these two aims to present them cohesively. For Aim 2,
we identified metabolites significantly associated with each dietary pattern score or with
all patterns collectively. In Aim 3, the diet-metabolites identified in Aim 2 were tested for
associations with the changes in physical function (measured by SPPB and grip strength)
and FI over time. We then focused on metabolites that were significantly associated with
both dietary quality and the outcomes and explored the potential biological pathways
these metabolites were involved in to provide possible explanations for the observed
associations in Aim 1. Finally, we validated our metabolomic findings using data from

the Health ABC study.

2.3.1 Metabolites collection and measurements

In brief, fasting blood samples were collected from BLSA participants between
January 2006 and October 2018, and stored at -80°C until analysis'®. The validation was
conducted in Health ABC where fasting plasma was collected at visit 2 (1998-1999) and
stored at -80°C until analysis'®. In both studies, plasma metabolites were measured using
targeted liquid chromatography-tandem mass spectrometry (LC-MS/MS) with the MxP
Quant 500 platform at Biocrates Life Sciences AG (Innsbruck, Austria). Lipids and
hexoses were analyzed via flow injection analysis-tandem mass spectrometry (FIA-
MS/MS) using a 5500 QTRAP instrument equipped with an electrospray ionization
source'*3. Other metabolites-including amino acids, related amino acids, carboxylic acids,
hormones, vitamins, and other metabolites, spanning up to twenty-six biochemical

classes, were measured by LC-MS/MS, using the same 5500 QTRAP instrument. These
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metabolites were quantified using the Sciex Analyst mass spectrometry software and
imported into Biocrates MetIDQ software for further analysis'>3. Measurement accuracy
was verified with internal calibrators, and all analytes fell within the acceptable range for
the method. Quality control samples met the predefined performance thresholds.
Metabolites with values below the detection limit were considered missing. Those with
more than 30% missing data were excluded from the analysis, while metabolites with <

30% missing values were imputed using half the minimum observed value'>>.

2.3.2 Cross-sectional association between metabolites and dietary patterns (Aim 2)

To identify metabolites significantly associated with the three dietary pattern
scores in the BLSA, we conducted cross-sectional analyses using multiple linear
regression models. The metabolites that passed quality control (n=466) were log-
transformed to account for skewness and standardized to a mean of 0 and a standard
deviation of 1 to allow for the comparison of effect sizes across metabolites. The
regression model treated each metabolite as the dependent variable (y) and the dietary
pattern scores (HEI-2020, Nova, or U.S. HFD) as the independent variable. A loop
function was implemented to run two models across all metabolites (466 metabolites).
The first model included age at the first valid dietary assessment (baseline age), sex, and
batch effect as covariates. The second model extended the first model by additionally
adjusting for daily energy intake, race/ethnicity, education years, smoking status, and
BMI. To account for multiple testing, we adjusted the p-values for a false discovery rate
(FDR), calculated using the Benjamini-Hochberg method. Metabolites with FDR-

adjusted Q-values <0.05 were considered statistically significant and tested for validation
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in the Health ABC study using the same multiple linear regression models at the BLSA.
The results from the metabolomic analyses were visualized as volcano plots and upset

plots using the ggplot? and upSetR R packages.

2.3.3 Longitudinal associations between diet-related metabolites and outcomes (Aim 3)

The next step is to evaluate whether diet-related metabolites are associated with
SPPB trajectories, grip strength, and frailty index in the BLSA participants over time. The
longitudinal association was evaluated using linear mixed-effects (LME) models across
diet-related metabolites. The dependent variables in the LME models were the repeated
measures of physical function outcomes, while the individual metabolites served as the

main independent variables.

Plasma metabolites were measured at a single visit and were therefore treated as
baseline exposures in the longitudinal analyses. Although diet-related metabolites may
conceptually represent potential mediators linking dietary scores to functional outcomes,
dietary intake and metabolites were assessed concurrently. Therefore, the temporal

ordering required for formal mediation analysis could not be established.

The first LME model adjusted for baseline age and sex (Model 1). The second
model included additional covariates: BMI (for grip strength and SPPB only), average
caloric intake, race/ethnicity, years of education, baseline physical activity levels (for grip
strength only), and smoking status (Model 2). All covariates were included as fixed
effects. Participant ID and follow-up time, defined as the time between baseline and
outcome measurements, were included as random effects. The models included a random

intercept to account for variations in baseline outcomes across individuals and a random
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slope for follow-up time to allow individual-specific trajectories over time. Metabolites

with an FDR Q-value < 0.05 were considered statistically significant.

2.3.4 Validation analysis in Health ABC

Additional analyses were performed using data from the HABC study to validate
the associations observed in Aim 1 and Aim 2 in a comparable population. The validation
analysis focused on examining the associations between HEI and FI, HEI and

metabolites, and FI and metabolites due to data availability.

The HEI score used in the Health ABC Study was generated using FFQ data
collected from Year 2 (1998-1999) visit' %192 to assess participants’ adherence to the 1995
DGA'? and the 1992 Food Pyramid!®*. In short, the 1995 HEI is a 10-component score
assessed intake across fruits, vegetables, grains, milk, meat, sodium, cholesterol,
saturated fat, total fat, and variety (defined as the amount of variety in a person’s diet'®!).
Each component is scored from 0 to 10, with a score of 10 indicating consumption at the
recommended level, and 0 indicating no intake. Similar to the HEI-2020, a higher total

HEI-1995 score reflects better overall dietary quality.

Frailty status of HABC participants was also assessed using the FI. Although the
FI has been previously operationalized in this cohort, the details have not been published.
In brief, the FI was calculated using 28 variables mostly collected during the Year 2 visit,
representing a range of health and functional domains, which included difficulties with
basic activities of daily living (ADL), self-rated health, depressive symptoms (Geriatric

Depression Scale), walking speed, muscle strength (grip strength), poor appetite, and
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eight common age-related conditions (cancer, hypertension, diabetes, heart attack, stroke,
congestive heart failure, joint pain in the knee or hand, and falls). For unintentional
weight loss and cognitive function (MMSE), these two variables were assessed using
information collected at the Year 1 visit, as these measures were not available at Year 2.
Similarly, each participant’s FI score ranged from O to 1, with higher values indicating

greater health deficits and a more advanced frailty status.

A total of 2,658 HABC participants aged 65 and above were included in this
validation analysis after removing those with missing HEI or FI and with implausible
energy intake (<600 or > 4800 kcal/day). We used a multivariable linear regression
model, adjusting for participants’ age at Visit 2, sex, race/ethnicity (White, Black), and
average energy intake over the past year, to examine the cross-sectional associations
between HEI and FI. Following a similar approach to Aim 2, we used a multiple linear
regression and a loop function to investigate the cross-sectional associations between
HEI-related metabolites identified in the BLSA and the HEI-1995. Subsequently, we
examined cross-sectional associations between these metabolites and FI (as repeated
measures of FI were not available). The results from the metabolomic validation analyses
were visualized as volcano plots and upset plots using the same ggplot2 and upSetR R

packages applied in the primary analyses.
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Chapter 3: Results
3. 1 Results for Aim 1

Because data availability differed across outcome measures, the final sample sizes

after applying inclusion criteria were 1,136 for the grip strength analysis, 1,113 for the
SPPB analysis, and 1,145 for the FI analysis (Figure 5). Therefore, three tables were
created to present the sociodemographic and health characteristics of participants for each
outcome. For brevity in the main text, an example Table 1 for the FI analysis is included
below. The remaining Table 1 results are provided in the Supplemental Material

(Supplemental Tables 1a-c).

Table 7. Baseline sociodemographic and health characteristics (mean [standard
deviation] or percentage) among BLSA participants aged 60 years and older at their
first valid diet visit (baseline) by tertiles of HEI-2020, UPF consumption (Nova), and
HFD index for FI analysis

HEI-2020
Total Tertile 1 Tertile 2 Tertile 3 p-value'
(Lowest)

n 1,146 353 397 396
Baseline FI 0.110 (0.08) 0.127 (0.1) 0.104 (0.08) 0.101 (0.07) <0.001
Age (years) 71.4 (10.1) 72.4 (10.2) 70.2 (10.1) 71.8 (9.8) 0.008
Sex (% females) 591 (51.6) 139 (39.4) 203 (51.1) 250 (63.1) <0.001
Race/ethnicity (%) 0.0001
White 828 (72.3) 279 (79.0) 288 (72.5) 261 (65.9) 0.0003
Black 251 (21.9) 66 (18.7) 86 (21.7) 99 (25.0) 0.113
Other 67 (5.8) 8(2.3) 23 (5.8) 36 (9.1) 0.0004
Education (years) 16.8 (2.7) 16.3 (2.8) 16.9 (2.7) 17.1 (2.6) <0.001
Physical activity levels (%) 0.047
Sedentary (< 50 MET 117 (10.2) 45 (12.7) 39 (9.8) 33(8.3) 0.131
mins/week)
Low (50-249 MET 436 (38.0) 140 (39.7) 153 (38.5) 143 (36.1) 0.589
mins/week)
Moderate (250-499 MET 325 (28.4) 90 (25.5) 101 (25.4) 134 (33.8) 0.011
mins/week)
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High (>= 500 MET 268 (23.4) 78 (22.1) 104 (26.2) 86 (21.7) 0.260
mins/week)
Smoking status (%) 0.003
Never smoking 625 (54.5) 175 (49.6) 208 (52.4) 242 (61.1) 0.004
Previously smoking 483 (42.2) 160 (45.3) 181 (45.6) 142 (35.9) 0.007
Currently smoking 38 (3.3) 18 (5.1) 8(2.0) 12 (3.0) 0.058
BMI (kg/m?) 27.1 (4.8) 27.9 (5.0) 27.6 (5.0) 259 4.1) <0.001
Average energy intake 2075 (712.0) 2255 (723.0) 2093 (735.0) 1895 (634.0) <0.001
(kcal/day)
Average UPF consumption 38.2(10.9) 45.0 (10.8) 37.5(9.6) 32.7(8.9) <0.001
(% kcal/day)
Average HFD 0.267 (0.1) 0.246 (0.10) 0.258 (0.10) 0.294 (0.10) <0.001
UPF consumption (%okcal/day)
Total Tertile 1 Tertile 2 Tertile 3 p-value
(Lowest)

n 1,146 368 397 381
Baseline FI 0.110 (0.08) 0.090 (0.07) 0.106 (0.07) 0.129 (0.10) <0.001
Age (years) 71.4 (10.1) 70.7 (9.7) 70.4 (10.5) 73.3(9.7) <0.001
Sex (% females) 580 (52.2) 239 (64.9) 194 (48.9) 159 (41.7) <0.001
Race/ethnicity (%) <0.001
White 828 (72.3) 246 (66.8) 300 (75.6) 282 (74.0) 0.017
Black 251 (21.9) 76 (20.7) 84 (21.2) 91 (23.9) 0.512
Other 67 (5.8) 46 (12.5) 13 (3.3) 8(2.1) <0.001
Education (years) 16.8 (2.7) 17.1 (2.7) 16.7 (2.6) 16.6 (2.9) 0.021
Physical activity levels (%) 0.002
Sedentary (< 50 MET 117 (10.2) 29 (7.9) 36 (9.1) 52 (13.6) 0.022
mins/week)
Low (50-249 MET 436 (38.0) 130 (35.3) 146 (36.8) 160 (42.0) 0.139
mins/week)
Moderate (250-499 MET 325 (28.4) 122 (33.2) 123 (31.0) 80 (21.0) 0.0004
mins/week)
High (>= 500 MET 268 (23.4) 87 (23.6) 92 (23.2) 89 (23.4) 0.988
mins/week)
Smoking status (%) 0.172
Never smoking 625 (54.5) 219 (59.5) 207 (52.1) 199 (52.2)
Previously smoking 483 (42.1) 139 (37.8) 178 (44.8) 166 (43.6)
Currently smoking 38 (3.4) 10 (2.7) 12 (3.0) 16 (4.2)
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BMI (kg/m?) 27.1 (4.8) 26.2 (4.3) 27.2 (4.9) 27.9 (5.0) <0.001
Average energy intake 2075 (712.0) 1971 (701.0) 2106 (713.0) 2141 (713.0) 0.026
(kcal/day)
Average HEI 63.5 (10.1) 69.1 (8.9) 63.8 (8.5) 57.8 (9.6) <0.001
Average HFD 0.267 (0.10) 0.255 (0.10) 0.274 (0.11) 0.271 (0.10) 0.020
HFD
Total Tertile 1 Tertile 2 Tertile 3 p-value
(Lowest)

n 1,146 335 404 407
Baseline FI 0.110 (0.08) 0.094 (0.06) 0.107 (0.08) 0.126 (0.10) <0.001
Age (years) 71.4 (10.1) 68.7 (9.4) 70.7 (9.8) 74.4 (10.1) <0.001
Sex (% females) 580 (52.2) 185 (55.2) 208 (51.5) 199 (48.9) 0.228
Race/ethnicity (%) 0.004
White 828 (72.3) 220 (65.7) 291 (72.0) 317 (77.9) 0.001
Black 251 (21.9) 94 (28.1) 90 (22.3) 67 (16.5) 0.0007
Other 67 (5.8) 21(6.2) 23 (5.7) 23(5.7) 0.926
Education (years) 16.8 (2.7) 16.8 (2.8) 16.9 (2.5) 16.7 (2.8) 0.546
Physical activity levels (%) 0.202
Sedentary (< 50 MET 117 (10.2) 30 (9.0) 35(8.7) 52 (12.8)
mins/week)
Low (50-249 MET 436 (38.0) 130 (38.8) 145 (35.9) 161 (39.6)
mins/week)
Moderate (250-499 MET 325 (28.4) 96 (28.7) 117 (29.0) 112 (27.5)
mins/week)
High (>= 500 MET 268 (23.4) 79 (23.6) 107 (26.5) 82 (20.1)
mins/week)
Smoking status (%) 0.512
Never smoking 603 (54.2) 173 (51.6) 220 (54.5) 232 (57.0)
Previously smoking 472 (42.4) 150 (44.8) 168 (41.6) 165 (40.5)
Currently smoking 37(3.4) 12 (3.6) 16 (4.0) 10 (2.5)
BMI (kg/m?) 27.1 (4.8) 27.9 (4.8) 27.2(5.1) 26.3 (4.3) <0.001
Average energy intake 2075 (712.0) 2025 (720.0) 2129 (723.0) 2061 (693.0) 0.123
(kcal/day)
Average HEI 63.5(10.1) 60.9 (10.4) 63.1 (8.9) 66.1(10.4) <0.001
Average UPF consumption 38.2(10.9) 37.1(12.4) 38.1 (10.6) 39.1 (9.9) 0.051

(%okcal/day)
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! p-values represent overall differences across tertiles and were calculated using one-way ANOVA for continuous variables and
Pearson’s chi-square tests for categorical variables. Pairwise p-values for individual categories are presented only when the overall test
was statistically significant.

Based on the example Table 1 above (Table 7), the average baseline age of the BLSA
participants included in the FI analysis is 71.4 years old. Approximately half of the
participants were females, and up to 72% of them self-identified as Non-Hispanic White,
followed by 22-26% as Black, with a smaller proportion identifying as the “Other” racial
or ethnic groups. Participants had an average of approximately 16 years of education, and
more than half reported low to moderate levels of physical activity, defined as 50-499
MET minutes per week. Average BMI ranged from 26 to 28 kg/m?, with daily energy
intakes ranging from 1,900 to 2,300 kcal per day. Overall, our participants had a
comparable HEI-2020 score (~63.0) to that of the same age group in the U.S. reported in
the 2020-2025 DGA (63.0)'%°. However, the BLSA participants consumed a lower
proportion of energy from UPF per day (~37.8%) than the general U.S. older adult
population (>50%!%%). Similarly, on average, BLSA participants consumed lower dietary
diversity (0.26) compared to previous reports on U.S. adults aged 20 years and older

(0.39)107,

Baseline physical functional status of the participants varied modestly across
tertiles of these three dietary patterns. While baseline grip strength did not differ
significantly across tertiles of HEI-2020 or UPF consumption, lower grip strength was
observed among participants in higher tertiles of the HFD. Baseline SPPB scores were
higher among participants in higher HEI-2020 tertiles and lower among those in higher

tertiles of UPF consumption and U.S. HFD. Baseline frailty status, assessed by the FI,
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was lower among participants with higher HEI-2020 scores and higher among those with

greater UPF consumption and higher HFD.

Comparisons of baseline characteristics between participants included in each
analytic sample and those excluded are presented in Supplemental Tables 16-19. Across
all analyses, participants included in the analytic samples were older than those excluded
(average age =~ 71 years for included participants vs = 63 years for those excluded; all
p<0.001). Sex distribution and race/ethnicity were generally similar between these two
groups. Participants included in the analytic samples had slightly fewer years of
education, and a higher proportion of them smoked previously, while a higher proportion
of participants excluded from the analysis never smoked. No significant differences in
baseline physical activity levels and BMI were observed between groups. Included
participants also had lower average energy intake and slightly higher overall dietary
quality (HEI-2020) and diet diversity (HFD), whereas differences in UPF consumption
were small across outcomes and did not reach statistical significance. Overall, aside from
the expected age differences, baseline characteristics were largely comparable between

included and excluded participants.

Notably, we observed distinct inter-relationships among these three dietary
patterns: while higher HEI-2020 scores were consistently associated with lower UPF
consumption and higher HFD scores, higher HFD scores were accompanied by higher
values of both HEI-2020 and UPF consumption. This pattern may suggest that the greater
dietary diversity measured using HFD in our cohort may reflect a more balanced and
diverse diet that comprises a broader inclusion of foods across the healthfulness

spectrum, rather than uniformly higher dietary quality.
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Figure 7. Pairwise correlations among dietary patterns (HEI-2020, UPF, U.S. HFD)

*Pairwise correlations among the three dietary patterns. The color gradient represents the strength and direction of the correlations,
with red and blue indicating positive and negative correlations, respectively. A light color reflects weaker associations, as shown in
the color margin.

Overall, HEI-2020 was moderately inversely correlated with UPF consumption
(r=-0.46, 95% CI=-0.499 to -0.419, p<0.001) but positively correlated with the HFD
index (r=0.24, 95% CI= 0.189 to 0.284, p<0.001), indicating that higher adherence to the
2020 DGA was correlated with higher diversity in the diet and lower UPF consumption.
Although very weak, a positive correlation was observed between UPF consumption and
HFD (r=0.11, 95% CI=0.063 to 0.163, p<0.001). These correlations highlight that HEI-

2020, UPF, and HFD capture related but distinct dimensions of dietary patterns.
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3.1.1 Cross-sectional associations between overall dietary quality and physical function
outcomes

Table 8. Cross-sectional associations between overall dietary quality (HEI-2020,
UPF consumption, HFD) and baseline sex-specific maximum grip strength of BLSA
older adults aged 60 years and older, adjusted for sociodemographic characteristics

Variables Bs 95% Cls p-value? Bs 95% Cls p-value?
(Estimates)' (Estimates)’
Males Females
HEI-2020 0.220 0.552
T1 (Lowest) (Reference)
172 0.728 (-0.801, 2.258) -0.337 (-1.481, 0.806)
73 1.495 (-0.196, 3.187) 0.208 (-0.905, 1.321)
UPF (% kcal/ day) 0.781 0.116
T1 (Lowest) (Reference)
172 -0.422 (-2.192, 1.348) -0.810 (-1.842, 0.222)
T3 0.166 (-1.678,2.911) -1.187 (-2.388, 0.013)
HFD 0.202 0.404
T1 (Lowest) (Reference)
T2 -1.435 (-3.116, 0.246) -0.609 (-1.680, 0.463)
T3 -0.426 (-2.074, 1.222) 0.703 (-1.807, 0.400)

!' B coefficients represent adjusted differences in baseline grip strength in both sexes across tertiles of dietary indices. Models were
adjusted for average daily energy intake, baseline age, race/ethnicity, years of education, BMI, baseline physical activity levels (MET
minutes per week), HEI (for UPF analysis only), and smoking status. Full model estimates, including covariates, are presented in
Supplemental Table 2a-b.

2 p-values correspond to Type III Wald tests evaluating the overall association across the tertiles of the dietary score with baseline grip
strengths.

Considering the substantial biological and physiological differences in muscle
mass and strength between males and females!*”1%%, we conducted sex-stratified analyses
for grip strength to evaluate the potential differences in the associations between dietary
patterns and baseline muscle strength. Among male participants, high (T3) and moderate
(T2) HEI-2020 were associated with greater grip strength, although estimates did not
reach statistical significance. UPF consumption was not associated with baseline grip
strength in males. Interestingly, higher diversity of the diet, measured using the HFD,
seemed to be inversely associated with grip strength, particularly for those in the second
tertile of the HFD, compared with the lowest tertile. But this association was not

statistically significant and was attenuated in the highest tertile.
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Similar results were observed among female participants. Neither adherence to
the recommended healthy dietary pattern (HEI-2020) nor diversity of the diet was
significantly associated with baseline grip strength. Although female participants in the
highest tertile of UPF consumption had, on average, approximately 1.2 kg lower grip
strength compared with those in the lowest tertile, the confidence interval included the

null and the overall test for UPF tertiles was not statistically significant.

Overall, these results indicate that there were no statistically significant cross-
sectional associations between the examined three dietary scores and baseline grip

strength in either males or females.
Table 9. Cross-sectional associations between overall dietary quality (HEI-2020,

UPF consumption, HFD) and baseline SPPB of BLSA older adults aged 60 years and
older, adjusted for sociodemographic characteristics

Variables Bs (Estimates)' 95% Cls p-value?
HEI-2020 0.446

T1 (Lowest) (Reference)

72 0.112 (-0.208, 0.433)

T3 0.216

(-1.175, 0.549)

UPF consumption (% kcal/ day) 0.123
T1 (Lowest) (Reference)
72 -0.281 (-0.604, 0.042)
73 -0.296 (-0.656, 0.063)
HFD 0.105
T1 (Lowest) (Reference)
72 -0.232 (-0.556, 0.092)
73 -0.350 (-0.675, -0.024)

! B coefficients represent adjusted differences in baseline SPPB across tertiles of dietary indices. Models were adjusted for average
daily energy intake, baseline age, sex, race/ethnicity, years of education, BMI, HEI (for UPF analysis only), and smoking status. Full
model estimates, including covariates, are presented in Supplemental Table 2c.

2 p-values correspond to Type III Wald tests evaluating the overall association across the tertiles of the dietary score with baseline
SPPB.

Although moderate (T2) and high (T3) HEI-2020 were associated with a higher
baseline SPPB score, these differences in SPPB score compared to the reference group

were small and did not reach statistical significance. Similarly, though higher UPF
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consumption and higher dietary diversity (HFD) were associated with lower baseline
SPPB scores, these estimates were modest and the overall tests for UPF and HFD tertiles

were not statistically significant.

Overall, these findings suggest that there were no statistically significant cross-
sectional associations between these three dietary scores and baseline SPPB in our

analytic sample.

Table 10. Cross-sectional associations between overall dietary quality (HEI-2020,
UPF consumption, HFD) and baseline FI of BLSA older adults aged 60 years and
older, adjusted for sociodemographic characteristics

Variables Bs (Estimates)' 95% Cls p-value?
HEI-2020 0.002
T1 (Lowest) (Reference)

172 -0.014 (-0.026, -0.001) 0.029
73 -0.023 (-0.036, -0.010) 0.0005
UPF consumption (% kcal/ day) 0.003
T1 (Lowest) (Reference)

72 0.010 (-0.003, 0.023) 0.116
73 0.024 (0.010, 0.038) 0.0007
HFD 0.041
T1 (Lowest) (Reference)

72 0.008 (-0.005, 0.021) 0.209
13 0.016 (0.004, 0.029) 0.012

!B coefficients represent adjusted differences in baseline FI across tertiles of dietary indices. Models were adjusted for average daily
energy intake, baseline age, race/ethnicity, years of education, HEI (for UPF analysis only), and smoking status. Full model estimates,
including covariates, are presented in Supplemental Table 2d.

2 p-values correspond to Type III Wald tests evaluating the overall association across the tertiles of the dietary score with baseline FI.
Pairwise p-values for individual categories are presented only when the overall test was statistically significant.

In cross-sectional analyses, baseline FI was significantly associated with HEI-
2020, UPF consumption, and HFD. To be more specific, participants in the second and
the third/highest tertile of HEI-2020 had 0.014 ($=-0.014, 95% CI= -0.026 to -0.001,
p=0.029) and 0.023 ($=-0.023, 95% CI=-0.035 to -0.010, p=0.0005) lower units of
baseline FI compared to those in the lowest tertile of HEI-2020, suggesting a graded

inverse association. In contrast, higher UPF consumption was positively associated with
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frailty, with participants in the highest tertile of UPF consumption showing significantly
higher FI compared with those in the lowest tertile (£=0.024, 95% CI=-0.010 to 0.037,
p=0.0008), whereas the association for the second tertile was weaker and not statistically
significant. A similar pattern was observed in the association between HFD and baseline
FI, where the highest HFD tertile was also associated with greater baseline FI compared

with those in the lowest HFD tertile (=0.016, 95% CI= 0.004 to 0.029, p=0.012).

3.1.2 Longitudinal associations between overall dietary quality and physical function
outcomes

Table 11. Longitudinal associations between overall dietary quality (HEI-2020, UPF
consumption, HFD) and changes in sex-specific maximum grip strength of BLSA
older adults aged 60 years and older, adjusted for sociodemographic characteristics

Variables Bs 95% Cls p-value? Bs 95% Cls p-value?
(Estimates)' (Estimates)'
Males Females

HEI-2020 0.099 0.420
T1 (Lowest) (Reference)

12 0.941 (-0.411, 2.293) 0.410 (-0.551, 1.371)

73 1.617 (0.108, 3.126) 0.637 (-0.312, 1.587)

UPF (% kcal/ day) 0.775 0.014
T1 (Lowest) (Reference)

2 -0.291 (-1.843, 1.261) -0.810 (-1.409, 0.321) 0.219
73 0.333 (-1.304, 1.969) -1.187 (-2.418,-0.372) 0.008
HFD 0.553 0.126
T1 (Lowest) (Reference)

2 -0.816 (-2.295, 0.663) -0.835 (-1.724, 0.053)

73 -0.425 (-1.900, 1.051) -0.820 (-1.754, 0.113)

! B coefficients represent adjusted differences in average grip strength during the follow-up period across tertiles of dietary indices.
Models were adjusted for average daily energy intake, baseline age, race/ethnicity, years of education, baseline BMI, baseline physical
activity levels (in MET minutes per week), HEI (for UPF analysis only), and smoking status. Full model estimates, including
covariates, are presented in Supplemental Table 3a-b.

2 p-values correspond to Type 111 Wald tests evaluating the overall association across the tertiles of the dietary score with repeated
measures of grip strength over time. Pairwise p-values for individual categories are presented only when the overall test was
statistically significant.

Table 12. Longitudinal associations between overall dietary quality (HEI-2020, UPF
consumption, HFD) and changes in SPPB over the follow-up period of BLSA older
adults aged 60 years and older, adjusted for sociodemographic characteristics

Variables Bs (Estimates)’ 95% Cls p-value?
HEI-2020 0.107
T1 (Lowest) (Reference)
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72 0.155 (-0.119, 0.429)

73 0.307 (0.022, 0.592)

UPF consumption (% kcal/ day) 0.079
T1 (Lowest) (Reference)

12 -0.298 (-0.575,-0.021)

73 -0.290 (-0.598, 0.019)

HFD 0.018
T1 (Lowest) (Reference)

n -0.139 (-0.413, 0.136) 0.322
T3 -0.393 (-0.674, -0.112) 0.006

! B coefficients represent adjusted differences in average SPPB during the follow-up period across tertiles of dietary indices. Models
were adjusted for average daily energy intake, baseline age, race/ethnicity, years of education, baseline BMI, HEI (for UPF analysis
only), and smoking status. Full model estimates, including covariates, are presented in Supplemental Table 3c.

2 p-values correspond to Type III Wald tests evaluating the overall association across the tertiles of the dietary score with repeated
measures of SPPB. Pairwise p-values for individual categories are presented only when the overall test was statistically significant.

Table 13. Longitudinal associations between overall dietary quality (HEI-2020, UPF
consumption, HFD) and changes in FI over the follow-up period of BLSA older
adults aged 60 years and older, adjusted for sociodemographic characteristics

Variables Bs (Estimates)’ 95% CIs p-value?
HEI-2020 0.0003
T1 (Lowest) (Reference)

12 -0.013 (-0.024, -0.002) 0.018
73 -0.023 (-0.033,-0.011) 0.0001
UPF consumption (% kcal/ day) 0.013
T1 (Lowest) (Reference)

12 0.010 (-0.001, 0.020) 0.081
T3 0.018 (0.006, 0.030) 0.003
HFD 0.070
T1 (Lowest) (Reference)

12 0.006 (-0.005, 0.016)

T3 0.013 (0.002, 0.024)

!' B coefficients represent adjusted differences in average FI across tertiles of dietary indices during the follow-up period. Models were
adjusted for average daily energy intake, baseline age, race/ethnicity, years of education, HEI (for UPF analysis only), and smoking
status. Full model estimates, including covariates, are presented in Supplemental Table 3d.

2 p-values correspond to Type 111 Wald tests evaluating the overall association across the tertiles of the dietary score with repeated

measures of FI. Pairwise p-values for individual categories are presented only when the overall test was statistically significant.
Results from linear mixed-effects models examining longitudinal associations

between the three dietary scores and physical function outcomes indicated consistent

differences in physical function levels across dietary scores over the follow-up period,

rather than differential rates of change over time, as no significant interactions between
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dietary exposures and follow-up time were observed in any of the models (p-values for

interaction terms between all dietary scores and follow-up time are > 0.05).

For grip strength, no statistically significant overall associations were observed
for HEI-2020 or HFD tertiles in both sexes (Table 11). However, among female
participants, the overall association between UPF consumption and grip strength was
statistically significant, and those in the highest tertile of UPF consumption showed lower
grip strength over time compared with those in the lowest tertile (f=-1.187, 95% CI= -

2.418 to -0.372, p=0.008).

As for the SPPB analyses, overall associations across tertiles were not statistically
significant for HEI-2020 (overall p=0.107) or UPF consumption (overall p=0.079). In
contrast, dietary diversity measured by HFD showed a statistically significant overall
association with SPPB across follow-up (overall p=0.018), with participants in the
highest tertile of HFD exhibiting lower SPPB scores compared with those in the lowest

tertile (f=-0.393, 95% CI=-0.674 to -0.112, p=0.006).

For FI, significant overall associations were observed for both HEI-2020 (overall
p=0.0003) and UPF consumption (overall p=0.013). Higher HEI-2020 was associated
with lower FI values across follow-up, with participants in the second and third tertiles
exhibiting lower FI compared with the lowest tertile (T2: f=-0.013, 95% CI=-0.024 to -
0.002, p=0.018; T3: £=-0.023, 95% CI=-0.033 to -0.011, p=0.0001). On the contrary,
higher UPF consumption was associated with higher FI, with participants in the highest
UPF consumption tertile exhibiting significantly higher FI across follow-up compared

with those in the lowest UPF consumption tertile (£=0.018, 95% CI= 0.006 to 0.030,
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p=0.003). Although the overall association between HFD and FI did not reach statistical
significance (overall p=0.070), participants in the highest tertile of HFD showed higher

FI values compared with those in the lowest tertile (£=0.013, 95% CI= 0.002 to 0.024).

This pattern was explored further in the Discussion section to consider potential

explanations for the observed association between higher HFD and FI in this study.

In sensitivity analysis, the FV HFD score was not significantly associated with
average grip strength over time in either males (overall p=0.139) or females (overall
p=0.841), consistent with the null association observed for HFD (Supplemental Table
19 a-b). However, unlike what we observed between HFD and SPPB, higher FV HFD
was significantly associated with higher SPPB, with participants in the highest tertile
having an average 0.467 higher SPPB score compared to the lowest tertile (=0.467,
95% CI=0.190 to 0.745, p=0.001) (Supplemental Table 19c¢). Similarly, higher FV
HFD was associated with lower FI over time, with a significant inverse association

observed for both second and third tertiles (overall p=0.002) (Supplemental Table 19d).

Across all longitudinal models, as expected, advancing age and longer follow-up
duration were strongly associated with worse physical function and higher frailty. Higher
baseline physical activity levels were also consistently significantly associated with
higher grip strength in both males and females across follow-up. Higher educational
attainment was associated with better SPPB performance and lower FI, while higher BMI
was consistently associated with lower SPPB scores but higher grip strength among
females. Racial and ethnic differences were also observed. Among males, participants

classified in the “Other” racial/ethnic group consistently exhibited lower grip strength
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compared with White males, while Black male participants showed higher grip strength
in some models. Among females, Black participants consistently demonstrated higher
grip strength compared with non-Hispanic White females, independent of dietary
patterns. For FI, Black participants had significantly higher FI over time compared with
the reference group across all dietary pattern models. Detailed model estimates are

presented in Supplemental Tables 3a—d.

Taken together, these findings suggest that higher HEI-2020 was associated with
lower frailty burden across follow-up, while higher UPF consumption was associated
with greater frailty and lower grip strength among females. Dietary diversity measured by
HFD was associated with lower SPPB but was not significantly associated with FI or grip

strength.

3.1.3 Overall dietary quality and risks of physical function decline and frailty onset

Figure 8. Hazard ratios and 95% CI for low grip strength (GS) for males (defined
as GS < 27kg) by dietary patterns in the BLSA study

Hazard Ratios for Low Grip Strength in Males-HEI (<27kg)

Variable

HEI T2

HEI T3 (highest) —_—
Baseline max gs -

Baseline age -

Average kcal/day .
Race/ethnicity (Black) —
Race/ethnicity (Other) —_—
Years of education L

BMI -

Physical activity (Low) ——
Physical activity (Mod) —
Physical activity (High) ——
Smoking (past) —_
Smoking (current)

Hazard Ratio (log scale)
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Hazard Ratios for Low Grip Strength in Males-UPF (<27kg)

Variable

UPF T2 —_—
UPF T3 (highest) ——
Average HEI "
Baseline max gs L]

Baseline age -
Average kcal/day .
Race/ethnicity (Black) ——
Race/ethnicity (Other) —_——
Years of education L]

BMI -
Physical activity (Low) [ e
Physical activity (Mod) ——
Physical activity (High) b——t
Smoking (past) —_—

Smoking (current)

r T T d
10 20 a0
Hazard Ratio {log scale)

Hazard Ratios for Low Grip Strength in Males-HFD (<27kg)

Variable
HFD T2
HFD T3 (highest) ——

Baseline max gs L
Baseline age -
Average kcall/day .
Race/ethnicity (Black) _—
Race/ethnicity (Other) —_—
Years of education L]

BMI -

Physical activity (Low) —————

Physical activity (Mod) —_—

Physical activity (High) —_—

Smoking (past) —_—
Smoking (current)

Figure 9. Hazard ratios and 95% CI for low grip strength for females (defined as GS <
20kg) by dietary patterns in the BLSA study

Hazard Ratios for Low Grip Strength in Females-HEI (<16kg)

Variable

HEI T2 —
HEI T3 (highest) —
Baseline max gs -
Baseline age "
Average kcal/day .
Race/ethnicity (Black) —
Race/ethnicity (Other) —_—

Years of education L]
BMI -
Physical activity (Low) —_—
Physical activity (Mod) —
Physical activity (High) —_—
Smoking (past) i

Smoking (current)
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Hazard Ratios for Low Grip Strength in Females-UPF (<16kg)

Variable

UPF T2 ——
UPF T3 (highest) ——y
Average HEI "
Baseline max gs "

Baseline age L
Average kcal/day .
Race/ethnicity (Black) —
Race/ethnicity (Other) —_—

Years of education -

BMI -

Physical activity (Low) —
Physical activity (Mod) p——
Physical activity (High) [
Smoking (past) —
Smoking (current)

Hazard Ratio (log scale)

Hazard Ratios for Low Grip Strength in Females-HFD (<16kg)

Variable

HFD T2 —_—
HFD T3 (highest) —
Baseline max gs -

Baseline age "

Average kcal/day .
Race/ethnicity (Black) —
Race/ethnicity (Other) —_—

Years of education -

BMI -

Physical activity (Low) —

Physical activity (Mod) e e

Physical activity (High) —_—
Smoking (past) ——

Smoking (current)

0 20
Hazard Ratio (log scale)

The two sets of forest plots above demonstrated the hazard ratios (HRs) of having
low grip strength for older adult males and females across the tertiles of HEI-2020, UPF
consumption, and the HFD. We observed distinct patterns of HRs by dietary patterns
between males and females. Specifically, compared to the reference level (HEI tertile 1
or T1), the high (T3) HEI tertile was significantly associated with a lower risk of time to
first occurrence of low grip strength (<16kg) among female participants. Specifically,
female participants in HEI T3 had 34.9% (HR=0.651, 95% CI: 0.462 to 0.919, p=0.015)
lower hazards of developing low grip strength compared to participants in the reference

group (Supplemental Table 4b). In contrast, no significant associations were observed
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between HEI-2020 and incident low grip strength in males (<27kg). UPF consumption
was not significantly associated with incident low grip strength in either sex. Higher HFD
was associated with an increased risk of low grip strength among males (overall p-
value=0.017), with the participants in the second (HR= 1.804, 95% CI: 1.178 to 2.764,
p=0.007) and the third (HR= 1.645, 95% CI: 1.075 to 2.517, p=0.022) tertiles showing
significant increases in the risk of developing incident low grip strength (Supplemental
4a-b).

Figure 10. Hazard ratios and 95% CI for low SPPB (defined as SPPB <10) by dietary
patterns in the BLSA study

Hazard Ratios for Low SPPB-HEI

Variable

HEI T2 ——

HEI T3 (highest) ——

Baseline age ]

Average kcal'day [ ]

Sex (men) —_

Race/ethnicity (Black) ——

Race/ethnicity (Other) —_—

Years of education L

BMI -

Smoking (past) —

Smoking (current) —_—

;;ze'd Hatou:;gu scale) -

Hazard Ratios for Low SPPB-UPF

Variable

UPF T2 —_—

UPF T3 (highest) ——

Average HEI L]

Baseline age L]

Average kcal/day [ ]

Sex (men) —a—

Race/ethnicity (Black) —_—

Race/ethnicity (Other) _—

Years of education L

BMI L]

Smeking (past) ——

Smoking (current) —_—

e .n
Hazard Ratio (log scale)
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Hazard Ratios for Low SPPB-HFD

Variable

HFD T2 —

HFD T3 {highest) ——
Baseline age ]

Average kcal/day »

Sex (men) ——
Race/ethnicity (Black) —
Race/ethnicity {Other) —_—

Years of education -

BMI [ ]

Smoking (past) —a—

Smoeking (current) —_—i

For incident impaired physical function, defined as having an SPPB score < 10,
significant protective associations were observed in both the second and highest tertiles
of HEI-2020 compared to the reference level (overall p-value=0.046). Specifically,
participants in the second and the third tertiles of HEI-2020 had 19.6% (HR= 0.804, 95%
CI: 0.662 to 0.977, p=0.028) and 20.7% (HR=0.793, 95% CI: 0.646 to 0.973, p=0.027)
reduced risks of having impaired physical function compared to the reference level (HEI
T1) (Supplemental Table 4c). UPF consumption showed a trend toward increased risk
across tertiles, although these associations did not reach statistical significance. For HFD,
no statistically significant associations were observed between this dietary pattern and
SPPB (Supplemental Table 4c).

Figure 11. Hazard ratios and 95% CI for incident FI (defined as FI>0.2) by dietary
patterns in the BLSA study
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Hazard Ratios for Frailty Onset-HEI
Variable
HEI T2 ——
HEI T3 (highest} —
Easeline age "
Average kcal/day [ ]
Sex (men) ——
Race/ethnicity (Black) —_—

Race/ethnicity (Other) —_—

Years of education L]
Smoking (past) —a—
Smoking (current) i &
o o 1 H

an ]
Hazard Ratio (log scale)

Hazard Ratios for Frailty Onset-UPF

Variable

UPF T2 —_

UPF T3 (highest) —_—
Average HEI L]

Baseline age L]

Average kcal/day [ ]

Sex (men) —
Race/ethnicity (Black) —

Race/ethnicity (Other) | e |

Years of education L]
Smoking (past) ——
Smoking (current) F - -

50 n 5
Hazard Raio (log scale)

Hazard Ratios for Frailty Onset-HFD

Variable

HFD T2 ——
HFD T3 (highest) —
Baseline age "

Average kcal/day [ ]

Sex (men) —_—
Race/ethnicity (Black) —a—
Race/ethnicity {Other) —_——

Years of education L

Smoking (past) ——

Smoeking (current)

om W
Hazard Ratio (log scake)

In analyses of time to have first occurrence of frailty (FI>0.2), contrasting

associations were observed across the dietary patterns. Higher HEI-2020 was strongly
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associated with a reduced risk of frailty onset (overall p-value < 0.001), with participants
in the highest tertile experiencing a substantial 43.1% (HR=0.569, 95% CI: 0.464 to
0.697, p<0.001) lower risk of having incident frailty compared with those in the lowest
tertile. Conversely, higher UPF consumption was associated with an increased risk of
incident frailty (overall p-value= 0.0003), and participants with the highest UPF
consumption exhibited a 56.6% (HR=1.566, 95% CI: 1.245 to 1.969, p<0.001) increased
risk of incident frailty compared to those with the lowest consumption. The associations
between HFD and incident frailty were in a similar pattern to those observed between
UPF consumption and incident frailty, where higher HFD was associated with modest but
statistically significant increases in frailty risk across both higher tertiles (T2: HR=1.242,
95% CI: 1.009 to 1.529, p=0.041; T3: HR=1.236, 95% CI: 1.007 to 1.517, p=0.043)

(Supplemental Table 4d).

3.1.4 Sensitivity Analysis 1: Overall dietary quality and HABCPPB

Given that the BLSA cohort is predominantly non-Hispanic White and largely
composed of individuals with middle to high socioeconomic status, higher education
(college or graduate level), and good access to healthcare!”>!7* | it is noted in previous
studies that our participants may be healthier than the general population of the same
age!"173 Therefore, we decided to include the expanded version of SPPB that was
developed within the Health ABC study, HABCPPB, in our sensitivity analysis section to
minimize potential ceiling effects of the standard SPPB in this relatively high-functioning

population.

Across both cross-sectional and longitudinal analyses, distinct patterns emerged in

the associations between dietary patterns and HABCPPB. In cross-sectional analyses,
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HEI-2020 was not significantly associated with baseline HABCPPB, whereas higher UPF
consumption and HFD were associated with lower baseline HABCPPB scores, with
significant inverse associations observed for the highest tertiles of both UPF consumption
and HFD (Supplemental Table 5). In longitudinal analyses examining associations
between these three dietary patterns and HABCPPB over the follow-up period, no
significant interactions between dietary exposure and follow-up time were observed as
well. Therefore, the results of these models indicate persistent differences in HABCPPB
across tertiles of dietary patterns, rather than differential rates of change over time.
Consistent with findings from the SPPB analyses, HEI-2020 was not significantly
associated with HABCPPB, while higher UPF consumption was consistently associated
with lower HABCPPB scores, with significant associations observed for both the second
and the highest tertiles of UPF consumption. Higher HFD, particularly among
participants in the highest tertile of HFD, was also consistently and significantly
associated with lower HABCPPB scores compared with the reference group
(Supplemental Table 6). Across all models, HABCPPB declines significantly over time,
consistent with patterns observed for SPPB in the primary analysis. A Table 1 was created
to present baseline sociodemographic and health characteristics of participants by tertiles
of dietary exposure for HABCPPB analysis, which is presented in the Supplemental

Material section (Supplemental Table 7).

In summary, findings from this primary analyses that examine the potential role of
overall dietary quality, composed of three dietary patterns that reflected different
dimensions of diet, suggest that adherence to a healthier dietary pattern in addition to

restricting UPF consumption was associated with better physical function and overall
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health status and lower risks of having impaired physical function and incident frailty
among older adults. Notably, we observed unexpected positive associations between
higher dietary diversity, as measured by the HFD, and SPPB and FI, with the HFD score
exhibiting a pattern similar to that observed for UPF consumption. This overlap suggests
that dietary diversity measured by HFD may capture a broader range of foods that differ
substantially in nutritional quality and degree of processing. This leads us to think more
about the heterogeneity in nutritional composition and the potential health effects across
types of UPF, given the lack of a standardized definition of UPF. Therefore, we further
categorized UPF intake into ten subgroups based on food group information from the
BLSA FFQ to better elucidate the underlying drivers of this unexpected association with

physical function outcomes.

3.1.5 UPF subgroup analysis results

We classified all UPFs into ten subgroups based on previously outlined
classification criteria used in the Nurses’ Health Studies and the Health Professionals
Follow-up Study, with modifications!®3. The ten UPF subgroups were subsequently
ranked according to cumulative total consumption in servings per day across all valid

dietary assessment visits (Supplemental Table 8).

Table 14. UPF subgroups and the most commonly consumed items within each
subgroup (by sex) within the BLSA cohort

UPF subgroups Most consumed items
Male | Female
Cereals and breads Regular whole wheat breads
Sweet snacks Chocolate candy
Sauces Gravy Regular salad dressing
Dairy products Whole milk and whole Low fat yogurt
milk product
Sugar sweetened beverages (SSB) Diet coke with caffeine
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Ready-to-eat mixed dishes Miscellaneous. Soups
Processed meats and deli Regular deli/luncheon meat
Savory snacks Potato chips | Corn chips
Alcohol Mixed drinks
Others “Ultra Slim-Fast”, ready-to-drink'

! “Ultra Slim-Fast” refers to a commercial liquid meal-replacement shake marketed for weight loss or weight management

Table 14 summarizes the ten UPF subgroups, ranked by cumulative total
consumption (from highest to lowest) in servings per day across all valid dietary
assessment visits. The most commonly consumed items within each subgroup were
identified by calculating the average intake (in grams) of individual food items across all
visits. Some examples of the most consumed UPF items (Supplemental Table 8) from
these subgroups include “chocolate candy” in the “sweet snack™ subgroup, “regular
whole wheat bread” in the “cereals and breads” subgroup, and “regular salad dressing”
for females and “gravy” for males in the “sauces” group. Except for “chocolate candy”,
the other most consumed UPF items suggested that UPF intake in this cohort reflects
broader food choices oriented toward healthy eating practices (whole wheat bread, salad
dressing with salad, low-fat yogurt, etc.) rather than ultra-processed products more
commonly recognized in the market, such as ready-to-eat mixed dishes, frozen meals, or

hyper-palatable snacks.

In light of the heterogeneity of UPF items observed in this cohort, we
conducted sensitivity analyses examining the longitudinal associations between UPF
subgroups and study outcomes, and the detailed results are presented in Supplemental

Table 9a-d. (cross-sectional) and Supplemental Table 10a-d (longitudinal).

Across both cross-sectional and longitudinal analyses, associations between
UPF subgroups and physical function outcomes varied substantially by subgroup. For

grip strength, few consistent associations were observed across UPF subgroups in either
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sex in cross-sectional or longitudinal analyses, except the positive association between
moderate “sauce” consumption and grip strength among females (Cross-sectional: =
1.200, p=0.029; Longitudinal: = 1.243, p=0.009). In contrast, more consistent patterns
were observed for SPPB and FI. Several UPF subgroups, including “cereals and breads”,
“sauces”, “savory snacks”, “SSB”, “processed meats and deli”, “ready-to-eat mixed
dishes”, and “dairy products”, were associated with higher SPPB scores in longitudinal
analyses, particularly at higher levels of consumption (T3), whereas the “others”
subgroup was consistently associated with lower SPPB scores in both cross-sectional and
longitudinal models. For frailty, inverse associations were observed for “cereals and
breads”, “sauces”, “sweet snacks”, and “dairy products”, while positive associations with

FI were observed for “savory snacks”, “SSB”, and the “others” subgroup in selected

models.

Collectively, these findings underscore the heterogeneity of foods captured
within the UPF classification and suggest that UPF consumption may represent a wide
range of food choices rather than foods that reflect less health-oriented dietary behaviors.
In our analysis, several commonly consumed UPF items, such as regular whole wheat
bread and low-fat yogurt, are foods typically considered healthy and nutritionally
favorable. As a result, the dietary diversity captured by the HFD in our study may reflect
a realistic “mix” of both nutritionally favorable and less favorable food items, which may
contribute to the similar direction and magnitude of associations observed between HFD

and UPF consumption in relation to physical function and frailty outcomes.
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3.2 Results for Aim 2

3.2.1 Metabolomic signatures of the three complementary dietary scores

Building on the observed associations between dietary patterns and physical

function outcomes, we next investigated the metabolomic signatures cross-sectionally

associated with the three dietary patterns to provide potential biological pathways

underlying these associations.

Of the 466 metabolites assessed, we found 242 metabolites significantly

associated with both HEI-2020 and UPF, and 24 metabolites significantly associated with

HFD, respectively, after adjusting for covariates of interest and correcting for FDR.

(Figure 12).
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Figure 12. Metabolomic signatures of HEI-2020, UPF consumption, and U.S. HFD in

the BLSA study

*Each dot represents a metabolite tested for cross-sectional associations with the corresponding dietary pattern (X-axis). The Y-axis of
these volcano plots shows the statistical significance of the diet-metabolite associations. Metabolites significantly associated with the
dietary pattern are highlighted in red, with points located higher on the plot indicating stronger statistical significance.

Significant overlap was observed across the three dietary patterns, with 166

metabolites jointly associated with HEI-2020 and UPF consumption (all showed opposite

directions of association), 15 metabolites associated with UPF consumption and HFD (all
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showed the same direction), and 2 metabolites shared between HEI-2020 and HFD (both
are in the same direction) (Figure 13). Notably, four metabolites, including tryptophan
betaine (TrpBetaine), sphingomyelin (SM) C24.1 and C26.1, and a monounsaturated fatty

acid species TG.16.1 32.2, were associated with all three dietary patterns.

Diet-significant metabolites

HEI HFD
2
- (0.631%) .
(22.1%) (0.946%)
4
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57
(18%)
UPF

Figure 13. Overlap of metabolites significantly associated with dietary patterns

Among the metabolites significantly associated with HEI-2020, 150 of them
were TG-related metabolites. The strongest associations were observed for
docosahexaenoic acid (DHA), phosphatidylcholine PC.ae.C38.4, cholesterol ester
CE.20.5, and eicosapentaenoic acid (EPA). Most of these metabolites were positively
associated with higher HEI-2020 scores, while several metabolites, such as PC.ae.C38.4

(5=-0.023, FDR-p<0.001) (Supplemental Table 11), showed inverse associations.

A similar TG-dominant pattern was observed for UPF consumption
(Supplemental Table 12). However, consumption of UPF was associated with a greater
number of PC- and a wider range of TG-related metabolites. Specifically, both saturated
and unsaturated fatty acid-containing TGs were identified, including palmitic acid-
containing TGs as well as DHA, EPA, and arachidonic acid (TG.20.0)-containing TGs.

As expected, saturated fatty-acid-related metabolites were generally positively associated
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with UPF consumption, resulting in a lipid profile that contrasted with what was observed

for HEI-2020.

In contrast to HEI-2020 and UPF, the 24 metabolites associated with HFD
were more likely to be amino acids and amino-acid-related metabolites, including proline

betaine (ProBetaine), a-aminobutyric acid (AABA), and serine (Supplemental Table

13).

Overall, metabolites associated with the three dietary patterns spanned
multiple biochemical classes, including TGs, PCs, CEs, SMs, amino acids and related
metabolites, ceramides, lysophosphatidylcholines, indoles, diglycerides, acylcarnitines,
bile acids, and carboxylic acids. Notably, among the four metabolites that were
significantly associated with all three dietary patterns, TrpBetaine, SM C24.1, and SM
C26.1 were positively associated with HEI-2020 but inversely associated with both UPF

consumption and HFD, while TG.16.1 32.2 showed the opposite pattern.

3.3 Results for Aim 3

3.3.1 Diet-related metabolites that are associated with physical function outcomes

To explore the biological context linking dietary quality to musculoskeletal
health and physical function in older adults, we next examined associations between diet-
related metabolites and grip strength, SPPB, and FI. We conducted analyses of 317
identified diet-related metabolites (242 for both HEI and UPF, 24 for HFD), with
longitudinal function measures to identify diet-associated metabolites that are linked with
functional outcome. The results of the analyses are presented below in the format of

scatter plots (Figures 14-16).
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Figure 14. Associations of diet-related metabolites with repeated measures of grip
strength across HEI-2020 (left), UPF consumption (middle), and HFD (right) in BLSA

*Each grey dot represents a metabolite tested for cross-sectional associations with the corresponding dietary pattern (shown in the X-
axis) in Aim 2, regardless of statistical significance.
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Figure 15. Associations of diet-related metabolites with repeated measures of SPPB
across HEI-2020 (left), UPF consumption (middle), and HFD (right) in BLSA

*Each grey dot represents a metabolite tested for cross-sectional associations with the corresponding dietary pattern (shown in the X-
axis) in Aim 2, regardless of statistical significance.

Across longitudinal analyses, no diet-related metabolites were significantly
associated with changes in grip strength or SPPB score over time, after adjusting for
sociodemographic characteristics of participants and multiple testing correction. As
illustrated in Figure 14, the majority of metabolites in the grip strength scatter plot
clustered around the null. Although no shared metabolites were identified for

longitudinal associations with SPPB after multiple testing correction, the scatter plots
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nonetheless revealed consistent patterns across dietary patterns (Figure 15). Specifically,
metabolites associated with higher HEI-2020 showed positive associations with SPPB
over time, whereas metabolites associated with UPF consumption showed inverse
associations with SPPB. A similar inverse pattern was observed for HFD, although the
magnitude and spread of associations appeared weaker compared with those observed for
UPF consumption. The patterns of the SPPB scatter plot convey the same message as our
findings from the longitudinal analyses, that a higher adherence to a healthy dietary
pattern and lower UPF consumption may have beneficial health impacts on lower
extremity physical function preservation over time, although individual metabolite

associations did not reach statistical significance.
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Figure 16. Associations of diet-related metabolites with repeated measures of FI across
HEI-2020 (left), UPF consumption (middle), and HFD (right) in BLSA

*Each grey dot represents a metabolite tested for cross-sectional associations with the corresponding dietary pattern (shown in the X-
axis) in Aim 2, regardless of statistical significance. Pink dots represent the Aim 2-identified metabolites that were significantly
associated with the repeated measures of FI (shown in the Y-axis) only, and the red dots with black borders represent metabolites that
were significantly associated with both the dietary patterns and the repeated measures FI, representing the targeted, diet-outcome
metabolites that we aimed to explore.

In contrast, several diet-related metabolites showed significant associations with
FI trajectories (Figure 16). Specifically, 114 HEI-related, 131 UPF-related, and 12 HFD-

related metabolites showed significant associations with FI, with a subset of metabolites
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overlapping across more than one dietary pattern. These shared metabolites spanned
multiple biochemical classes, including SM, TG, PC, and amino acid-related metabolites,

underscoring the metabolic complexity of frailty development.

Among the shared metabolites, SM C24.1 and SM C26.1 were notable for their
consistent associations across analyses, showing directions of association that paralleled
healthier dietary patterns and lower frailty burden. TrpBetaine, a gut microbiota—related
metabolite commonly linked to plant-based food intake, was also among the shared
metabolites and demonstrated associations consistent with lower frailty progression. In
contrast, TG.16.1_32.2 showed an opposing pattern, with associations aligned with
higher UPF consumption and dietary diversity. But this TG-related metabolite was not
significantly associated with FI. Additional shared metabolites, including specific PC and
TG species, further reflected the important role of lipid or energy metabolism associated

with frailty development.

Overall, these findings indicate that, while diet-related metabolites were not
longitudinally associated with changes in grip strength or SPPB, a distinct subset of
metabolites, particularly lipid and amino acid-related species, was associated with frailty
progression over time. The presence of metabolites jointly associated with dietary
patterns and FI suggests potential biological pathways linking diet quality to cumulative
deficit accumulation in aging, supporting frailty as a more metabolically sensitive

indicator of overall physiological decline than isolated measures of physical performance.
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3.4 Validation analysis: HEI-FI in Health ABC Study

To assess the robustness and generalizability of associations between dietary

quality and FI, validation analyses were conducted in the Health ABC cohort to
determine whether the HEIfrailty associations and metabolomic signatures observed in

the BLSA were reproducible.

Table 15.Baseline sociodemographic and health characteristics (mean [standard
deviation] or percentage) among Health ABC study participants by tertiles of HEI-
1995

HEI-1995
Total Tertile 1 Tertile 2 Tertile 3 p-value'

(Lowest)
n 2,658 924 889 845
Female (%) 1357 (51.1) 415 (44.9) 453 (51.0) 489 (57.9) <0.001
Baseline age (years) 74.6 (2.9) 74.4 (2.9) 74.8 (2.8) 74.8 (2.9) 0.004
Baseline FI 0.143 (0.11) 0.152 (0.11) 0.142 (0.11) 0.135(0.11) 0.006
Race/ethnicity (%) <0.001
White 1643 (61.8) 465 (50.3) 559 (62.9) 619 (73.3) <0.001
Black 1015 (38.2) 459 (49.7) 330 (37.1) 226 (26.7) <0.001
BMI (kg/m?) 27.3 (4.8) 27.4(5.0) 27.4 (4.5) 27.2 (4.8) 0.529
Average daily energy 1868 (681.0) 1932 (819.0) 1863 (665.0) 1801 (503.0)  0.0003

(kcal/day)

! p-values represent overall differences across tertiles and were calculated using one-way ANOVA for continuous variables and
Pearson’s chi-square tests for categorical variables. Pairwise p-values for individual categories are presented only when the overall test
was statistically significant.

A total of 2658 older adult participants from the Health ABC study were included
in the validation analysis, and some of their baseline characteristics are presented in
Table 15. The average age of these participants was 74.6 years, and 51.1% of them were
female. Participants with higher HEI scores were more likely to be female, older, and
Non-Hispanic White. Baseline frailty burden decreased across increasing HEI adherence,
with lower FI observed among participants with higher dietary quality. Racial and ethnic

groups also differed by HEI tertile, with a larger proportion of Black participants in the
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lowest HEI tertile and a higher proportion of White participants in the highest HEI tertile.
Similar to what we observed in the BLSA cohort, average daily energy intake was highest
among participants in the lowest HEI tertile and lowest among those in the highest tertile.
The BMI of the Health ABC participants included in this validation analysis did not differ

significantly across HEI tertiles.

Table 16.Cross-sectional associations HEI-1995 and FI status of Health ABC study
participants, adjusted for sociodemographic characteristics

Variables Bs (Estimates) 95% Cls p-value®
HEI-1995 0.003

T1 (Lowest) (Reference)

72 -0.010 (-0.020, -0.00004) 0.049

73 -0.018 (-0.028, -0.008) 0.0007
Average daily energy 0.000001 (-0.00005, 0.000007) 0.686
Baseline age' 0.005 (0.003, 0.006) <0.001
Sex (Female) 0.051 (0.043, 0.060) <0.001
Race/ethnicity?

Black 0.033 (0.024, 0.041) <0.001

! “Baseline age” represents participants’ age at the Year 2 Health ABC visit, when the dietary intake and frailty status were collected.
2 The reference group of “Race/ethnicity” is White.

3 p-values correspond to Type 11T Wald tests evaluating the overall association across the HEI-1995 tertiles with baseline FI. Pairwise
p-values for individual categories are presented only when the overall test was statistically significant.

In this cross-sectional validation analysis, higher adherence to the HEI-1995
was significantly associated with lower baseline FI (Table 16). Compared with
participants in the lowest HEI tertile (T1/reference), those in the second tertile had
modestly lower FI values (f =—0.010, p = 0.049), while participants in the highest tertile
exhibited the lowest baseline FI (B =—-0.018, p = 0.0007), demonstrating a clear dose—
response relationship between adherence to HEI and FI as what we observed in the

primary analysis.

Similar to findings from the primary analysis, older baseline age was
associated with higher frailty burden, with FI increasing by 0.005 units per additional

year of age. Female participants and Black participants also had significantly higher FI
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values compared with male participants and White participants, respectively. Average

daily energy intake was not significantly associated with FI in this model.
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Figure 17. Metabolomic signature of HEI-1995 in the validation analysis of the
Health ABC Study

*Each dot represents a metabolite tested for cross-sectional associations with HEI-1995 in the Health ABC study (X-axis). The Y-axis
of these volcano plots shows the statistical significance of the diet-metabolite associations. Metabolites significantly associated with
the dietary pattern are highlighted in red, with points located higher on the plot indicating stronger statistical significance.

Using plasma metabolites measured using the same platform as BLSA, the
validation analysis was restricted to HEI-related metabolites identified in the discovery
study. Of the 242 metabolites tested, we identified 94 metabolites in the Health ABC
study that were significantly associated with HEI-1995 after multiple testing correction
(Figure 17). These metabolites were also predominantly lipid species, including PC, CE,

and fatty-acid-related metabolites.

Similar strong positive associations with HEI were observed for long-chain
polyunsaturated fatty acids such as EPA and DHA. Several additional PC- and CE-related
metabolites also showed positive associations with HEI. This HEI-related metabolomic
signature identified in the Health ABC cohort reflected a lipid profile consistent with

healthier dietary patterns and closely related to the HEI-2020 metabolomic signature
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observed in the primary metabolomic analysis using BLSA data. A smaller number of
metabolites, including sphingolipid metabolite hexosylceramide (Hexcer).d18.1.18.1, and

PC-related metabolites (PC.aa.C32.3) were inversely associated with HEI-1995.
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Figure 18. Cross-sectional associations of HEI-related metabolites with FI in Health
ABC study

*Each grey dot represents a metabolite tested for cross-sectional associations with the HEI-1995 (shown in the X-axis), regardless of
statistical significance. Pink dots represent the metabolites that were significantly associated with baseline FI (shown in the Y-axis)
only, and the red dots with black borders represent metabolites that were significantly associated with both HEI-1995 and FI,
representing the targeted, diet-outcome metabolites that we aimed to explore.

Among the 94 HEI-related metabolites in the Health ABC study, 16 of them were
also significantly associated with baseline FI in the Health ABC study (Figure 18),
suggesting potential overlap between HEI-related metabolic pathways and frailty status.
Metabolites jointly associated with higher HEI and lower FI (lower right quadrant)
include mostly PC-related metabolites and CE-related metabolites enriched in long-chain
polyunsaturated fatty acids. These overlapped metabolites and the biological pathways
they are involved in may underscore the potential biological connections linking a

healthy diet and the frailty status of older adults.
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Figure 19. Cross-sectional associations of HEI-related metabolites with FI in the
BLSA study

*Each grey dot represents a metabolite tested for cross-sectional associations with the HEI-2020 (shown in the X-axis), regardless of
statistical significance. Pink dots represent the metabolites that were significantly associated with baseline FI (shown in the Y-axis)

only, and the red dots with black borders represent metabolites that were significantly associated with both HEI-2020 and FI in the
BLSA.

In contrast to the cross-sectional HEI-FI scatter plot generated from the primary
metabolomic analyses in the BLSA cohort (Figure 19), in the Health ABC HEI-FI scatter
plot (Figure 18), we did not observe a distinct cluster of metabolites in the upper left
quadrant representing associations with lower HEI and higher FI. Instead, the second
cluster emerged in the upper right quadrant, comprising metabolites that were positively
associated with both HEI and FI. A distinct metabolite clustering pattern was observed
between these two studies, potentially attributable to differences in the two versions of

HEI scores (HEI-2020 in BLSA vs HEI-1995 in the Health ABC study).
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Chapter 4: Discussion

4.1 Overall summary of principal findings

In this dissertation, we used the data from the Baltimore Longitudinal Study of
Aging (BLSA) to examine how different dimensions of dietary quality, including
adherence to the HEI-2020, UPF consumption, and diet diversity, were associated with
trajectories of physical function and frailty among U.S. older adults, integrating
metabolomic analyses to provide potential biological context for the observed
associations. To test the robustness and generalizability of the findings from the primary

analysis, a validation analysis was conducted using data from the Health ABC study.

Overall, the study supports that higher adherence to the recommended healthy
dietary patterns, reflected by higher scores on the HEI-2020, was consistently associated
with better physical function and frailty outcomes. From cross-sectional analyses, at
baseline, participants with higher adherence to the HEI-2020 tended to have higher
lower-extremity physical function measured using SPPB scores and lower frailty burden
measured by the FI. Longitudinal analyses show that higher scores on the HEI-2020 was
consistently associated with higher scores on the SPPB and lower FI throughout the
follow-up period, suggesting that sustained adherence to dietary recommendations may
contribute to healthier aging in terms of better maintenance of physical function. The
beneficial impacts of higher HEI-2020 were most consistent for SPPB and FI, whereas

associations with grip strength were comparably modest and sex-specific.

Consistent with our hypothesis, higher UPF consumption was generally
associated with less optimal physical function outcomes and greater F1. Specifically,

based on the findings from the cross-sectional analyses at baseline, higher UPF
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consumption was associated with lower SPPB scores and higher FI. A similar pattern was
observed in the UPF longitudinal analyses, where participants with higher UPF
consumption had consistently higher FI over time. Additionally, higher UPF consumption
was associated with poorer grip strength trajectories among females, while associations
among males were weaker or non-significant. These findings suggest that processing
levels of foods and daily consumption of UPF are important and potentially detrimental
dimensions of dietary quality relevant to functional decline and frailty development

during aging.

Dietary diversity, as measured by the U.S. HFD index in our study, demonstrated
a more complex pattern of associations with the physical function-related outcomes. In
contrast to previous studies linking great dietary diversity to favorable health profiles, the
cross-sectional analysis within the BLSA showed that higher dietary diversity was
associated with lower baseline grip strength, lower baseline SPPB scores, and a higher
baseline frailty index. Similar patterns were observed in the longitudinal analysis of the
association between HFD and SPPB and FI trajectories. These counterintuitive
associations observed in the BLSA may be explained by the dietary patterns captured by
HFD. Notably, higher HFD scores were positively correlated with both higher HEI-2020
and higher UPF consumption in our cohort, suggesting that the greater dietary diversity
detected may reflect a broader inclusion of foods spanning a wide range of nutritional
quality. To best summarize our findings with the HFD analyses, dietary diversity alone
may not be sufficient to characterize dietary quality in older adults, and the health

implications of diverse diets may depend on the specific foods contributing to that
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diversity. In light of this heterogeneity, we further examined the types of UPF consumed

by participants by conducting UPF subgroup analyses.

The findings of the UPF subgroup analyses demonstrated that not all UPFs were
uniformly associated with adverse physical function and frailty outcomes. Several
commonly consumed UPF subgroups in the BLSA, such as “cereals and breads”,
“sauces”, and “dairy products”, were associated with better lower-extremity function and
lower frailty burden, whereas other UPF subgroups, especially the “others” subgroup that
mainly includes the weight loss or meal replacement product “Ultra Slim-Fast Powder,”
showed the most detrimental impacts on the functional outcomes. This nutritional
heterogeneity captured within the food categorization using the Nova system further
highlights the importance of having standardized definitions of UPF that consider both

food matrix and nutrient composition beyond food processing levels.

The second and third parts of the dissertation focused on developing metabolomic
profiles of the three dietary patterns and exploring potential biological pathways linking
dietary quality to changes in the risks of physical function decline and frailty
development. Metabolomic signatures were identified for the three dietary patterns,
supporting that habitual diet intake is correlated with circulating metabolomic profiles.
There was substantial overlap between HEI-2020- and UPF consumption-associated
metabolites, where the most shared-metabolites showed an inverse relationship, reflecting
the close but opposing nature of the dietary score design. Distinct dietary patterns were
associated with metabolomic signatures implicating different biological pathways
relevant to frailty. Higher adherence to HEI-2020 was characterized by lipid metabolites

involved in membrane integrity and anti-inflammatory signaling, including omega-3 fatty
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acids, phosphatidylcholines, and sphingomyelins. UPF consumption was associated with
more widespread triglyceride elevations and markers of impaired renal clearance, which
may suggest metabolic stress and de novo lipogenesis. Metabolites associated with HFD
were more heterogeneous and enriched for amino-acid-related and microbial-derived
metabolites, indicating that diversity alone may not reflect metabolically protective

dietary patterns.

While no individual diet-related metabolites were significantly associated with
longitudinal changes in grip strength or SPPB after multiple testing correction and
adjustment of covariates, several diet-associated metabolites were significantly related to
frailty progression. Four metabolites, including tryptophan betaine (TrpBetaine),
sphingomyelin C24:1, sphingomyelin C26:1, and a monounsaturated triglyceride-related
metabolite (TG.16.1-32.2), emerged to share across all three dietary patterns and link diet
to frailty trajectories. By exploring the biological pathways in which these metabolites
are involved, we may find potential support at the molecular level for the observed

associations between dietary quality and frailty development in aging.

Collectively, the findings of this dissertation demonstrate that different
dimensions of dietary quality capture related but distinct aspects of diet that have
meaningful and divergent implications for the maintenance of physical function and
frailty development in older adults. Higher adherence to a recommended healthy dietary
pattern was consistently associated with better physical function outcomes and healthier
aging, whereas greater daily consumption of UPF and broader dietary diversity that
included nutritionally heterogeneous foods were associated with detrimental outcomes.

The integration of metabolomic profiling of the dietary patterns and metabolomic
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analyses allows us to provide more insights at the molecular level for the observed
associations, further reinforcing the importance of a healthy diet as a modifiable

determinant of healthy aging.

4.2 Dietary patterns, physical function, and frailty

Diet influences muscle strength, mobility, and resilience through interconnected
metabolic and inflammatory pathways, and therefore plays a fundamental role in
musculoskeletal health and physical function in aging. Early research in nutrition science
mainly focused on the role of individual nutrients in maintaining musculoskeletal health.
Landmark work by McCollum and colleagues, who first identified vitamin D as a dietary
factor essential for skeletal health and for prevention and cure of rickets'®’, helped
establish the foundation for investigating diet-musculoskeletal relationship. Building on

this nutrient-centered framework, subsequent studies?%0-203

examined the role of specific
nutrients in maintaining muscle mass and physical function in older adults. While these
studies established important biological foundations, subsequent evidence suggested that
the effects of single nutrients on physical function and frailty are often modest and
context-dependent, varying by factors such as baseline health status, dose of the nutrient
supplements, intakes of other nutrients, and aging-related physiological changes. For
example, in a meta-analysis published by Bischoff-Ferrari HA et al. in 2009 that
investigated the role of vitamin D in fall prevention among older adults in eight
randomized controlled trials?**, heterogeneity among trials was observed for the dose of
vitamin D, with only higher dose vitamin D supplementation demonstrating significant

reductions in fall risk. Such findings highlight the complexity of diet-health relationships

and the challenges of isolating the effects of single nutrients.
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The conceptual and methodological limitations of single-nutrient research have
been widely discussed in the previous literature??3-2%, We consume meals composed of a
variety of foods containing complex and potentially interactive combinations of nutrients,
making it difficult for single-nutrient research to adequately capture these interactions.
Moreover, high intercorrelations among nutrients, such as the example of calcium and
vitamin D, or potassium and magnesium, complicate efforts to disentangle their
independent effects. Dietary pattern analysis, which considers foods and nutrients as they
are consumed in combination, more closely reflects real-world eating behaviors and
enables the assessment of joint and potentially synergistic effects of multiple dietary
components. Given that musculoskeletal health and physical function are also likely
shaped by the combined and interactive effects of multiple foods and nutrients rather than
isolated nutrient exposure, dietary pattern-based analysis is the more reasonable approach
to capture the more practical overall dietary quality and its relevance to functional aging.
With this context, the present dissertation examines how different dimensions of dietary

patterns relate to multiple domains of physical function and frailty in older adults.

To facilitate interpretation of the findings, the discussion below is organized
around the interrelated progression linking muscle health, physical function, and frailty,
as introduced earlier in the Introduction section of this dissertation (Figure 1). Declines
in muscle strength impair mobility and balance, leading to impaired physical
performance. Worsening physical function reduces habitual physical activity, which in
turn may contribute to the loss of physiological reserve by limiting the capacity of
neuromuscular and metabolic systems to adapt to stressors, thereby accelerating muscle

loss and promoting the development of frailty. Frailty, in turn, will also exacerbate both
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muscle mass and strength loss (sarcopenia), creating the self-reinforcing cycle of physical
function decline in older adults. Within this framework, grip strength serves as an
indicator of localized upper extremity muscle mass and strength, SPPB measures the
physical performance and balance, and FI reflects the accumulation of downstream

deficits arising from prolonged impairments in muscle health and physical function.

4.2.1 Dietary patterns and sex-specific grip strength

In this dissertation, associations between dietary patterns and grip strength were
sex-specific and modest. Overall, greater adherence to a healthier dietary pattern, as
reflected by higher HEI-2020 scores, was associated with better grip strength, although
the magnitude and consistency of these associations differed by sex. Among males,
higher scores on HEI-2020 were associated with persistently higher maximum grip
strength over a median follow-up period of 3.96 years, up to 12.6 years. In females,
higher scores on HEI-2020 were more strongly associated with a reduced risk of
developing low grip strength (defined as maximum grip strength < 20kg), and
consumption of UPF was associated with persistent lower grip strength in females from
the longitudinal analysis. Dietary diversity, as measured by HFD, was. Not associated

with grip strength in both sexes, based on findings from our analyses.

These findings suggest that overall dietary quality is associated with grip strength
in both males and females, but the magnitude of associations may differ by sex. This
interpretation is consistent with evidence from prior studies that show the health benefits
of higher HEI scores on stronger grip strength. For example, a study used data from the

2011-2014 wave of NHANES that examined the associations between HEI-2015 and grip
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strength, found that participants with the highest quartile of HEI-2015 (average HEI
score=72.0) had 24% lower odds of having low grip strength (defined as maximum grip
strength < 35.5kg for men and < 20kg for women) compared to the reference group
(average HEI score=37.3)%"7. Outside of the U.S., findings from the Helsinki Birth Cohort
Study show that older females in the highest quartile of the Nordic Diet Score, a dietary
pattern score emphasizing whole foods and similar to the HEI, had 14.2 newton (N)

greater handgrip strength than those in the lowest quartile?®®,

The sex-specific associations between dietary quality and grip strength observed
in this dissertation imply that the benefits of a healthy diet for the maintenance of muscle
strength during aging may differ between males and females. Because grip strength

209 it may be more

primarily reflects upper-extremity muscle strength and muscle mass
sensitive to sex-related biological and physiological differences in muscle function than
composite measures such as the SPPB and FI that capture multisystem performance. In

addition, we performed tests for diet-sex interaction across all three outcomes and only

found significant interaction in the grip strength analyses.

One critical explanation for why higher HEI-2020 was associated with grip
strength maintenance over time among males and reduced risk of low grip strength
among females may relate to differences in baseline grip strength distributions. In this
cohort, a smaller proportion of males met the criteria for low grip strength at baseline
compared with females (12% vs. 23%), and fewer incident low grip strength events were
observed among males during follow-up (23% vs. 30%). These distributions suggest that
male participants entered the study farther above the clinically defined threshold for low

grip strength and experienced fewer events over time, which may have limited our
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statistical power to detect the diet-related differences in the risk of incident low grip
strength among males. Consequently, improvements in overall dietary quality may have
more meaningful implications for delaying the onset of clinically low grip strength
among females. Whereas among males, dietary quality may be more readily reflected in
the maintenance of their grip strength over time rather than in the prevention of having

low grip strength.

Second, the sex-specific biological and physiological differences in hormonal
levels may further contribute to the differences in absolute muscle mass, muscle fiber
composition, and how skeletal muscle responds to dietary exposures during aging.
Circulating concentrations of sex hormones, specifically for testosterone and estrogen,
are inherently distinct between males and females and decline with age, with a more
pronounced and abrupt reduction in estrogen levels occurring in women during the
menopausal transition?!®, These hormonal changes are linked to changes in muscle
metabolism, protein turnover, and energy utilization, all of which are critical to the
maintenance of muscle mass and strength?!!. Experimental and observational
investigations suggest that estrogen plays a regulatory role in skeletal muscle by
supporting muscle repair and regeneration, as well as reducing inflammation?!'212, while
testosterone influences muscle mass and strength through anabolic pathways that enhance
protein synthesis?!3 and improve aerobic capacity?!4. In women, the decline in estrogen
during aging, especially following menopause, has been associated with reduced muscle
mass and strength, increased intramuscular fat infiltration, and impaired metabolic

215,216

function , which together increase vulnerability to sarcopenia, functional decline,

and frailty. On the other hand, although testosterone levels decline gradually with age in
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men, the absolute testosterone concentrations in men generally remain higher than those
in women, which may partially preserve anabolic capacity and muscle strength in later

lif6210’2 17

Third, the biological differences between males and females in the skeletal muscle
anabolic pathway may also explain the sex-specific associations we observed between
dietary patterns and grip strength. Although the reduced ability of the skeletal muscle to
respond to both dietary protein intake and exercise, termed “anabolic resistance™?!'8,
occurs in both sexes with aging, it is suggested that menopausal estrogen deficiency in
women may further exacerbate this condition through reduced insulin sensitivity?!?,

217,220,221

impaired insulin-mediated muscle blood flow , and diminished glucose and amino

acid delivery to skeletal muscle?!’

. Estrogen loss has also been associated with impaired
muscle repair and increased inflammation?'22!3, Hence, the dietary components
emphasized in the HEI-2020, including adequate protein intake, higher consumption of
fruits and vegetables, and limited intake of pro-inflammatory foods, may be particularly
important for mitigating the risk of clinically low grip strength among women. In
contrast, among men, higher dietary quality may be more strongly reflected in the

maintenance of absolute muscle strength over time, consistent with their greater baseline

muscle reserve and anabolic capacity.

Higher consumption of UPFs, which are often characterized by lower nutritional
quality and higher contents of refined carbohydrates, unhealthy fats, and pro-
inflammatory additives, is shown to be inversely associated with grip strength in previous
nutrition studies, as well as in our analyses. Compared to participants in the lowest

quintile of UPF consumption, participants from the prospective Singapore Chinese
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Health Study in the highest quintile of UPF consumption showed a reduction of 0.411kg
in absolute hand grip strength and an odds ratio of 1.32 for muscle weakness over a
median follow-up of 21.2 years, after adjusting for covariates including overall dietary
quality??. In the Tianjin Chronic Low-grade Systemic Inflammation and Health cohort
that explored associations between diet and health-related outcomes among adults in
Tianjin, China, each 10% increase in the proportion of UPFs in the diet was associated
with an annualized decline of 0.371 kg in grip strength, indicating that higher UPF
consumption is associated with more rapid grip strength decline in middle-aged and older

Chinese adults?%.

Several biological mechanisms may underlie this inverse association. First,
increased UPF intake has been associated with greater adiposity and intramuscular fat
infiltration??%, which can impair muscle protein synthesis and insulin sensitivity that will
eventually lead to muscle mass and strength loss, obesity, and diabetes??’. Second, UPFs
often contain artificial sweeteners, preservatives, emulsifiers, and favoring agents that
can alter gut microbiota composition and promote chronic low-grade inflammation, as
shown in animal and ex vivo studies??®??’, This inflammatory response involves
increased production of cytokines such as tumor necrosis factor- @ (TNF-a), interleukin-
6, and activation of NF-kB signaling, which play a central role in age-related decline in
muscle strength??822°, Several human studies have also examined the associations
between consumption of UPF or specific additives and gut microbiota composition, with
results suggesting involvement of similar inflammatory pathways. In a cross-sectional
analysis of UPF consumption and gut microbiota in a group of overweight senior subjects

within the PREDIMED-Plus trial, higher UPF consumption was positively associated
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with abundances of Alloprevotella, Negativibacillus, Prevotella, and Sutterella®*’. Among
these four taxa, Prevotella and Negativibacillus were associated with patients with

ulcerative colitis?!

, and Sutterella has been linked to inflammatory gastrointestinal
diseases*3??33. In a randomized, controlled feeding study by Chassaing et al., healthy
adult participants consumed either an emulsifier-free diet or an identical diet with the
addition of a commonly used food emulsifier, carboxymethylcellulose (CMC), for 15g
per day for 14 days®?’. The result of this feeding study found that adding CMC to the
healthy, additive-free diet increased postprandial abdominal discomfort and altered gut
microbiota composition??’. Consumption of emulsifier has been associated with
disruptions to the intestinal mucus layer and impaired tight junction integrity, which may
increase intestinal permeability and promote chronic low-grade inflammation?®**. Third,
advanced glycation end products generated during food processing and high-temperature
preparation have been associated with poor muscle strength?3*-2%’, Finally, UPF
consumption may increase exposure to endocrine-disrupting chemicals, such as
phthalates and bisphenols, commonly used in food packaging. One population-based

study showed that exposure to phthalates was inversely associated with grip strength in

U.S. adults using data from the 2011 to 2014 waves of NHANES?38,

Taken together, our findings for the grip strength-related analyses reinforced the
importance of adherence to a healthy dietary pattern and restricted intake of UPF as a
strategy to preserve muscle strength and reduce the risk of clinically meaningful muscle

weakness (low grip strength) during aging.

103



4.2.2 Dietary patterns and SPPB

Grip strength and SPPB are frequently used together in clinical and research
settings as complementary measures to provide an assessment of physical performance in
older adults?**-?42, Lower-extremity physical function, as measured by the SPPB,
represents an integrated measure of functional capacity that complements grip strength,
capturing balance, gait speed, and chair stand performance*®. We also examined a
modified version of SPPB, the Health ABC SPPB (HABCPPB), which is a modified
version of SPPB that requires a longer balance test and a more difficult standing balance
test with a single leg in the sensitivity analysis. These components require coordinated
neuromuscular, metabolic, and cardiovascular function and are strongly predictive of
mobility, independence, and disability in older adults. Examining the associations
between the three dietary patterns and SPPB, therefore, provides insight into how overall
dietary quality relates not only to muscle strength but also to the preservation of

functional performance and mobility during aging.

In this dissertation, higher adherence to the HEI-2020 was associated with a lower
risk of developing incident impaired physical function, defined as having an SPPB score
< 10, emphasizing the potential role of overall dietary quality in maintaining physical
function, mobility, and independence. In contrast, moderate-high UPF consumption (T2)
and greater dietary diversity were consistently associated with lower SPPB score over
time, suggesting that diets characterized by lower nutritional quality may adversely affect
integrated physical performance. Similar patterns observed for HABCPPB in our
sensitivity analysis further support the robustness of these associations across composite

measures of physical function.
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Prior observational studies have consistently demonstrated the significant role of
diet in the overall physical function and independence preservation of older adults. For
example, in the INCHIANTI study, higher adherence to the Mediterranean diet, measured
using the Mediterranean diet score (MDS), was associated with less decline in SPPB
score over up to 9 years of follow-up compared to those with lower adherence®®’. Within
the BLSA study, previous analyses have examined the associations between several other
healthy dietary pattern scores, including the plant-based dietary indices®4, the Alternative
Healthy Eating Index®’, and the Mediterranean-Dietary Approaches to Stop Hypertension
(DASH) Intervention for Neurodegenerative Delay (MIND) diet®®, and SPPB. Potential
biological mechanisms underlying these associations, as suggested by previous studies,
include greater exposure to beneficial nutrients among individuals adhering to healthier
dietary patterns®. Such dietary patterns are typically rich in antioxidant nutrients,
including vitamin C and B-carotene, which may help attenuate oxidative stress and
inflammation, and thereby lower the risks of physical function decline and impairment?#,
These dietary patterns also provide higher intakes of omega-3 fatty acids and dietary
protein that support muscle strength and bone mineral density?*’. Consistent with these
proposed mechanisms, several metabolites identified in the HEI-2020 metabolomic
signature in this dissertation, like DHA, EPA, and proline betaine (ProBetaine), provide

additional support for the anti-inflammatory characteristics of a healthy dietary pattern.

In contrast, fewer studies evaluated the impact of UPF consumption on SPPB and
its changes over time. One study that provides relevant insight is the Seniors-ENRICA
study, which examined the inflammatory potential of diet, assessed using the Empirical

Dietary Inflammatory Index (EDII) and the Dietary Inflammatory Index (DII), in relation
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to risks of frailty and disability?*. Higher scores on dietary inflammatory indices were
associated with slower gait speed and lower SPPB score in this study?*6. Considering the
pro-inflammatory characteristics of UPFs, such as high contents of refined carbohydrates
and unhealthy fats, and the prior evidence linking the inflammatory dietary pattern score
to poorer physical function, it is plausible that higher UPF consumption may also
adversely affect lower-extremity physical function, balance, and coordination, as
measured by the SPPB. This interpretation is consistent with our findings, in which
participants with higher UPF consumption had lower SPPB scores over time in the

longitudinal analysis.

In our analyses, we observed an interesting pattern that only a moderate level of

UPF consumption was associated with lower SPPB scores over time. When reviewing the
results of the UPF subgroup analysis, we found that higher consumption of all subgroups
except “alcohol” and “other” was associated with higher SPPB scores over follow-up.
Once again, this pattern highlights the heterogeneity of foods captured within the UPF
classification, and that not all UPFs reflect less healthy food choices. More importantly, it
may convey the message that, in older adults, ensuring sufficient energy intake may be
more important for preserving overall physical function and balance, potentially

outweighing the influence of dietary quality on physical function preservation in this age

group.

As noted earlier, aging is commonly accompanied by reductions in overall energy
intake due to multiple factors?#7->#8, Inadequate energy and nutrient intake can lead to
poor nutritional status in older adults and often result in unintentional loss of body

weight, including loss of both fat mass and skeletal muscle mass, which leads to
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increased vulnerability to sarcopenia, functional decline, disability, and mortality in late
1ife?#*-231, While direct evidence linking higher energy intake to better physical function
outcomes in older adults is limited, several studies provide relevant evidence supporting
the positive associations among energy intake, total energy expenditure, and the
proportion of lean muscle mass in older adults?32-2%¢, These findings suggest a
bidirectional relationship in which sufficient energy intake provides ample nutrients to
support muscle protein synthesis and physical activity, while higher levels of physical
activity and energy expenditure may, in turn, enhance appetite regulation and increase
energy intake in older adults. For example, a secondary analysis of the Interactive Diet
and Activity Tracking in AARP study in 2022 found that total daily energy intake
positively correlates with fat-free mass and total daily energy expenditure in a group of
590 U.S. older adults (average age: 63 years), suggesting that daily energy intake is
proportional to the total daily energy expenditure?3. Another cross-sectional study
conducted in Reading, England, in 2024, investigated the relationship between physical
activity levels, total energy expenditure, body composition, energy intake, and appetite in
older adults demonstrated that higher energy expenditure and percentage of muscle mass
are associated with higher energy intake in older adults?>>*. These findings highlight the
importance of maintaining adequate energy intake to meet the nutritional demands

required to support muscle mass, physical activity, and functional reserve during aging.

Another plausible explanation for the positive associations between UPF
subgroup consumption and SPPB scores over time is that consumption of certain UPFs
may increase the availability of food choices and overall dietary variety among older

adults. According to an interesting perspective discussed in the physiological review by
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Susan B. Roberts and Irwin Rosenberg in 20052%7, reduced dietary variety is a mediator
of impaired regulation of food intake, and numerous human single-meal studies show that
energy intake is greater when a variety of foods is provided to the participants?>®2%°, One
controlled feeding study in older adults showed that individuals consume more when
meals include a range of food options rather than repetitive items, indicating that variety
promotes appetite and caloric intake even in later 1ife??, A systematic review of food
variety on intake of a meal also found that increasing food variety generally increases
intake, a phenomenon often attributed to the renewal of sensory enjoyment when diverse
foods are offered?¢!. In the BLSA cohort, commonly consumed UPF items were not
predominantly snacks, frozen meals, or sugar-sweetened beverages, but foods such as
whole wheat breads and low-fat yogurt, which contributed to dietary diversity and
facilitated sufficient energy intake for older adults. This interpretation is further supported
by the weak but positive correlation observed between UPF consumption and HFD in our

analyses.

Collectively, our findings from the SPPB analyses suggest that, among relatively
healthy older adults, increased dietary variety, even potentially from UPF items, facilitate
sufficient energy intake to maintain body weight and functional reserve, both of which

are critical for preserving lower-extremity physical function.

4.2.3 Dietary patterns and FI

While grip strength and SPPB primarily reflect musculoskeletal strength and
physical performance, frailty, as measured by the FI, assesses the accumulation of deficits
in aging across multiple physiological domains and provides insight into deficit

progression in older adults.

108



From our cross-sectional and longitudinal analyses, greater adherence to the HEI-
2020 was consistently associated with a lower frailty score and reduced risk of incident
frailty over a median follow-up of 4.3 years (up to 14.3 years, while higher consumption
of UPFs was associated with greater risks of incident frailty and persistently higher FI

scores over time?*>2%4, These findings align with previous literature?63-267

and provide
further evidence of the significant and distinct health impacts of healthy dietary patterns
and UPF consumption on frailty risk in older adults. A central biological mechanism

discussed in these prior studies to explain how diet influences frailty risk is via its

inflammatory potential?6®,

Frailty is often described as a clinically recognizable state of increased
vulnerability resulting from aging-related decline in physiological reserve and function
cross multiple systems in response to external stressors36-%%, Although the understanding
of the biological mechanisms of frailty is evolving and incomplete?®’, accumulating
evidence suggests that accelerated aging processes at the cellular and subcellular levels,
including chronic inflammation and deregulated nutrient-sensing, play central roles in

270,271

driving the dysfunction across the multiple physiological systems . With advancing

age, the innate immune system alters via persistent immune activation and enters a
chronic systemic inflammatory state that is commonly referred to as “inflammaging” 27>
274 This phenotype is characterized by elevated circulating inflammatory molecules in
the body, such as interleukin-6 (IL-6), C-reactive protein (CRP), fibrinogen, and white
blood cell counts?”>. Previous studies have demonstrated the robust associations between

frailty and elevated levels of these pro-inflammatory molecules?’-28!, Several

mechanisms may underlie the observed associations between frailty and
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inflammation?’*282 _ First, individuals who are diagnosed as “frail” may have more
significant impairments in the innate immune system due to age and other factors such as
increased oxidative stress and malnutrition?®?. Second, it is more common for frail
individuals to have coexistence of multiple chronic health conditions and disability, both
of which are independently associated with higher levels of chronic stress and
inflammation?’#283-285 Moreover, as mentioned in a couple of studies, frail- and pre-frail
individuals tend to have higher levels of adiposity and lower muscle mass compared to
robust individuals?’+28, a phenotype known as sarcopenic obesity?®’. Sarcopenic obesity,
and obesity in general, are associated with chronic low-grade systemic

inflammation288-289

, which may contribute to the pathophysiology of frailty. Dietary
factors may influence these processes indirectly through their effects on body

composition and metabolic health.

Higher adherence to a healthy dietary pattern that emphasizes nutrient-dense
foods such as fruits, vegetables, whole grains, fatty fish, nuts, and olive oil, has
consistently proved to be associated with a lower risk of frailty in older adults in the
literature!?%-268:2%_ Previous studies have reported that greater fruit and vegetable
consumption is associated with a reduced risk of incident frailty, with dose-response
relationships showing progressively lower frailty risk at increased intakes of these foods,
possibly due to their rich antioxidant and anti-inflammatory micronutrients, such as
vitamin C, vitamin E, B-carotene, and fiber?#+268.291-29%4  Antioxidant nutrients like vitamin
C and E can quench free radicals and mitigate oxidative stress and inflammatory
signaling implicated in frailty development?®>. Polyphenols from olive oils, legumes, and

fruits, for example, hydroxytyrosol, a phenolic compound found in olive oil and olives,
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can modulate inflammatory responses by suppressing the expression of cytokines like
TNF-a?°%?7and mediators such as phospholipase A2 and cyclooxygenases (COX),
through the inhibition of the NF-xB pathway, which is a pivotal cascade in the

inflammatory response??!-2%%

. Moreover, it is suggested that flavonoids and their
metabolites can inhibit the production of reactive oxygen species in neutrophils and
macrophages and, therefore, may play a role in modulating immune responses and
potentially protect against inflammation and tissue damage?®®. Beyond these
micronutrients, as mentioned in the grip strength section, a healthy dietary pattern also
emphasizes sufficient intake of dietary protein to support muscle protein synthesis and
preserve muscle mass, both critical for preventing physical frailty. Increased consumption
of nuts and seeds, as encouraged in the HEI-2020, is associated with improved lipid
profiles and has beneficial effects on lipid metabolism and oxidative stress, as well as
reducing the risks of cardiovascular diseases®*. Nuts and seeds are rich in
polyunsaturated fatty acids (PUFA), soluble fiber, phenolic compounds, and minerals that
have been shown to decrease serum total cholesterol and lower-density lipid cholesterol
levels*°!. Consumption of pistachios and almonds has been shown to have anti-
inflammatory effects, and higher consumption of these two nuts demonstrated
significantly reduced serum concentrations of CRP and IL-63923%3, Collectively, our
observations that greater adherence to the HEI-2020 is associated with lower frailty
burden and reduced risk of incident frailty are consistent with evidence from prior studies

and supported by the proposed mechanism of inflammation-related pathways in frailty

development. Findings from our metabolomic analyses further reinforce these
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associations and provide biological evidence for the anti-inflammatory potential of a

healthy dietary pattern in reducing frailty risk.

4.3 Metabolomic signatures of dietary patterns

To better understand how diet influences the changes in physical function and
frailty at the molecular level, we created the metabolomic signatures of these three
dietary patterns and identified diet-related metabolites to examine their biological

relevance to musculoskeletal health and functional aging in older adults.

4.3.1 Metabolomic signature of HEI-2020 and validation in Health ABC

Prior to this analysis, Tanaka et al. created metabolomic signatures of the MDS,
the Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) score, and
the Alternative Healthy Eating Index, then investigated the potential mediating effects of
the diet-related metabolites in the cross-sectional associations between these healthy
dietary patterns and FI'>3, Of the 317 metabolites that were significantly associated with
at least one of the three dietary patterns examined in this study, 81.1% (n=257) were
consistent with the previous report by Tanaka et al., and 18.9% (n=60) of the metabolites
were new discoveries. A large proportion of these newly detected metabolites are related
to UPF consumption and HFD. Some examples of these newly detected metabolites
include creatinine, serine, stachydrine or proline betaine (ProBetaine), and gamma-
aminobutyric acid (GABA). A table summarizing the overlap and differences in
metabolites identified by Tanaka et al. and in the current analysis is included in the

Supplemental Materials (Supplemental Table 15).

Metabolites associated with higher adherence to the HEI-2020 were

predominantly triglycerides and reflected a favorable lipid profile, characterized by
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increased circulating levels of triglycerides containing eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and their related derivatives. This is consistent with the
findings from the previous analysis within the BLSA by Tanaka et al.'>3. Several
phosphatidylcholines, including PC ae C38:4 and PC ae C42:3, were also significantly
associated with HEI-2020. Phosphatidylcholines are the predominant phospholipids in
cell membranes and play a central role in maintaining membrane structure and
lipoprotein integrity>**. A previous study investigating age-related changes in serum
glycerophospholipid profiles in mice has identified PC ae C38:4 as an aging-associated
metabolite, with circulating levels increasing with advancing age*®. PC ae C42:3 has
been implicated in antioxidative processes and membrane dynamics3%%307 and emerged as
a compelling metabolite that showed protective effects against diabetes, dysglycemia, and
prediabetes in early childhood®%. It is also suggested that higher circulating levels of PC
ae C42: 3 have been associated with reduced odds of abnormal HOMA -IR3%. HEI-2020
was also linked to gut microbiota-related metabolites, such as Tryptophan betaine
(TrpBetaine) and indoxyl sulfate (Ind. SO4). These metabolites are discussed in greater

detail in the section below focusing on metabolites shared across dietary patterns.

Of the 242 metabolites associated with HEI-2020 in the BLSA, 94 were also
available and significantly associated with HEI-1995 in the validation analysis using
Health ABC data. These replicated metabolites were also predominantly lipid-related,
with triglycerides constituting the largest component, followed by phosphotidylcholines
and cholesteryl esters. Consistent with the primary analysis, positive associations were

again observed for long-chain polyunsaturated fatty acid-containing metabolites and HEI,
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such as EPA and DHA -related metabolites. Overall, the HEI-related metabolomic

signature demonstrated strong cross-cohort reproducibility.

Although overlap was observed in HEI-related metabolites between the BLSA
and Health ABC, some differences in metabolite distribution and clustering patterns in
the HEI-FTI scatter plots were noted in the Results section (Figures 19 & 20). To better
understand the source of the observed differences between the two scatter plots, we
generated parallel cross-cohort plots comparing HEI-related metabolites and FI-related
metabolites across the two studies to evaluate whether differences in the HEI versions

used or variations in the analytic operationalization of FI may lead to this discrepancy.

HEl-metabolite effect size cross studies (n=94)
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Figure 20. Comparison of HEI-metabolite associations between the BLSA and Health
ABC studies

*The X-axis displays the direction and magnitude of associations between HEI-2020 and metabolites in the BLSA study, and the Y-
axis shows the associations between HEI-1995 and metabolites in the HABC study. Each point represents a metabolite significantly
associated with HEI in both studies.

In the HEI-metabolite comparison (Figure 20), we found 38 of the 94 HEI-
associated metabolites exhibited “mismatched” or “discordant” directions of association
across the two studies and clustered in the upper left quadrant of this scatter plot,

indicating inverse associations with HEI-2020 in BLSA but positive associations with

114



HEI-1995 in Health ABC. A complete list of these “mismatched” metabolites is shown in
Supplemental Table 14. Notably, 30 of these 38 metabolites were TG-related species,
predominantly short to medium-chain metabolites enriched in palmitate (16:0) or stearate
(18:0), for example. The remaining metabolites included CE, a ceramide, and one
lysoPC. Metabolites located in the upper right and lower left quadrants exhibit
concordant directions of HEI-metabolite association across the two studies. Metabolites
highlighted in red represent the “mismatched” associations, defined by being inversely
associated with HEI-2020 in the BLSA and positively associated with HEI-1995 in
HABC. These “mismatched” metabolites may, in part, reflect differences in how dietary
fat is conceptualized between these two HEI versions. The earlier version of HEI'®! used
in the Health ABC study placed greater emphasis on limiting total fat and saturated fat
intake, whereas the HEI-2020 applied in the BLSA additionally captures fat quality
through components such as the ratio of monounsaturated and polyunsaturated fatty acids
to saturated fatty acids, thereby rewarding the consumption of unsaturated fats.
Moreover, refined grains and added sugar were not included as scoring components in the
HEI-1995. As a result, individuals with high intakes of refined grains or added sugars
would still receive a high HEI-1995 score if their total fat and saturated fat intake
remained within recommended limits. However, as discussed previously, excessive
carbohydrate intake can stimulate de novo lipogenesis and alter lipid metabolism, which
is consistent with the pattern observed in Figure 16, where the “mismatched” metabolites

are predominantly TG-related metabolites.

In the parallel scatter plot for FI-metabolite comparison (Supplemental

Figure 1), we identified 41 FI-related metabolites shared across both studies, all of which
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demonstrated concordant directions of association. Collectively, findings from these two
parallel plots suggest that the discordant metabolite clustering observed in the two HEI-FI
scatter plots across studies is largely attributable to differences in metabolite associations

with the two HEI scores used in the BLSA and Health ABC studies.

Overall, findings from the Health ABC validation analyses provide
important external support for the results observed in the primary BLSA analyses.
Consistent with the BLSA findings, higher adherence to a healthy dietary pattern, as
measured by HEI, was associated with lower frailty burden in Health ABC,
demonstrating a reproducible inverse association between dietary quality and frailty
across independent cohorts. In addition, metabolomic analyses in Health ABC also
identified lipid-dominant HEI-related signatures that closely resembled those observed in
BLSA, further reinforcing the robustness of diet-related metabolic patterns linked to
healthier dietary intake. The partial overlap between HEI-associated metabolites and
frailty-associated metabolites in Health ABC also supports the biological plausibility of
the observed diet—frailty relationships. Although some differences in metabolite
clustering patterns were observed between cohorts, these variations likely reflect
differences in population characteristics, dietary assessment instruments, and health status
distributions. In summary, the validation results strengthen the overall evidence that
higher dietary quality is consistently associated with lower frailty burden or risk of frailty
development and distinct metabolomic profiles in older adults, supporting the

generalizability of the primary findings.

4.3.2 Metabolomic signature of UPF consumption
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A greater consumption of UPF in our analysis was characterized by a
metabolomic profile enriched triglyceride metabolites enriched in saturated fatty acids,
including palmitic and stearic acids, such as TG 16:0 34:1 and TG 18:0 34:2. Consistent
with prior metabolomic profiling of ultra-processed dietary patterns, the majority of
metabolites significantly associated with UPF intake were lipid species®!%-312, Palmitic
acid is the most common saturated fatty acid in the human body and can be provided in
the diet or synthesized via de novo lipogenesis, which is primarily driven by excessive
carbohydrate intake3!33!“, In the prospective analysis conducted in a subsample of the
PREDIMED cohort, a direct positive association was observed between one-year changes
in palmitic acid and interleukin-6 concentration among 91 middle-aged adults at high
cardiovascular risk®'>. Therefore, elevated circulating palmitate-enriched triglyceride
metabolites may reflect increased lipogenesis and inflammation associated with a UPF-

rich dietary pattern.

UPF consumption was also associated with sphingolipids such as ceramide
d18.1 _24.1, a new metabolite detected in our analysis. Increased circulating levels of this
ceramide were associated with decreased insulin sensitivity3!¢ and elevated risks of
Alzheimer’s Disease3!’. Notably, creatinine and symmetric dimethylarginine (SDMA)
were also positively associated with UPF consumption, suggesting potential links

318,319

between highly processed diets, reduced renal clearance capacity , and

cardiometabolic stress32°.
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4.3.3 Metabolomic signature of HFD index

Fewer metabolites were associated with HFD, and most of them are amino acids
and amino acid derivatives, such as serine and proline betaine (ProBetaine), followed by
metabolites related to phospholipids and sphingolipids. Serine is a nonessential amino
acid that can be found in protein-rich sources like soybeans, nuts, eggs, meat, and fish, or
can be synthesized endogenously from carbohydrates or glycine®?!. Serine is important
for a variety of biochemical reactions, including serving as the dominant carbon donor
and essential substrate for one-carbon metabolism???, and T cell function in the immune

323

system”=. Low serine levels may reflect hepatic lipid accumulation, oxidative stress, and

r3 24

inflammation in the liver’#*, or impaired endogenous serine synthesis that is associated

with the development of cardiovascular disease and Alzheimer’s disease in diverse mouse

325-327 328

models and observational studies”~°. In our analysis, higher HFD scores were
associated with a lower circulating level of serine, which may reflect a lower intake of
protein or elevated oxidative stress status in participants with higher HFD scores. Another
metabolite example, ProBetaine, which has been identified as a putative biomarker of
citrus consumption in previous studies*?%*3, is associated with a higher HFD score in our
analysis. A higher circulating level of ProBetaine is associated with higher HEI-2015 in
the Multiethnic Study of Atherosclerosis (MESA)'38, and other healthy dietary patterns
like DASH, and overall PDI in the Atherosclerosis Risk in Communities (ARIC)
study!37-3!, These heterogeneous associations between HFD and the metabolites reflect

the broad range of food choices and diversity of the diet of our participants, which results

in this metabolite profile linked to mixed biological signals.
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4.4 Metabolites associated with physical function outcomes

We examined associations between circulating metabolites and all three
outcomes, both cross-sectionally and longitudinally. As the aim of this dissertation is to
examine the changes in physical function and frailty over time, we mainly focus on
discussing the metabolites that are significantly associated with these outcomes in
longitudinal analyses. Additionally, since significant longitudinal associations linking
diet-related metabolites were observed only for FI, we will discuss the metabolites

associated with FI in greater detail in the following sections.

Of the 466 metabolites examined, no significant associations were observed with
longitudinal changes in grip strength. In contrast, 137 metabolites were significantly
associated with changes in SPPB, and 163 metabolites were significantly associated with
changes in FI over time. Of the 137 metabolites associated with SPPB changes, 125
(91.2%) were also significantly associated with FI in opposite directions. The shared
metabolites were predominantly lipid species, particularly triglycerides enriched in long-
chain fatty acids, along with several diacylglycerols, phosphatidylcholines, and

sphingomyelins.

Metabolites that are uniquely associated with FI were mainly amino acids and
their derivatives, bile acids, ceramides, and markers of renal function like creatinine and
SDMA. Among these unique metabolites associated with FI, dehydroepiandrosterone
sulfate (DHEAS) and homocysteine (Hcy) provide strong evidence that the FI captures
broader systemic changes in the body, such as elevated oxidative stress and inflammation.
DHEAS is the sulfate ester of DHEA, and they are prominent adrenal steroid hormone in

humans. Higher DHEAS is associated with lower FI in our analysis. DHEA shows a
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characteristic secretion pattern throughout life, with serum levels declining with
increasing age32. Little is known about the physiological role of DHEA, but previous
studies have suggested that its concentrations may represent a biomarker of successful
aging®33334, Higher level of DHEA was associated with bone mineral density in middle-

335, while lower level of DHEA was associated with diabetic

aged and older women
dyslipidemia in males with type 2 diabetes**, incidence of myocardial infarction®*’, and
cognitive impairment3*%33° in older adults. A cross-sectional study examined the
association between DHEAS and physical frailty in older adults in Hartford, Connecticut,
and found that higher DHEAS was associated with lower physical frailty, but this
association was modified by BMI, such that the beneficial impacts of DHEAS were more
significant in individuals with lower BMI and attenuated as BMI increases®*2. This

suggests that excess adiposity may blunt or mask the beneficial endocrine effects of

DHEAS on frailty risk.

As for Hey, it is a key intermediate in the one-carbon metabolism and methylation
pathways that are closely linked to oxidative stress and endothelial dysfunction®*°. Hcy
has been associated with chronic inflammation via facilitating the release of the
inflammatory mediators and directly modulating the expression of the dioxygenase
enzyme 5-lipoxygenase (5-LOX)**!, which is a lipid mediator of inflammation derived
from arachidonic acid**?. Elevated Hcy level is also associated with low muscle

344 and cognitive impairment3*. These associations may be

strength®®, sarcopenia
partially explained by vitamin B12 and folate deficiencies related to malnutrition344-346-347,

as well as by Hcy-induced lipid peroxidation and upregulation of pro-inflammatory

mediators that increase the risk of endothelial dysfunction, microinfarcts, and strokes in
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the context of vascular disease’*°. Importantly, these physiological changes are all of

which are domains incorporated within the FI framework.

4.5 Metabolites shared across dietary patterns and frailty
Four metabolites, TrpBetaine, SM C24.1, SM C26.1, and TG.16.1 32.2, are

identified and shared across all three dietary patterns in this analysis. Notably, only the
first three of these metabolites were also significantly associated with FI, and they may
represent critical biological pathways linking dietary patterns to frailty, so they are

discussed in greater detail in the following section.

TrpBetaine, also known as hypaphorine, is an indole alkaloid and a derivative of
the amino acid tryptophan (Trp). In this study, TrpBetaine was positively associated with
higher HEI-2020 and inversely associated with UPF consumption and HFD and FI. Prior
studies have reported positive associations between TrpBetaine and plant-based diets
such as DASH, overall plant-based diet (overall PDI), and healthful PDI'37. Moreover,
TrpBetaine also appears to act as a biomarker of plant protein intake, including foods

such as chickpeas, lentils, and total nuts34%-33!,

Trp plays a key role in regulating the quality of skeletal muscles. Higher dietary
Trp intake has been suggested to be associated with a lower risk of sarcopenia>? and
greater grip strength in older men with sarcopenia®*3. Within the inflammation-related
framework of frailty development, TrpBetaine has been suggested to demonstrate anti-
inflammatory properties and could inhibit endothelial cell inflammation induced by
lipopolysaccharide®>*. Beyond TrpBetaine, metabolites generated through the kynurenine

pathway (KP), although not detected in our analysis, represent the principal route of Trp
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catabolism and have been widely implicated in inflammation, immune response, aging,
musculoskeletal health, and physical performance’*3. Multiple studies in older adults with
frailty have shown consistent changes in KP metabolites. Increased levels of the
metabolite kynurenine have been associated with older age, frailty status, TNF-a R1, and

IL-6, as well as slow walking speed and reduced grip strength336-37,

In contrast to the KP, which directs Trp towards metabolites like Kyn that promote
oxidative stress and inflammation, the indole pathway, driven exclusively by the gut
microbiota, metabolizes Trp into a variety of indole derivatives such as indole-3-
propionic acid (3-IPA) and indole-3-acetic acid (3-IAA). Indole-derived metabolites like
3-IPA and 3-IAA demonstrated strong anti-inflammatory, antioxidant, and tissue-
protective properties®>. Circulating level of IPA is positively correlated with fiber
intake®3® and the a-diversity of gut microbiota®>°. Prior research suggested that both 3-
IPA and 3-1AA increased in participants’ higher adherence to the Mediterranean diet and
decreased in those with greater consumption of fast food*®°. Findings from the Men’s
Lifestyle Validation Study, a sub-study of the Health Professionals Follow-Up Study,
reported a significant positive association between higher IPA concentrations and higher

fiber intake in male participants and lower risk of Type 2 diabetes®°!

. In the eight-week
randomized controlled crossover feeding study, the MaPLE study in Italy, older adults
with normal renal function who were assigned a polyphenol-rich diet showed
significantly higher serum concentrations of IPA3¢2, In our study, we find positive
associations between IPA and IAA with HEI-2020, and an inverse association between

IPA and both UPF and HFD, which remains consistent with prior evidence. Although IPA

and IAA were not significantly associated with FI in our analyses, the difference in the
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circulating level of IPA across the three dietary patterns may reflect a change in the gut

microbiota composition, as suggested in the previous studies363-364

. In addition, alongside
the impact from diet, with advancing age, a reduction in gut microbiome diversity and
impairments in intestinal barrier function are observed3®>-3¢, This age-associated
dysfunction of the gut mucosal barrier is suggested to lead to the translocation of
microbes and their products into systemic circulation and contribute to systemic
inflammation, a key driver of frailty development*®7-3¢°, Although the research directly
examining the effects of IPF on muscle function remains limited*’°, several studies have
shown that IPA can regulate the expression of myogenic regulatory factors and effectively
promote the increase in muscle fiber diameter and muscle cross-sectional area of the
quadriceps in mice model’”!. Meanwhile, IPA can induce increased expression of miR-
26A, an important microRNA in muscle tissue that is required for muscle differentiation
and development’”?, to target the untranslated region (3’UTR) of the pro-inflammatory
biomarker IL-18 and inhibit its transcription to reduce inflammation in the body*7>.
Collectively, these findings suggest that microbiome-derived tryptophan metabolites,

which exhibit anti-inflammatory and antioxidant properties, may influence muscle and

inflammatory pathways relevant to frailty development.

Two other metabolites that were shared across all three dietary patterns and the FI
are SM C24.1 and C26.1. Both of the SM metabolites are positively associated with HEI-
2020, while inversely associated with the other two dietary patterns and FI.
Sphingomyelins are major structural components of plasma membranes and are central
intermediates in sphingolipid metabolism*74, a pathway closely linked to ceramide

generation, lipid raft organization, and inflammatory signaling®’>. Because ceramides can
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be reversibly converted to sphingomyelins via sphingomyelin synthase, circulating
sphingomyelin concentrations partly reflect the dynamic balance between ceramide
accumulation and utilization of ceramide into membrane-associated structural lipids37°.
Accumulation of certain species of ceramides has been implicated in insulin
resistance’’737 and age-related functional decline®”%-3% in prior studies, which are
processes tied to reduced physiological reserve and can potentially lead to frailty. In
contrast, higher circulating levels of long-chain sphingomyelins may reflect a
sphingolipid remodeling state in which ceramide is preferentially incorporated into
structurally stable membrane lipids rather than accumulating as bioactive ceramide
species implicated in the inflammatory and insulin signaling pathways!-382, The SM
C24.1 supports membrane fluidity and neuronal membrane organization, which may
influence neuronal signaling and synaptic stability, and thus makes it a biologically
plausible lipid involved in cognitive health3®. Although no studies to date have directly
examined the role of SM C24:1 in frailty or other age-related health outcomes, one study
investigating the metabolomic signatures of cardiorespiratory fitness reported that the
hydroxylated analogue, SM(OH) C24:1, was positively associated with fitness levels in
men, but not women?®**. Given the structural similarity between SM C24:1 and SM(OH)
C24:1, it is plausible that these related sphingolipids may share overlapping metabolic or
cellular functions. While speculative, this raises the possibility that SM C24:1 could also
relate to physiological indicators of fitness and resilience, which may explain its observed
association with lower FI in our cohort. However, this hypothesis requires explicit testing
in future studies. As for the other sphingomyelin, SM C26:1 has more direct evidence

linking it to diet quality and metabolic health. In the TwinsUK study, SM C26:1 was
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positively associated with fruit and vegetable intake among women, suggesting a
relationship with healthy dietary patterns3®. Additionally, in a case-control study nested
within the Pathobiology of Prediabetes in the Biracial Cohort Study, lower circulating
levels of SM C26:1 were associated with increased susceptibility to prediabetes among

normoglycemic adults.

In summary, these metabolites that were shared across the three dietary patterns
and FI in our analyses primarily implicate two interconnected biological pathways
linking diet and frailty. The first pathway is the microbial tryptophan metabolism, which
is involved in immune regulation and chronic inflammation, and the second pathway is
the long-chain sphingolipid metabolism that is closely related to lipid remodeling to
maintain membrane integrity and metabolic fitness. These findings suggest that diet may
influence frailty development through coordinated modulation of gut-derived immune

signaling and lipid-mediated cellular resilience mechanisms.

4.6 Interpretation of the unexpected association between HFD and Physical

Function Outcomes

Contrary to our expectations, higher dietary diversity measured by the modified
HFD index was associated with higher baseline FI and higher SPPB over time, in contrast

to findings from previous studies>%6-388,

We speculate that several factors may have contributed to this discrepancy, the
first being the differences in how dietary diversity was operationalized across studies.
Many earlier studies assessed dietary diversity using count-based indices, such as the
Dietary Diversity Score (DDS). The DDS was developed by Kant et al. in the early 1990s

using 24-hour dietary recalls from the first wave of NHANES (1982-1987) to record the

125



consumption of five major food groups (dairy, meat, grain, fruit, and vegetable) 8. The
DDS assigns one point for consuming any item in the five food groups and 0 points
otherwise, with the total score range determined by how many groups or items are
included. The DDS is commonly used in previous studies®36-288-38% because of its strong
correlation with nutrient adequacy®*3*° and ease of use as an effective proxy to assess
overall dietary quality in large-scale studies and surveys. However, the DDS and most of
its modified versions typically include only healthy or culturally appropriate food groups

that contain foods commonly consumed within a given dietary culture®!

, while omitting
less healthy food items such as sugary beverages or desserts'%!97, On the other hand, the
HFD index considers a broader spectrum of food items, including those recommended for
restricted intake. This difference in the scoring criteria between the two dietary diversity
assessment tools may lead to divergent associations. Second, a count-based dietary
diversity score, such as the DDS, usually awards points based solely on whether foods are
consumed or on broad frequency categories (e.g., “almost daily”, “occasionally”,
“rarely”), without accounting for the actual amounts consumed. As a result, individuals
consuming minimal quantities of a food group may receive the same score as those
meeting recommended intake levels of the same food groups. This limitation is
particularly important for older adults, who often experience reduced appetite!*® and
insufficient energy intake**?. Such scoring can mask inadequate nutrient consumption and
may not reflect the true quantity and diversity of foods consumed in their diets. In
contrast, the HFD index incorporates both nutrient density and the actual quantity

consumed (in cups), making it more sensitive to variation in food choices and

consumption levels. Lastly, it is noted in one previous study>*? that the calculation of the
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HFD index can introduce subjectivity, as the calculation of the health value component of
HFD mostly relies on the researchers’ interpretations of dietary guidelines and judgments
about the relative importance of different food groups. This may introduce potential
misclassification bias, where foods may be given inaccurate weights that do not fully
reflect the selected dietary recommendations. To minimize this potential bias, we
triangulated all food group classifications and the HFD scoring algorithm across the co-
authors with expertise in both the DGA and BLSA dietary data to ensure consistency and
transparency in how the index was applied. Finally, the BLSA cohort mainly comprised
non-Hispanic White participants with high educational levels and generally healthier
lifestyle patterns, which may shape dietary behaviors in ways that differ from the general
U.S. population. This context can be reflected in the heterogeneity of UPFs consumed in
this cohort and in the observation that not all UPF items uniformly correspond to poor
diet quality. Similar perspectives have been raised in prior studies’**, which note that
although higher overall UPF consumption has frequently been associated with adverse
health outcomes, it remains debated whether these associations are driven primarily by
the low overall dietary quality that often accompanies high UPF consumption. If so,
dietary quality, rather than the degree of food processing, may be a more important and
appropriate metric for guiding healthful food choices and informing dietary
recommendations. Together, our findings and prior evidence underscore the need for a
standardized and universally accepted definition of UPFs. Future research on dietary
diversity should incorporate measures that reflect true consumption variety, quantity, and

quality to support a more health-oriented assessment. Standardizing food group
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definitions and scoring criteria is also important for reducing subjectivity and improving

comparability across populations.

4.7 Strengths and limitations of this dissertation

This dissertation has several strengths. First is the availability of high-quality,
repeated physical function and dietary assessment data in the BLSA study, which,
combined with the targeted metabolomic profiling, allowed us to examine both cross-
sectional and longitudinal associations between dietary quality and changes in physical
function over time at the molecular levels. Second, we used multiple complementary
dietary pattern scores (HEI-2020, UPF, HFD) to capture distinct dimensions of dietary
quality. This approach provided a more comprehensive evaluation of the diet-physical
function association. Third, key findings of the primary analyses were validated in an
independent cohort (the Health ABC study) with a comparable study design and outcome
assessments. The results of the validation analysis supported the robustness and
reproducibility of both the primary dietary pattern analyses and the metabolomic
findings. In addition, although dietary intake was assessed using self-reported
instruments, the dietary data were collected using an FFQ that was previously validated.
We also calculated the average dietary pattern scores across all available dietary
assessments to capture the general dietary exposure, and analyses were restricted to
outcomes occurring after the first valid dietary assessment to reduce the potential for

reverse causation and strengthen the temporal interpretation of observed associations.

Several limitations should also be considered. First, self-reported dietary intake,

although via a validated FFQ, remains subject to measurement error and recall bias.
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Metabolomic measurements were available at limited time points, which may not fully
capture long-term metabolic changes in response to diet. Further, the metabolomic
platform used measured a variety of metabolites, but not all plasma metabolites are
covered. Thus, it is important to complement our work with others that assess metabolites
measured using other assays to create a full catalogue of metabolites that are impacted by
diet. Considering the open cohort design of the BLSA, in which participants entered the
study at different time points and had varying numbers of follow-up visits, we adopted
the complete-case approach to retain the maximum number of eligible observations for
each outcome-specific analysis. Therefore, participants with missing outcome or
covariate data were excluded from the analyses and may be prone to selection bias.
However, we compared the baseline characteristics between included and excluded
participants and observed no significant differences between these two groups. Moreover,
the study populations were predominantly non-Hispanic White, received relatively higher
educational attainment, and were generally healthier than the broader U.S. older adult
population, potentially limiting the generalizability of our findings. Despite the extensive
covariate adjustment and sensitivity analyses, residual confounding cannot be entirely
ruled out, and we cannot make any causal conclusion given the observational nature of
this analysis. At last, current classifications of UPFs may not fully account for
heterogeneity in nutritional quality across all processed food items, and the classification
of food items remains subjective. As discussed in a recent article that examined
associations between UPFs and frailty development in the Framingham Offspring Cohort,
the Nova framework simplifies the complex real-world context of food processing and

dietary behaviors, which may obscure meaningful differences in nutritional value among
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foods classified within the same category*>. In addition, when Nova is applied to dietary
data collected using FFQ, limited information on ingredients and processing methods
may introduce additional misclassification. It is important to note that each dietary
pattern has its strengths and limitations. Thus, examination of different dietary quality
metrics, as we have done in this dissertation, is an important approach to understand the
relationship between diet and aging, and to identify metabolomic profiles related to

habitual diet intake.

4.8 Clinical relevance of findings

To better interpret the practical implications of our findings, we considered the
clinical significance of observed associations between the three dietary scores and
changes in physical function and frailty. Prior literature has proposed thresholds for
meaning changes in these outcomes, although specific cut-offs vary across studies
depending on measurement procedures (e.g., types of dynamometers used for grip
strength measurement) and study sample characteristics3?%-3%%. In general, the minimally
important differences are approximately 5.0-6.5 kg for grip strength3%¢, 0.3-0.8 for
SPPB3%, and greater than 0.03 for FI*?°, While many of the estimates of the associations
observed in our analyses did not consistently reach these cut-offs, several considerations
support their potential relevance. First, our analyses were conducted at the population
level, where modest changes in these outcomes may translate into meaningful shifts in
risk of physical function impairment or disability and healthcare burden. Second, given
the open cohort design of the BLSA and a median follow-up of approximately 4-5 years
for the primary outcomes, the analytic period may be relatively short to capture larger

changes in these slowly progressing aging-related outcomes. As such, the observed
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estimates may reflect early-stage changes that could accumulate over longer follow-up
periods, underscoring the potential importance of different aspects of diet in shaping

physical function outcomes with aging.

4.9 Implications for healthy aging and public health

Diet is a modifiable and sustainable factor that plays a vital role in the prevention
and management of many chronic health conditions throughout life. Most of the time, a
healthy diet is defined primarily in terms of nutrient adequacy and food group
composition, emphasizing higher intakes of nutrient-dense foods such as fruits,
vegetables, and lower intakes of less healthy foods and nutrients, such as saturated fat,
red and processed meats, and sugar-sweetened drinks. Additional dimensions of dietary
health have gained more attention these days, including the degree of food processing and
the diversity of foods consumed, reflecting growing recognition that dietary quality

cannot be fully captured by a single metric.

Extensive evidence has linked healthy dietary patterns to improved
cardiometabolic health, weight management, and reduced risk of non-communicable
chronic diseases that are prevalent with advancing age. However, comparatively less is
known about how these distinct dimensions of diet independently and jointly relate to

age-related changes in physical function and frailty development.

Because physical function and physiological resilience are key determinants of
mobility, independence, and quality of life, and strongly influence social welfare and
healthcare resource allocation to support long-term needs, understanding how diet

modification influences functional aging is a growing priority in nutritional epidemiology
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and public health as the population ages. By examining multiple dietary pattern scores in
relation to physical function and frailty trajectories, this dissertation contributes evidence
that different dimensions of diet play distinct and at the same time interactive roles in
functional aging. The integration of metabolomic profiling further strengthens our
analysis by providing biological insight into metabolic pathways that connect diet to
musculoskeletal health and physical function changes in the aging process, thereby
enhancing the translational relevance of these findings to prevention strategies and policy

development.

The findings of this dissertation have important implications for nutrition policy
and aging-focused public health strategies. The observed positive associations between
higher overall diet quality and better physical function, and lower frailty risk underscore
the need to promote access to high-quality, nutrient-dense foods for older adults,
particularly those with limited mobility or reduced capacity to shop for groceries or
prepare meals. These findings reinforce the idea that the food and built environments and
social supports of society, rather than individual preferences alone, play a more important
role in shaping the dietary behaviors of older adults. Policies that expand access to
nutritious foods, such as subsidized fresh food delivery programs that allow older adults
to use government-provided nutrition benefits, including the Commodity Supplemental
Food Program (CSFP) and the Senior Farmers’ Market Nutrition Program, can
meaningfully support the nutrient and energy needs of older adults for better function
preservation. Partnerships with local farms, supported through targeted subsidies, may
further strengthen these efforts while benefiting local food systems. Some examples of

such home-meal delivery programs for older adults include the Fairfax Area Home
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Delivered Meal Program, the Home-Delivered Nutrition Program administered through
the Administration for Community Living with Meals on Wheels as a provision of the
Older Americans Act (OAA), and the senior meals program provided with a private-

sector platform such as HelloFresh.

While our findings support the adverse associations between higher ultra-
processed food consumption and physical function-related outcomes, they also
acknowledge the heterogeneity in the nutritional quality of these food items. In the
absence of a clear, universally accepted classification of ultra-processed foods, public
health messaging and dietary guidance for older adults should prioritize overall dietary
quality rather than processing levels of the foods. Certain ultra-processed food items,
such as whole-grain breads and low-fat yogurt, can serve as practical, affordable, and
accessible sources of fiber and protein that are easy to store and prepare, which may
indeed be good choices for older adults to increase nutrient intakes. Whereas other food
products, particularly those high in added sugars and unhealthy fats, may contribute to
inflammation and functional decline, we call for careful, nuanced communication in
dietary recommendations and encourage the food industry to consider reformulating its
products and developing more age-friendly options that better support the metabolic

health and functional resilience of older adults.

Beyond methodological and policy implications, this work contributes to a
broader reframing of aging itself. Aging is often discussed in terms of “decline”,
“disease”, and “dependency”. Popular narratives frequently emphasize “anti-aging”
approaches that seek to delay or erase visible signs of aging rather than support

adaptation to physiological change. Such perspectives risk overlooking the strengths of
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later life, resilience, experience, and social contribution, and may contribute to societal
neglect of older adults’ needs. By focusing on diet as a modifiable factor, this dissertation
emphasizes a more constructive approach: supporting gradual, functional adaptation to
aging through sustainable behavior changes rather than attempting to resist aging
altogether. Promoting dietary patterns that support metabolic health and physical function

may help individuals maintain independence, remain socially engaged, and age with

dignity.

4.10 Future directions

Further studies are needed to refine and validate dietary assessment frameworks
that provide a more comprehensive assessment of the multi-dimensional nature of diet,
and to evaluate how these dimensions interact across the life course to influence
functional aging. Longitudinal investigations with repeated dietary and metabolomic or
multi-omics assessments will be particularly valuable for elucidating dynamic biological
pathways through which dietary components influence physical function over time. In
addition, expanding research to cohorts with different settings with more different
socioeconomically backgrounds and racially diverse populations will be critical for
improving the generalizability of our findings and for identifying more context-specific

dietary strategies that promote healthy functional aging.

In the longer term, translating evidence from nutritional epidemiology into
practice to support healthy aging requires coordinated, system-level approaches that
extend beyond individual behavior changes to shape the environments in which dietary

choices are made. This includes fostering aging-friendly food environments that improve
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access to nutritious foods through community-based programs, alongside strengthening
food systems through product reformulation to better align the food supply with the
nutritional needs of older adults. Integrating epidemiologic evidence across these
interconnected levels may enhance the sustainability of diet-based strategies for

preserving physical function and promoting healthy aging at scale.
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Chapter 5: Overall conclusions

This dissertation provides comprehensive evidence that diet is a
multidimensional, modifiable determinant of physical function and frailty in older adults.
By jointly examining adherence to a healthy dietary pattern, ultra-processed food
consumption, and dietary diversity in the Baltimore Longitudinal Study of Aging, this
work demonstrates that distinct dimensions of diet are differentially associated with
functional changes and frailty risk over time. Consistent with prior literature, higher
adherence to the recommended dietary pattern was persistently associated with better
physical function and lower risk of frailty onset. In contrast, dietary patterns
characterized by greater consumption of ultra-processed foods and broader but
nutritionally heterogeneous diversity were linked to higher risks of frailty and impaired

physical function.

More importantly, this dissertation extends prior literature on diet and aging by
integrating multidimensional dietary quality assessment with repeated measures of
functional outcomes and metabolomic profiling to explore the biological pathways
underlying diet and trajectories of changes in physical function, rather than focusing on
one dietary index or the cross-sectional status of one outcome. By developing the
metabolomic signatures of all three dietary patterns, this work identifies shared and
distinct molecular patterns associated with diet and frailty, with HEI-related findings
further supported through validation. The metabolomic analysis highlighted biomarkers
involved in inflammatory and lipid metabolic processes that may contribute to the
observed associations between diet and frailty. Furthermore, cross-cohort comparisons of

different HEI versions demonstrate that how dietary quality is conceptualized can
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meaningfully shape the metabolic patterns detected, underscoring the importance of the

dietary pattern operationalization in nutritional epidemiology.

Taken together, these findings highlight the importance of moving beyond using a
single dietary pattern score when evaluating overall dietary quality, as different
dimensions of diet capture distinct biological and behavioral characteristics that may
contribute differently to specific domains of functional aging. Recognizing this
heterogeneity is essential for developing more precise dietary recommendations aimed at

preserving muscle function, physical performance, and overall resilience in older adults.
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