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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 adults1,2. 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 



 ix 

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.  
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 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 five3 , and the proportion of individuals over 60 is 

expected to nearly double from 12% in 2015 to 22% by 20503. 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 million4. This rapid increase has been 

largely driven by the aging baby boomer generation, all of whom will be aged 65 or older 

by 20304. 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 life5, 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 life6. Successful aging, on the other hand, is a related classic concept 

popularized by Rowe and Kahn in 19877. Successful aging emphasizes three key 

components: low probability of disease and disability, high cognitive and physical 
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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 608. In this age group, 

individuals may lose around 3% of their muscle mass each year, particularly affecting the 

fast-twitch type II myofibers9-11. The type II myofibers are responsible for generating 

rapid, powerful muscle contractions but are highly prone to fatigue12. Studies have shown 

that a reduction of 10-40% type II myofibers was observed in muscle tissue collected 

from older individuals compared to younger individuals11, with total muscle loss 

potentially reaching nearly 50% by the eighth or ninth decade of life13. This involuntary, 

age-related loss in skeletal muscle mass, strength, and function is commonly referred to 

as “sarcopenia”14. 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 adults15. 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.  
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The term “sarcopenia” was derived from the Greek phrase meaning “poverty of 

the flesh” and was first introduced by Rosenberg in 198916. While the European Working 

Group on Sarcopenia in Older People (EWGSOP)17,18 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 speed19. For 

example, EWGSOP2 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)20 and 

the Foundation for the National Institute of Health (FNIH)21, have also proposed 

definitions, leading to variability in the reported prevalence of sarcopenia. For instance, 

in the systematic review by Nascimento et al.22, 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 sarcopenia23, whereas in community 

settings, a higher prevalence of sarcopenia has been reported in women24.   
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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 strength25, 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 obesity26. 

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 outcomes27.   

 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 defined28. 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 

populations28. 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.   

 



 5 

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

Types of 

Dynamometers  

Examples  Characteristics/ 

Advantages  

Weakness/ Space for 

improvement  

Health 

condition/focus in 

the past research  

Hydraulic Jamar hand 

dynamometer  

Lafayette 

dynamometer  

- Adjustable 

anatomical and rigid 

handle  

- High re-test 

reliability and 

precision29  

- The most cited 

dynamometer in the 

literature30  

- Considered as the 

“gold standard” by 

the American 

Society of Hand 

Therapists to 

measure grip 

strength30,31 

- Not up to date 

because of its 

higher weight, 

calibration 

requirement, 

leaking issue30,31  

- Not precise at lower 

measurements30,31   

- Not easy to perform 

or less accurate for 

older adults with 

joint problems or 

muscle 

weakness32,33   

- Prior grip strength 

models had higher 

error rate compared 

to recent models  

Frailty & 

cognitive 

decline34-36; Bone 

mineral density37, 

sarcopenia and 

physical 

function38, 

relationship 

between physical 

performance and 

dementia39 

Pneumatic  Martin 

vigorimeter 

- Another reliable 

tool to measure grip 

strength40, high 

correlation to the 

Jamar 

dynamometer31,40 

- More accurate to 

use for older adults 

with muscle 

weakness (pre-frail) 

or older females33 

- Lower correlation to 

the hand anatomy 

(width of palm, etc.) 

compared to Jamar 

dynamometer40 

- These devices are 

less widely used 

comparing to the 

hydraulic 

dynamometer28 

Functional 

autonomy in older 

adults41, muscle 

fatigability33  

Mechanical 

(spring-type) 

Smedley 

hand 

dynamometer 

Takei 

scientific 

instrument 

- Adjustable handles  

- Widely used in 

Asian countries29 

 

- Despite the high 

correlation between 

hydraulic 

dynamometer 

(Jamar) and spring-

type dynamometer 

(both Smedley and 

Takei) in some 

studies, notable 

differences in 

measured grip 

strength have been 

observed42,43 

Frailty44,  physical 

predictors of 

decline in 

functional 

capacity, balance 

and muscle 

strength in older 

adults with 

recurrent falls45 
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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.46, 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 population47. The SPPB has been associated with several health 

outcomes in previous studies, such as falls48, sarcopenia49, cardiovascular diseases50, 

disability51, institutionalization52, frailty53, and mortality54. 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 disability55 and 

mortality56,57, 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 reserve58, has emerged as a key indicator of the 

overall health status of older adults. To briefly explain the concept of frailty, as muscle 
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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 frailty59-61 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.,36 in the U.S., and the Frailty Index (FI) based on 

the “Deficit Accumulation Model” by Rockwood and Mitnitski62 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 

strength36,58, and frailty is independent of comorbid diseases or disability. The FP model 

identifies frailty using five key criteria:  

• Unintentional weight loss 

• Self-reported fatigue 

• Low physical activity level  

• Slow gait speed  

• 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 
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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 

datasets63. 

Searle and colleagues63 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.  
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- 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.  

- At least 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 

evaluations64. 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 included62,63. 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 similar63. 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 

inpatients65. Additionally, the FP model does not explicitly consider cognitive or 

psychosocial factors, such as depression and cognitive decline, which are both prevalent 
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and significant risk factors for healthy aging66. 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 clinicalA applications, 

regardless of the number and specific types of conditions included in its 

operationalization67.   

Despite their differences, studies have shown that both approaches perform similarly 

in predicting aging outcomes when applied to the common dataset67. 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 studies36,62,67-69, 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 Index67 

Feature  Fried’s Frailty 

Phenotype36 

Frailty Index (FI)62 

Conceptual Approach  Phenotype model (physical 

frailty)  

Deficit accumulation model  

Domains Assessed Primarily physical function and 

muscle strength 

Multiple domains (e.g.: 

physical, cognitive, etc.)  

Components Five components: weight loss, 

fatigue, low physical activity, 

slow walking speed, weak grip 

strength 

A set of age-related health 

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 

physical function 

Comprehensive; captures more 

aspects of age-related changes 

Limitations Limited scope—not assessing 

cognitive/psychosocial status 

Requires rich dataset; more 

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)70-72. 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. 

 

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 intake73. At the same 

time, declines in physical function and mobility may limit access to nutritious foods74,75, 

increasing older adults’ reliance on the consumption of caloric-dense but nutrient-poor 

options and thereby reducing overall dietary quality76,77. These factors increase the risk of 

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

frailty78,79.  

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 Americans80 and the Toolkit for Senior Nutrition Programs from 

the Nutrition and Aging Resource Center73,81,82:  

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

recommended healthy dietary pattern. 



 13 

• Increase intake of protein, vitamin D, calcium, and vitamin B12 from various 

nutritious food sources or supplements, if needed. 

• Eat more vegetables, fruits, whole grains, and dairy while cutting down intake 

of added sugars, saturated fat, and sodium.  

• Drink enough liquids every day to stay hydrated.  

• 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 score1. 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 200583. In the 

Baltimore Longitudinal Study of Aging, higher adherence to various healthy dietary 

patterns, including the healthful plant-based diet (hPDI)84, the Alternative Healthy Eating 

Index (AHEI)85, and the Mediterranean-DASH Intervention for Neurodegenerative Delay 

(MIND)86, 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 score87. 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 men88. 

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 is 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 adults77, 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 adequacy89. 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 sources90-93.  Variations in dietary cultures, national dietary guidelines 

across countries, and dietary intake assessment have led to inconsistencies in how dietary 

diversity is measured and defined94. 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 outcomes95-

100. 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 394.  
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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., 202194 

Type of dietary 

diversity indicator  

Description and scoring criteria Example scores 

Food item-based 

indicators  

Simple count of the different food 

consumed. Consuming the same food 

item 1 or more times scored 1; not 

consuming a food item scored 0.  

Food Variety Score (FVS) 

Food group-based 

indicators 

Simple count of the different food 

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 Diversity Score (DDS) 

Dietary guidelines-

based indicators 

Assessed the number of different food 

groups consumed over a reference period 

and allocated different weights to each 

food group according to national food-

based dietary guidelines or international 

recommendations.  

Healthy Food Diversity (HFD) 

index  

Other indicators  Relied on different concepts. Some 

indicators reflect the distribution of 

foods consumed, another main type of 

the indicators reflect the ratio between 

the variety within some food groups and 

the “variety” within other food groups.  

• The Berry Index (BI) 

• The Quantitative Index 

for Dietary Diversity 

(QUANTIDD) index  

• The Dissimilarity index  

 

  

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 1990s91 

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)101, 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)102. 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 items103-105. For example, in Kant’s study91, 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 consideration94,106. 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 indicators94. 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 colleagues106, 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 research94.   
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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 guidelines106. 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 NHANES107. 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 disease108.  

 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 consumed109, the food variety ratio110, and the proportion of foods that contribute to 

total energy (Quantitative Index for Dietary Diversity/ QUANTIDD)111, 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 status95,112,113, 
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including a limited number examining functional status in older adults96,97,111,114.  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 conditions115. 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 diversity96. 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 frailty97. 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 diets116. 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 palatability117, 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 content118. 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 

processes119. 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 developed119-122, the Nova system developed in Brazil 

is the most widely adopted in previous studies123. 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 countries124,125. 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 groups126. 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.77,127. 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 
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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 differences128,129. 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 appetite130, 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 

frequently123. 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 vitamins131,132. 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 studies133,134. Strong evidence also supports that a diet high in 

sugar and fat increases the risk of obesity135,136 and metabolic dysregulation137,138, which 

may, in turn, raise the risk of multimorbidity139 and mortality140.  

Additionally, high consumption of UPFs is also associated with lower water intake141 

and higher intake of food additives, such as artificial sweeteners and emulsifiers, that 
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may alter our gut microbiota142. For example, commonly used sweeteners such as 

acesulfame-K, aspartame, saccharin, and sucralose have been suggested to cause gut 

dysbiosis in rodents143, which may impair glucose metabolism and disrupt glucose 

tolerance, potentially contributing to weight gain144. 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 dysbiosis145 because of both its 

dietary components and industrial additives, as illustrated by the figure retrieved from 

Asensi et al.145 (Figure 2)  

 

Figure 2. Possible mechanisms explaining the relationships between ultra-processed 

foods and low-grade inflammation. ( ↑ 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 57125. 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 146 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 decades147, it has 

paradoxically deteriorated among those 65 years and older148. 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, etc149. 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 process150. 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 health151. 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).  

 

Figure 3. Workflow of nutritional metabolomics approaches (Guasch-Ferré et al.,2018150)  

(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 pattern152.  

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 outcomes150.  



 27 

To date, multiple studies have identified metabolomic signatures associated with 

dietary patterns and further connected these diet-related metabolites to health 

outcomes150,153-161, offering 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 Study156. 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 deoxycarnitine156. Deoxycarnitine is a precursor 

of L-carnitine and was negatively associated with the index162. 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 

quality163.  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 proline158, 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-CMPF161. 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 analysis164. Researchers found that HEI was 

significantly associated with pathways involved in amino acid and lipid metabolism, as 

well as immune function, oxidative stress, and inflammation164. 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 study165. 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 𝛽-cryptoxanthin, which was negatively 

associated with UPF intake, and is a known biomarker of fruit and vegetable 

consumption156. 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 risk166-168.  A similar study identified 

metabolic biomarkers of the UPF dietary patterns and examined the associations between 

these metabolites and incident chronic kidney disease (CKD)155. Su and colleagues found 

glucose, mannose, and N2, N2-dimethylguanosine were positively associated with both 

higher UPF consumption and elevated CKD risk155. The discovery of N2, N2-

dimenthylguanosine was particularly noteworthy, as it usually reflects renal clearance in 

the body169. Hence, the observed association may suggest that higher UPF consumption 

elevates CKD risk due to impaired urinary excretion or glomerular filtration170. 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 process171. Its primary objective is to identify biological and non-biological factors 

that impact aging trajectory and to identify the underlying mechanisms of the aging 

process171. 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 resilience172.  

 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 ages173. 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 healthcare173,174. 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 age84,174,175. 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, 

Pennsylvania176. 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 2015176. 

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 recruitment176. 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  

 

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 

function 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 year177. This FFQ was adapted 

from the original Block-National Cancer Institute FFQ, with details of the adaptations 

used in the BLSA described elsewhere177.  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 

Massachusetts178. 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)179. 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 micronutrients179. 

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)180,181. 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 DGA182.  
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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 updates182. 

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., 2023182) 

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 
Proteins 

5 ≥ 0.8 oz equiv. per 1000 kcal No Seafood or Plant 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 

published175.  

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 2006106, was designed to 

address two major limitations of earlier dietary diversity measures by incorporating both 

the quantity and quality of foods consumed106. 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 

Japan99. The Berry Index is defined as:  

𝐵𝑒𝑟𝑟𝑦 𝐼𝑛𝑑𝑒𝑥 (𝐵𝐼) = 1 − ∑ 𝑠𝑖
2

𝑘

𝑖=1

 

The variable 𝑠𝑖 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 



 38 

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 (𝑠𝑖) and their respective 

health factors (ℎ𝑓) across food groups.  

ℎ𝑣 = ∑ ℎ𝑓𝑖 × 𝑠𝑖

𝑘

𝑖=1

 

𝑠𝑖 = 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 (𝐺𝑏) and subgroup (𝐺𝑤) 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 × 𝐺𝑤  

For example, in the original HFD index by Drescher et al.106, 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 (𝐺𝑏) were “73% for plant foods, 25% for animal foods, and 2% for fats and oil.” 

Within each main group, the relative shares of subgroups (𝐺𝑤) 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 × 0.36 = 0.263 

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

modeled as:  

𝐻𝐹𝐷 = (1 − ∑ 𝑠𝑖
2

𝑘

𝑖=1

× ℎ𝑣 

𝑠𝑖 = 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.107 in 

2014 based on the 2000-kcal USDA Food Pattern included in the 2010 DGA183and 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”107, 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, 2014107) 

 

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 

 

 Updated changes in the recommended intake amounts comparing the 2010 to 

2020 DGA are marked in red in the table. The updated ℎ𝑓s 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.107 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 



 42 

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)118,119.  

 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 function184. 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 Study185:  

1. Cereals and breads 

2. Sauces, spreads, and condiments 

3. Packaged sweet snacks and desserts  

4. Packaged savory snacks  

5. Artificially & 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)186 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 EWGSOP218.  

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 function46. It consists of three components: a 4-meter usual gait speed test, three 

standing balance tests, and five chair-stand tests186. Each component is scored on a scale 
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from 0 (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 mortality51,54.  

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.187 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 walkway187, 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 200762. 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 publication188. 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 0 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 BLSA85,86. 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/m2), 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 (m2). 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 BLSA86. 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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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 
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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 

 

Figure 6. Illustration 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 analysis188. The validation was 

conducted in Health ABC where fasting plasma was collected at visit 2 (1998-1999) and 

stored at -80°C until analysis189. 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 

source153. 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 analysis153. 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 value153.     

 

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 ggplot2 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) visit190-192 to assess participants’ adherence to the 1995 

DGA193 and the 1992 Food Pyramid194. 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 diet181). 

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 0 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 

(Lowest) 

Tertile 2 Tertile 3 p-value1 

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 

mins/week)  

117 (10.2) 45 (12.7) 39 (9.8) 33 (8.3) 0.131 

Low (50-249 MET 

mins/week) 

436 (38.0) 140 (39.7) 153 (38.5) 143 (36.1) 0.589 

Moderate (250-499 MET 

mins/week) 

325 (28.4) 90 (25.5) 101 (25.4) 134 (33.8) 0.011 
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High (>= 500 MET 

mins/week) 

268 (23.4) 78 (22.1) 104 (26.2) 86 (21.7) 0.260 

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/m2) 27.1 (4.8) 27.9 (5.0) 27.6 (5.0) 25.9 (4.1) <0.001 

Average energy intake 

(kcal/day) 

2075 (712.0) 2255 (723.0) 2093 (735.0) 1895 (634.0) <0.001 

Average UPF consumption              

(% kcal/day)  

38.2 (10.9) 45.0 (10.8) 37.5 (9.6) 32.7 (8.9) <0.001 

Average HFD  0.267 (0.1) 0.246 (0.10) 0.258 (0.10) 0.294 (0.10) <0.001 

  UPF consumption (%kcal/day)  
 

Total Tertile 1 

(Lowest) 

Tertile 2 Tertile 3 p-value 

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 

mins/week)  

117 (10.2) 29 (7.9) 36 (9.1) 52 (13.6) 0.022 

Low (50-249 MET 

mins/week) 

436 (38.0) 130 (35.3) 146 (36.8) 160 (42.0) 0.139 

Moderate (250-499 MET 

mins/week) 

325 (28.4) 122 (33.2) 123 (31.0) 80 (21.0) 0.0004 

High (>= 500 MET 

mins/week) 

268 (23.4) 87 (23.6) 92 (23.2) 89 (23.4) 0.988 

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/m2) 27.1 (4.8) 26.2 (4.3) 27.2 (4.9) 27.9 (5.0) <0.001 

Average energy intake 

(kcal/day) 

2075 (712.0) 1971 (701.0) 2106 (713.0) 2141 (713.0) 0.026 

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 

(Lowest) 

Tertile 2 Tertile 3 p-value 

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 

mins/week)  

117 (10.2) 30 (9.0) 35 (8.7) 52 (12.8) 
 

Low (50-249 MET 

mins/week) 

436 (38.0) 130 (38.8) 145 (35.9) 161 (39.6) 
 

Moderate (250-499 MET 

mins/week) 

325 (28.4) 96 (28.7) 117 (29.0) 112 (27.5) 
 

High (>= 500 MET 

mins/week) 

268 (23.4) 79 (23.6) 107 (26.5) 82 (20.1) 
 

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/m2) 27.1 (4.8) 27.9 (4.8) 27.2 (5.1) 26.3 (4.3) <0.001 

Average energy intake 

(kcal/day) 

2075 (712.0) 2025 (720.0) 2129 (723.0) 2061 (693.0) 0.123 

Average HEI  63.5 (10.1) 60.9 (10.4) 63.1 (8.9) 66.1 (10.4) <0.001 

Average UPF consumption 

(%kcal/day) 

38.2 (10.9) 37.1 (12.4) 38.1 (10.6) 39.1 (9.9) 0.051 
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1 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/m2, 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)195. 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%196). 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 𝜷𝒔 

(Estimates)1 

Males 

95% CIs p-value2 𝜷𝒔 

(Estimates)1 

Females 

95% CIs p-value2 

HEI-2020  0.220   0.552 

T1 (Lowest) (Reference) 

T2 0.728 (-0.801, 2.258)  -0.337 (-1.481, 0.806)  

T3  1.495 (-0.196, 3.187)  0.208 (-0.905, 1.321)  

UPF (% kcal/ day)  0.781   0.116 

T1 (Lowest) (Reference) 

T2 -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)  
1 β 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 females197,198, 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  𝜷𝒔 (Estimates)1  95% CIs  p-value2 

HEI-2020 0.446 

T1 (Lowest) (Reference) 

T2 0.112 (-0.208, 0.433)  

T3  0.216 (-1.175, 0.549)  

UPF consumption (% kcal/ day) 0.123 

T1 (Lowest) (Reference) 

T2 -0.281 (-0.604, 0.042)  

T3 -0.296 (-0.656, 0.063)  

HFD 0.105 

T1 (Lowest) (Reference) 

T2 -0.232 (-0.556, 0.092)  

T3 -0.350 (-0.675, -0.024)  
1 β 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 



 65 

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  𝜷𝒔 (Estimates)1  95% CIs  p-value2 

HEI-2020 0.002 

T1 (Lowest) (Reference) 

T2 -0.014 (-0.026, -0.001) 0.029 

T3  -0.023 (-0.036, -0.010) 0.0005 

UPF consumption (% kcal/ day) 0.003 

T1 (Lowest) (Reference) 

T2 0.010 (-0.003, 0.023) 0.116 

T3 0.024 (0.010, 0.038) 0.0007 

HFD 0.041 

T1 (Lowest) (Reference) 

T2 0.008 (-0.005, 0.021) 0.209 

T3 0.016 (0.004, 0.029) 0.012 
1 β 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 (𝛽=-0.014, 95% CI= -0.026 to -0.001, 

p=0.029) and 0.023 (𝛽=-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 (𝛽=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 (𝛽=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 𝜷𝒔 

(Estimates)1 

Males 

95% CIs p-value2 𝜷𝒔 

(Estimates)1 

Females 

95% CIs p-value2 

HEI-2020   0.099   0.420 

T1 (Lowest) (Reference) 

T2 0.941 (-0.411, 2.293)  0.410 (-0.551, 1.371)  

T3  1.617 (0.108, 3.126)  0.637 (-0.312, 1.587)  

UPF (% kcal/ day)  0.775   0.014 

T1 (Lowest) (Reference) 

T2 -0.291 (-1.843, 1.261)  -0.810 (-1.409, 0.321) 0.219 

T3 0.333 (-1.304, 1.969)  -1.187 (-2.418, -0.372) 0.008 

HFD   0.553   0.126 

T1 (Lowest) (Reference) 

T2 -0.816 (-2.295, 0.663)  -0.835 (-1.724, 0.053)  

T3 -0.425 (-1.900, 1.051)  -0.820 (-1.754, 0.113)  
1 β 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 III 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  𝜷𝒔 (Estimates)1  95% CIs  p-value2 

HEI-2020 0.107 

T1 (Lowest) (Reference) 
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T2 0.155 (-0.119, 0.429)  
T3  0.307 (0.022, 0.592)  

UPF consumption (% kcal/ day) 0.079 

T1 (Lowest) (Reference) 

T2 -0.298 (-0.575, -0.021)  
T3 -0.290 (-0.598, 0.019)  

HFD 0.018 

T1 (Lowest) (Reference) 

T2 -0.139 (-0.413, 0.136) 0.322 

T3 -0.393 (-0.674, -0.112) 0.006 
1 β 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  𝜷𝒔 (Estimates)1  95% CIs  p-value2 

HEI-2020 0.0003 

T1 (Lowest) (Reference) 

T2 -0.013 (-0.024, -0.002) 0.018 

T3  -0.023 (-0.033, -0.011) 0.0001 

UPF consumption (% kcal/ day) 0.013 

T1 (Lowest) (Reference) 

T2 0.010 (-0.001, 0.020) 0.081 

T3 0.018 (0.006, 0.030) 0.003 

HFD 0.070 

T1 (Lowest) (Reference) 

T2 0.006 (-0.005, 0.016)  
T3 0.013 (0.002, 0.024)  

1 β 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 III 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 (𝛽=-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 (𝛽=-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: 𝛽=-0.013, 95% CI= -0.024 to -

0.002, p=0.018; T3: 𝛽=-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 (𝛽=0.018, 95% CI= 0.006 to 0.030, 



 69 

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 (𝛽=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 (𝛽=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 
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Figure 9. Hazard ratios and 95% CI for low grip strength for females (defined as GS < 

20kg) by dietary patterns in the BLSA study  
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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  
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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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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 healthcare173,174 , it is noted in previous 

studies that our participants may be healthier than the general population of the same 

age174,175. 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 



 78 

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 modifications185. 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 

milk product 

 Low fat yogurt 

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-drink1 

1 “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: 𝛽= 

1.200, p=0.029; Longitudinal: 𝛽= 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).  

 

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.  

 

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 

(𝛽=-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), 𝛼-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.  

 

 

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.  

 

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 HEI–frailty 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 

(Lowest) 

Tertile 2 Tertile 3  p-value1 

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/m2) 27.3 (4.8) 27.4 (5.0) 27.4 (4.5) 27.2 (4.8) 0.529 

Average daily energy 

(kcal/day) 

1868 (681.0) 1932 (819.0) 1863 (665.0) 1801 (503.0) 0.0003 

1 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  𝜷𝒔 (Estimates)  95% CIs  p-value3 

HEI-1995 0.003 

T1 (Lowest) (Reference) 

T2 -0.010 (-0.020, -0.00004) 0.049 

T3  -0.018 (-0.028, -0.008) 0.0007 

Average daily energy  0.000001 (-0.00005, 0.000007) 0.686 

Baseline age1  0.005 (0.003, 0.006) <0.001 

Sex (Female)  0.051 (0.043, 0.060) <0.001 

Race/ethnicity2 

Black 0.033 (0.024, 0.041) <0.001 
1 “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 III 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 (β = −0.010, p = 0.049), while participants in the highest tertile 

exhibited the lowest baseline FI (β = −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. 

 

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. 

 

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).  

 

 

 



 92 

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 FI. 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 rickets199, helped 

establish the foundation for investigating diet-musculoskeletal relationship. Building on 

this nutrient-centered framework, subsequent studies200-203 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 trials204, 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 literature205,206. 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)207. 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 quartile208.  

 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 

primarily reflects upper-extremity muscle strength and muscle mass209, it may be more 

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 transition210. 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 strength211. Experimental and observational 

investigations suggest that estrogen plays a regulatory role in skeletal muscle by 

supporting muscle repair and regeneration, as well as reducing inflammation211,212, while 

testosterone influences muscle mass and strength through anabolic pathways that enhance 

protein synthesis213 and improve aerobic capacity214. 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 

function215,216, 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 

life210,217.  

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”218, 

occurs in both sexes with aging, it is suggested that menopausal estrogen deficiency in 

women may further exacerbate this condition through reduced insulin sensitivity219, 

impaired insulin-mediated muscle blood flow217,220,221, and diminished glucose and amino 

acid delivery to skeletal muscle217. Estrogen loss has also been associated with impaired 

muscle repair and increased inflammation212,215. 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 

quality222. 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 adults223.  

Several biological mechanisms may underlie this inverse association. First, 

increased UPF intake has been associated with greater adiposity and intramuscular fat 

infiltration224, which can impair muscle protein synthesis and insulin sensitivity that will 

eventually lead to muscle mass and strength loss, obesity, and diabetes225. 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 studies226,227.  This inflammatory response involves 

increased production of cytokines such as tumor necrosis factor- 𝛼 (TNF-𝛼), interleukin-

6, and activation of NF-𝜅𝐵 signaling, which play a central role in age-related decline in 

muscle strength228,229. 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 Sutterella230. Among 

these four taxa, Prevotella and Negativibacillus were associated with patients with 

ulcerative colitis231, and Sutterella has been linked to inflammatory gastrointestinal 

diseases232,233.  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 days227. The result of this feeding study found that adding CMC to the 

healthy, additive-free diet increased postprandial abdominal discomfort and altered gut 

microbiota composition227. 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 inflammation234. Third, 

advanced glycation end products generated during food processing and high-temperature 

preparation have been associated with poor muscle strength235-237. 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 NHANES238. 

 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.  
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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 adults239-242. 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 performance46. 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 adherence243. Within 

the BLSA study, previous analyses have examined the associations between several other 

healthy dietary pattern scores, including the plant-based dietary indices84, the Alternative 

Healthy Eating Index85, and the Mediterranean-Dietary Approaches to Stop Hypertension 

(DASH) Intervention for Neurodegenerative Delay (MIND) diet86, 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 patterns85. Such dietary patterns are typically rich in antioxidant nutrients, 

including vitamin C and β-carotene, which may help attenuate oxidative stress and 

inflammation, and thereby lower the risks of physical function decline and impairment244. 

These dietary patterns also provide higher intakes of omega-3 fatty acids and dietary 

protein that support muscle strength and bone mineral density245. 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 disability246. Higher scores on dietary inflammatory indices were 

associated with slower gait speed and lower SPPB score in this study246. 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 factors247,248. 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 

life249-251. 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 adults252-256. 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 expenditure253. 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 adults254. 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 2005257, 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 participants258,259. 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 life260. 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 offered261. 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.  



 109 

 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 time262-264.  These findings align with previous literature265-267 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 potential268.  

 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 stressors36,68. Although the understanding 

of the biological mechanisms of frailty is evolving and incomplete269, accumulating 

evidence suggests that accelerated aging processes at the cellular and subcellular levels, 

including chronic inflammation and deregulated nutrient-sensing, play central roles in 

driving the dysfunction across the multiple physiological systems270,271. 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” 272-

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 counts275. Previous studies have demonstrated the robust associations between 

frailty and elevated levels of these pro-inflammatory molecules276-281. Several 

mechanisms may underlie the observed associations between frailty and 
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inflammation274,282 . 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 malnutrition282. 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 

inflammation274,283-285. 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 individuals274,286, a phenotype known as sarcopenic obesity287. 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 

literature190,268,290. 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, β-carotene, and fiber244,268,291-294. Antioxidant nutrients like vitamin 

C and E can quench free radicals and mitigate oxidative stress and inflammatory 

signaling implicated in frailty development295. 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-𝛼296,297and mediators such as phospholipase A2 and cyclooxygenases (COX), 

through the inhibition of the NF-𝜅B pathway, which is a pivotal cascade in the 

inflammatory response291,298. 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 damage299. 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 diseases300. 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 

levels301. 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-6302,303. 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 FI153. 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.153. 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 integrity304. 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 age305. PC ae C42:3 has 

been implicated in antioxidative processes and membrane dynamics306,307 and emerged as 

a compelling metabolite that showed protective effects against diabetes, dysglycemia, and 

prediabetes in early childhood308. It is also suggested that higher circulating levels of PC 

ae C42: 3 have been associated with reduced odds of abnormal HOMA-IR309. 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-FI 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.  

 

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 
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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 HEI181 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 



 116 

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 species310-312. 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 intake313,314. 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 risk315. 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 sensitivity316 and elevated risks of 

Alzheimer’s Disease317. Notably, creatinine and symmetric dimethylarginine (SDMA) 

were also positively associated with UPF consumption, suggesting potential links 

between highly processed diets, reduced renal clearance capacity318,319, and 

cardiometabolic stress320.  
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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 glycine321. Serine is important 

for a variety of biochemical reactions, including serving as the dominant carbon donor 

and essential substrate for one-carbon metabolism322, and T cell function in the immune 

system323. Low serine levels may reflect hepatic lipid accumulation, oxidative stress, and 

inflammation in the liver324, or impaired endogenous serine synthesis that is associated 

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

models325-327 and observational studies328. 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 studies329,330, 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)158, and other healthy dietary patterns 

like DASH, and overall PDI in the Atherosclerosis Risk in Communities (ARIC) 

study157,331. 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 age332. Little is known about the physiological role of DHEA, but previous 

studies have suggested that its concentrations may represent a biomarker of successful 

aging333,334. Higher level of DHEA was associated with bone mineral density in middle-

aged and older women335, while lower level of DHEA was associated with diabetic 

dyslipidemia in males with type 2 diabetes336, incidence of myocardial infarction337, and 

cognitive impairment338,339 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 increases332. This 

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

DHEAS on frailty risk.  

As for Hcy, it is a key intermediate in the one-carbon metabolism and methylation 

pathways that are closely linked to oxidative stress and endothelial dysfunction340. 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)341, which is a lipid mediator of inflammation derived 

from arachidonic acid342. Elevated Hcy level is also associated with low muscle 

strength343, sarcopenia344, and cognitive impairment345. These associations may be 

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 disease348. 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 PDI157. Moreover, 

TrpBetaine also appears to act as a biomarker of plant protein intake, including foods 

such as chickpeas, lentils, and total nuts349-351. 

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 sarcopenia352 and 

greater grip strength in older men with sarcopenia353. 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 

lipopolysaccharide354. Beyond TrpBetaine, metabolites generated through the kynurenine 

pathway (KP), although not detected in our analysis, represent the principal route of Trp 



 122 

catabolism and have been widely implicated in inflammation, immune response, aging, 

musculoskeletal health, and physical performance355. 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-𝛼 R1, and 

IL-6, as well as slow walking speed and reduced grip strength356,357.  

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 properties355. Circulating level of IPA is positively correlated with fiber 

intake358 and the 𝛼-diversity of gut microbiota359. Prior research suggested that both 3-

IPA and 3-IAA increased in participants’ higher adherence to the Mediterranean diet and 

decreased in those with greater consumption of fast food360. 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 diabetes361. 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 IPA362. 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 observed365,366. 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 development367-369. Although the research directly 

examining the effects of IPF on muscle function remains limited370, 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 model371. Meanwhile, IPA can induce increased expression of miR-

26A, an important microRNA in muscle tissue that is required for muscle differentiation 

and development372, to target the untranslated region (3’UTR) of the pro-inflammatory 

biomarker IL-1𝛽 and inhibit its transcription to reduce inflammation in the body373. 

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 metabolism374, a pathway closely linked to ceramide 

generation, lipid raft organization, and inflammatory signaling375. 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 lipids376. 

Accumulation of certain species of ceramides has been implicated in insulin 

resistance377,378 and age-related functional decline379,380 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 pathways381,382. 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 health383. 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 women384. 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 patterns385. 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 studies386-388.  

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 
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consumption of five major food groups (dairy, meat, grain, fruit, and vegetable) 98.  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 studies386,388,389 because of its strong 

correlation with nutrient adequacy94,390 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 culture391, while omitting 

less healthy food items such as sugary beverages or desserts106,107. 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 appetite130 and 

insufficient energy intake392. 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 study393 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 studies394, 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 category395. 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 characteristics396-398.  In general, the minimally 

important differences are approximately 5.0-6.5 kg for grip strength396, 0.3-0.8 for 

SPPB399, and greater than 0.03 for FI400.  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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 136 

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.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 138 

References 

1. Xu B, Houston DK, Locher JL, et al. Higher Healthy Eating Index-2005 scores 

are associated with better physical performance. J Gerontol A Biol Sci Med Sci. Jan 

2012;67(1):93-9. doi:10.1093/gerona/glr159 

2. Watanabe D, Kurotani K, Yoshida T, et al. Diet quality and physical or 

comprehensive frailty among older adults. Eur J Nutr. Aug 2022;61(5):2451-2462. 

doi:10.1007/s00394-022-02819-w 

3. Organization WH. Ageing and health. Accessed Jan.28th, 2024, 2024. 

https://www.who.int/news-room/fact-sheets/detail/ageing-and-health 

4. Caplan Z. U.S. Older Population Grew From 2010 to 2020 at Fastest Rate Since 

1880 to 1890. United States Census Bureau. 2025. 

https://www.census.gov/library/stories/2023/05/2020-census-united-states-older-

population-grew.html 

5. Ferrucci L, Kuchel GA. Heterogeneity of Aging: Individual Risk Factors, 

Mechanisms, Patient Priorities, and Outcomes. J Am Geriatr Soc. Mar 2021;69(3):610-

612. doi:10.1111/jgs.17011 

6. (PAHO) PAHO. Healthy Aging. 2024. https://www.paho.org/en/healthy-

aging#:~:text=Healthy%20aging%20is%20a%20continuous,life%20throughout%20the%

20life%20course. 

7. Rowe JW, Kahn RL. Successful aging. Gerontologist. Aug 1997;37(4):433-40. 

doi:10.1093/geront/37.4.433 

8. Holloszy JO. The biology of aging. Mayo Clin Proc. Jan 2000;75 Suppl:S3-8; 

discussion S8-9.  

9. McGregor RA, Cameron-Smith D, Poppitt SD. It is not just muscle mass: a 

review of muscle quality, composition and metabolism during ageing as determinants of 

muscle function and mobility in later life. Longev Healthspan. 2014;3(1):9. 

doi:10.1186/2046-2395-3-9 

10. Lexell J. Human aging, muscle mass, and fiber type composition. J Gerontol A 

Biol Sci Med Sci. Nov 1995;50 Spec No:11-6. doi:10.1093/gerona/50a.special_issue.11 

11. Nilwik R, Snijders T, Leenders M, et al. The decline in skeletal muscle mass with 

aging is mainly attributed to a reduction in type II muscle fiber size. Exp Gerontol. May 

2013;48(5):492-8. doi:10.1016/j.exger.2013.02.012 

12. Plotkin DL, Roberts MD, Haun CT, Schoenfeld BJ. Muscle Fiber Type 

Transitions with Exercise Training: Shifting Perspectives. Sports (Basel). Sep 10 

2021;9(9)doi:10.3390/sports9090127 

13. Wilkinson DJ, Piasecki M, Atherton PJ. The age-related loss of skeletal muscle 

mass and function: Measurement and physiology of muscle fibre atrophy and muscle 

fibre loss in humans. Ageing Res Rev. Nov 2018;47:123-132. 

doi:10.1016/j.arr.2018.07.005 

14. Santilli V, Bernetti A, Mangone M, Paoloni M. Clinical definition of sarcopenia. 

Clin Cases Miner Bone Metab. Sep 2014;11(3):177-80.  

15. Bhasin S, Travison TG, Manini TM, et al. Sarcopenia Definition: The Position 

Statements of the Sarcopenia Definition and Outcomes Consortium. J Am Geriatr Soc. 

Jul 2020;68(7):1410-1418. doi:10.1111/jgs.16372 

16. Roubenoff R, Hughes VA. Sarcopenia: current concepts. J Gerontol A Biol Sci 

Med Sci. Dec 2000;55(12):M716-24. doi:10.1093/gerona/55.12.m716 

https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.census.gov/library/stories/2023/05/2020-census-united-states-older-population-grew.html
https://www.census.gov/library/stories/2023/05/2020-census-united-states-older-population-grew.html
https://www.paho.org/en/healthy-aging#:~:text=Healthy%20aging%20is%20a%20continuous,life%20throughout%20the%20life%20course
https://www.paho.org/en/healthy-aging#:~:text=Healthy%20aging%20is%20a%20continuous,life%20throughout%20the%20life%20course
https://www.paho.org/en/healthy-aging#:~:text=Healthy%20aging%20is%20a%20continuous,life%20throughout%20the%20life%20course


 139 

17. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, et al. Sarcopenia: European consensus on 

definition and diagnosis: Report of the European Working Group on Sarcopenia in Older 

People. Age Ageing. Jul 2010;39(4):412-23. doi:10.1093/ageing/afq034 

18. Cruz-Jentoft AJ, Bahat G, Bauer J, et al. Sarcopenia: revised European consensus 

on definition and diagnosis. Age Ageing. Jan 1 2019;48(1):16-31. 

doi:10.1093/ageing/afy169 

19. Chen LK, Liu LK, Woo J, et al. Sarcopenia in Asia: consensus report of the Asian 

Working Group for Sarcopenia. J Am Med Dir Assoc. Feb 2014;15(2):95-101. 

doi:10.1016/j.jamda.2013.11.025 

20. Fielding RA, Vellas B, Evans WJ, et al. Sarcopenia: an undiagnosed condition in 

older adults. Current consensus definition: prevalence, etiology, and consequences. 

International working group on sarcopenia. J Am Med Dir Assoc. May 2011;12(4):249-

56. doi:10.1016/j.jamda.2011.01.003 

21. Studenski SA, Peters KW, Alley DE, et al. The FNIH sarcopenia project: 

rationale, study description, conference recommendations, and final estimates. J Gerontol 

A Biol Sci Med Sci. May 2014;69(5):547-58. doi:10.1093/gerona/glu010 

22. Carvalho do Nascimento PR, Bilodeau M, Poitras S. How do we define and 

measure sarcopenia? A meta-analysis of observational studies. Age Ageing. Nov 10 

2021;50(6):1906-1913. doi:10.1093/ageing/afab148 

23. Landi F, Liperoti R, Fusco D, et al. Prevalence and risk factors of sarcopenia 

among nursing home older residents. J Gerontol A Biol Sci Med Sci. Jan 2012;67(1):48-

55. doi:10.1093/gerona/glr035 

24. Patel HP, Syddall HE, Jameson K, et al. Prevalence of sarcopenia in community-

dwelling older people in the UK using the European Working Group on Sarcopenia in 

Older People (EWGSOP) definition: findings from the Hertfordshire Cohort Study 

(HCS). Age Ageing. May 2013;42(3):378-84. doi:10.1093/ageing/afs197 

25. Lee SY. Handgrip Strength: An Irreplaceable Indicator of Muscle Function. Ann 

Rehabil Med. 2021:167-169. vol. 3. 

26. Mehmet H, Yang AWH, Robinson SR. Measurement of hand grip strength in the 

elderly: A scoping review with recommendations. J Bodyw Mov Ther. Jan 

2020;24(1):235-243. doi:10.1016/j.jbmt.2019.05.029 

27. Hagiwara A, Ito N, Sawai K, Kazuma K. Validity and reliability of the Physical 

Activity Scale for the Elderly (PASE) in Japanese elderly people. Geriatr Gerontol Int. 

Sep 2008;8(3):143-51. doi:10.1111/j.1447-0594.2008.00463.x 

28. Savas S, Kilavuz A, Kayhan Koçak F, Cavdar S. Comparison of Grip Strength 

Measurements by Widely Used Three Dynamometers in Outpatients Aged 60 Years and 

Over. J Clin Med. Jun 25 2023;12(13)doi:10.3390/jcm12134260 

29. Huang L, Liu Y, Lin T, et al. Reliability and validity of two hand dynamometers 

when used by community-dwelling adults aged over 50 years. BMC Geriatr. Jul 15 

2022;22(1):580. doi:10.1186/s12877-022-03270-6 

30. Roberts HC, Denison HJ, Martin HJ, et al. A review of the measurement of grip 

strength in clinical and epidemiological studies: towards a standardised approach. Age 

Ageing. Jul 2011;40(4):423-9. doi:10.1093/ageing/afr051 

31. Mutalib SA, Mace M, Seager C, Burdet E, Mathiowetz V, Goldsmith N. 

Modernising grip dynamometry: Inter-instrument reliability between GripAble and 



 140 

Jamar. BMC Musculoskelet Disord. Jan 24 2022;23(1):80. doi:10.1186/s12891-022-

05026-0 

32. Sipers WM, Verdijk LB, Sipers SJ, Schols JM, van Loon LJ. The Martin 

Vigorimeter Represents a Reliable and More Practical Tool Than the Jamar 

Dynamometer to Assess Handgrip Strength in the Geriatric Patient. J Am Med Dir Assoc. 

May 1 2016;17(5):466.e1-7. doi:10.1016/j.jamda.2016.02.026 

33. De Dobbeleer L, Theou O, Beyer I, Jones GR, Jakobi JM, Bautmans I. Martin 

Vigorimeter assesses muscle fatigability in older adults better than the Jamar 

Dynamometer. Exp Gerontol. Oct 1 2018;111:65-70. doi:10.1016/j.exger.2018.07.004 

34. Auyeung TW, Lee JS, Kwok T, Woo J. Physical frailty predicts future cognitive 

decline - a four-year prospective study in 2737 cognitively normal older adults. J Nutr 

Health Aging. Aug 2011;15(8):690-4. doi:10.1007/s12603-011-0110-9 

35. Baylis D, Bartlett DB, Syddall HE, et al. Immune-endocrine biomarkers as 

predictors of frailty and mortality: a 10-year longitudinal study in community-dwelling 

older people. Age (Dordr). Jun 2013;35(3):963-71. doi:10.1007/s11357-012-9396-8 

36. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for a 

phenotype. J Gerontol A Biol Sci Med Sci. Mar 2001;56(3):M146-56. 

doi:10.1093/gerona/56.3.m146 

37. Auyeung TW, Lee SW, Leung J, Kwok T, Woo J. Age-associated decline of 

muscle mass, grip strength and gait speed: a 4-year longitudinal study of 3018 

community-dwelling older Chinese. Geriatr Gerontol Int. Feb 2014;14 Suppl 1:76-84. 

doi:10.1111/ggi.12213 

38. Buehring B, Krueger D, Fidler E, Gangnon R, Heiderscheit B, Binkley N. 

Reproducibility of jumping mechanography and traditional measures of physical and 

muscle function in older adults. Osteoporos Int. Feb 2015;26(2):819-25. 

doi:10.1007/s00198-014-2983-z 

39. Bullain SS, Corrada MM, Shah BA, Mozaffar FH, Panzenboeck M, Kawas CH. 

Poor physical performance and dementia in the oldest old: the 90+ study. JAMA Neurol. 

Jan 2013;70(1):107-13. doi:10.1001/jamaneurol.2013.583 

40. Neumann S, Kwisda S, Krettek C, Gaulke R. Comparison of the Grip Strength 

Using the Martin-Vigorimeter and the JAMAR-Dynamometer: Establishment of Normal 

Values. In Vivo. Sep-Oct 2017;31(5):917-924. doi:10.21873/invivo.11147 

41. Breton É, Beloin F, Fortin C, et al. Gender-specific associations between 

functional autonomy and physical capacities in independent older adults: results from the 

NuAge study. Arch Gerontol Geriatr. Jan-Feb 2014;58(1):56-62. 

doi:10.1016/j.archger.2013.07.011 

42. Benton MJ, Spicher JM, Silva-Smith AL. Validity and reliability of handgrip 

dynamometry in older adults: A comparison of two widely used dynamometers. PLoS 

One. 2022;17(6):e0270132. doi:10.1371/journal.pone.0270132 

43. Kim M, Shinkai S. Prevalence of muscle weakness based on different diagnostic 

criteria in community‐dwelling older adults: A comparison of grip strength 

dynamometers. Geriatrics & gerontology international. 2017;17(11):2089-2095.  

44. Dato S, Montesanto A, Lagani V, Jeune B, Christensen K, Passarino G. Frailty 

phenotypes in the elderly based on cluster analysis: a longitudinal study of two Danish 

cohorts. Evidence for a genetic influence on frailty. Age (Dordr). Jun 2012;34(3):571-82. 

doi:10.1007/s11357-011-9257-x 



 141 

45. Stel VS, Smit JH, Pluijm SM, Lips P. Balance and mobility performance as 

treatable risk factors for recurrent falling in older persons. J Clin Epidemiol. Jul 

2003;56(7):659-68. doi:10.1016/s0895-4356(03)00082-9 

46. Guralnik JM, Ferrucci L, Simonsick EM, Salive ME, Wallace RB. Lower-

extremity function in persons over the age of 70 years as a predictor of subsequent 

disability. N Engl J Med. Mar 2 1995;332(9):556-61. 

doi:10.1056/nejm199503023320902 

47. de Fátima Ribeiro Silva C, Ohara DG, Matos AP, Pinto A, Pegorari MS. Short 

Physical Performance Battery as a Measure of Physical Performance and Mortality 

Predictor in Older Adults: A Comprehensive Literature Review. Int J Environ Res Public 

Health. Oct 10 2021;18(20)doi:10.3390/ijerph182010612 

48. Veronese N, Bolzetta F, Toffanello ED, et al. Association between Short Physical 

Performance Battery and falls in older people: the Progetto Veneto Anziani Study. 

Rejuvenation Res. Jun 2014;17(3):276-84. doi:10.1089/rej.2013.1491 

49. Phu S, Kirk B, Bani Hassan E, et al. The diagnostic value of the Short Physical 

Performance Battery for sarcopenia. BMC Geriatr. Jul 13 2020;20(1):242. 

doi:10.1186/s12877-020-01642-4 

50. Bellettiere J, Lamonte MJ, Unkart J, et al. Short Physical Performance Battery 

and Incident Cardiovascular Events Among Older Women. J Am Heart Assoc. Jul 21 

2020;9(14):e016845. doi:10.1161/jaha.120.016845 

51. Vasunilashorn S, Coppin AK, Patel KV, et al. Use of the Short Physical 

Performance Battery Score to predict loss of ability to walk 400 meters: analysis from the 

InCHIANTI study. J Gerontol A Biol Sci Med Sci. Feb 2009;64(2):223-9. 

doi:10.1093/gerona/gln022 

52. Gawel J, Vengrow D, Collins J, Brown S, Buchanan A, Cook C. The short 

physical performance battery as a predictor for long term disability or institutionalization 

in the community dwelling population aged 65 years old or older. Physical therapy 

reviews. 2012;17(1):37-44.  

53. Ramírez-Vélez R, López Sáez de Asteasu M, Morley JE, Cano-Gutierrez CA, 

Izquierdo M. Performance of the Short Physical Performance Battery in Identifying the 

Frailty Phenotype and Predicting Geriatric Syndromes in Community-Dwelling Elderly. J 

Nutr Health Aging. 2021;25(2):209-217. doi:10.1007/s12603-020-1484-3 

54. Pavasini R, Guralnik J, Brown JC, et al. Short Physical Performance Battery and 

all-cause mortality: systematic review and meta-analysis. BMC Med. Dec 22 

2016;14(1):215. doi:10.1186/s12916-016-0763-7 

55. Brown JD, Lo-Ciganic WH, Shao H, Pahor M, Manini TM. Trajectories of Short 

Physical Performance Battery Are Strongly Associated with Future Major Mobility 

Disability: Results from the LIFE Study. J Clin Med. Jul 22 

2020;9(8)doi:10.3390/jcm9082332 

56. Charles A, Detilleux J, Buckinx F, Reginster JY, Gruslin B, Bruyère O. Physical 

performance trajectories and mortality among nursing home residents: results of the 

SENIOR cohort. Age Ageing. Aug 24 2020;49(5):800-806. doi:10.1093/ageing/afaa034 

57. Mutambudzi M, Chen NW, Howrey B, Garcia MA, Markides KS. Physical 

Performance Trajectories and Mortality Among Older Mexican Americans. J Gerontol A 

Biol Sci Med Sci. Jan 16 2019;74(2):233-239. doi:10.1093/gerona/gly013 



 142 

58. Xue QL. The frailty syndrome: definition and natural history. Clin Geriatr Med. 

Feb 2011;27(1):1-15. doi:10.1016/j.cger.2010.08.009 

59. Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet. Jun 29 2019;393(10191):2636-

2646. doi:10.1016/s0140-6736(19)31138-9 

60. Björkman M, Jyväkorpi SK, Strandberg TE, Pitkälä KH, Tilvis RS. Sarcopenia 

Indicators as Predictors of Functional Decline and Need for Care among Older People. J 

Nutr Health Aging. 2019;23(10):916-922. doi:10.1007/s12603-019-1280-0 

61. Dodds R, Sayer AA. Sarcopenia and frailty: new challenges for clinical practice. 

Clin Med (Lond). Oct 2016;16(5):455-458. doi:10.7861/clinmedicine.16-5-455 

62. Rockwood K, Mitnitski A. Frailty in relation to the accumulation of deficits. J 

Gerontol A Biol Sci Med Sci. Jul 2007;62(7):722-7. doi:10.1093/gerona/62.7.722 

63. Searle SD, Mitnitski A, Gahbauer EA, Gill TM, Rockwood K. A standard 

procedure for creating a frailty index. BMC Geriatr. Sep 30 2008;8:24. 

doi:10.1186/1471-2318-8-24 

64. Shi SM, McCarthy EP, Mitchell S, Kim DH. Changes in Predictive Performance 

of a Frailty Index with Availability of Clinical Domains. J Am Geriatr Soc. Aug 

2020;68(8):1771-1777. doi:10.1111/jgs.16436 

65. Bieniek J, Wilczyński K, Szewieczek J. Fried frailty phenotype assessment 

components as applied to geriatric inpatients. Clin Interv Aging. 2016;11:453-9. 

doi:10.2147/cia.s101369 

66. Martin FC, Ranhoff AH. Frailty and Sarcopenia. In: Falaschi P, Marsh D, eds. 

Orthogeriatrics: The Management of Older Patients with Fragility Fractures. Springer 

Copyright 2021, The Author(s). 2021:53-65. 

67. Rockwood K, Andrew M, Mitnitski A. A comparison of two approaches to 

measuring frailty in elderly people. J Gerontol A Biol Sci Med Sci. Jul 2007;62(7):738-

43. doi:10.1093/gerona/62.7.738 

68. Rockwood K, Howlett SE. Age-related deficit accumulation and the diseases of 

ageing. Mechanisms of Ageing and Development. 2019/06/01/ 2019;180:107-116. 

doi:https://doi.org/10.1016/j.mad.2019.04.005 

69. Cesari M, Gambassi G, van Kan GA, Vellas B. The frailty phenotype and the 

frailty index: different instruments for different purposes. Age Ageing. Jan 2014;43(1):10-

2. doi:10.1093/ageing/aft160 

70. Cesari M, Landi F, Vellas B, Bernabei R, Marzetti E. Sarcopenia and physical 

frailty: two sides of the same coin. Front Aging Neurosci. 2014;6:192. 

doi:10.3389/fnagi.2014.00192 

71. Tanimoto Y, Watanabe M, Sun W, et al. Association of sarcopenia with 

functional decline in community-dwelling elderly subjects in Japan. Geriatr Gerontol Int. 

Oct 2013;13(4):958-63. doi:10.1111/ggi.12037 

72. Landi F, Cherubini A, Cesari M, et al. Sarcopenia and frailty: From theoretical 

approach into clinical practice. European Geriatric Medicine. 2016/06/01/ 

2016;7(3):197-200. doi:https://doi.org/10.1016/j.eurger.2015.12.015 

73. Hung ST, Cheng YC, Wu CC, Su CH. Examining Physical Wellness as the 

Fundamental Element for Achieving Holistic Well-Being in Older Persons: Review of 

Literature and Practical Application in Daily Life. J Multidiscip Healthc. 2023;16:1889-

1904. doi:10.2147/jmdh.s419306 

https://doi.org/10.1016/j.mad.2019.04.005
https://doi.org/10.1016/j.eurger.2015.12.015


 143 

74. Wolfe WS, Frongillo EA, Valois P. Understanding the experience of food 

insecurity by elders suggests ways to improve its measurement. J Nutr. Sep 

2003;133(9):2762-9. doi:10.1093/jn/133.9.2762 

75. Huang DL, Rosenberg DE, Simonovich SD, Belza B. Food Access Patterns and 

Barriers among Midlife and Older Adults with Mobility Disabilities. J Aging Res. 

2012;2012:231489. doi:10.1155/2012/231489 

76. Juul F, Parekh N, Martinez-Steele E, Monteiro CA, Chang VW. Ultra-processed 

food consumption among US adults from 2001 to 2018. Am J Clin Nutr. Jan 11 

2022;115(1):211-221. doi:10.1093/ajcn/nqab305 

77. Aljahdali AA. Food insecurity and ultra-processed food consumption in the 

Health and Retirement Study: Cross-sectional analysis. J Nutr Health Aging. Feb 

2025;29(2):100422. doi:10.1016/j.jnha.2024.100422 

78. Sieber CC. Malnutrition and sarcopenia. Aging Clin Exp Res. Jun 2019;31(6):793-

798. doi:10.1007/s40520-019-01170-1 

79. Roberts HC, Lim SER, Cox NJ, Ibrahim K. The Challenge of Managing 

Undernutrition in Older People with Frailty. Nutrients. Apr 10 

2019;11(4)doi:10.3390/nu11040808 

80. National Academies of Sciences EaM, Division HaM, Board FaN, et al. 

Evaluating the Process to Develop the Dietary Guidelines for Americans, 2020-2025 : A 

Midcourse Report. 1st ed. National Academies Press,; 2023:1 online resource (295 

pages).  

81. Simon J. Dietary Guidelines for Americans and Older Adults: Toolkit for Senior 

Nutrition Programs. Accessed March 6th, 2025. https://acl.gov/senior-

nutrition/DGAtoolkit 

82. Dana DeSilva LDA-V. Nutrition as We Age: Healthy Eating with the Dietary 

Guidelines. U.S. Department of Health and Human Services. Accessed March 6th, 2025. 

https://odphp.health.gov/news/202107/nutrition-we-age-healthy-eating-dietary-

guidelines#:~:text=Special%20Considerations%20for%20Older%20Adults&text=Eating

%20more%20fruits%2C%20vegetables%2C%20whole,food%20group%20and%20nutrie

nt%20recommendations. 

83. Guenther PM, Reedy J, Krebs-Smith SM. Development of the Healthy Eating 

Index-2005. J Am Diet Assoc. Nov 2008;108(11):1896-901. 

doi:10.1016/j.jada.2008.08.016 

84. Bigman G, Rusu ME, Kleckner AS, et al. Plant-Based Diets and Their 

Associations with Physical Performance in the Baltimore Longitudinal Study of Aging. 

Nutrients. Dec 9 2024;16(23)doi:10.3390/nu16234249 

85. Talegawkar SA, Jin Y, Xue QL, et al. Dietary Pattern Trajectories in Middle Age 

and Physical Function in Older Age. J Gerontol A Biol Sci Med Sci. Feb 25 

2021;76(3):513-519. doi:10.1093/gerona/glaa287 

86. Talegawkar SA, Jin Y, Simonsick EM, Tucker KL, Ferrucci L, Tanaka T. The 

Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet is 

associated with physical function and grip strength in older men and women. Am J Clin 

Nutr. Mar 4 2022;115(3):625-632. doi:10.1093/ajcn/nqab310 

87. Fougère B, Mazzuco S, Spagnolo P, et al. Association between the 

Mediterranean-style Dietary Pattern Score and Physical Performance: Results from 

https://acl.gov/senior-nutrition/DGAtoolkit
https://acl.gov/senior-nutrition/DGAtoolkit
https://odphp.health.gov/news/202107/nutrition-we-age-healthy-eating-dietary-guidelines#:~:text=Special%20Considerations%20for%20Older%20Adults&text=Eating%20more%20fruits%2C%20vegetables%2C%20whole,food%20group%20and%20nutrient%20recommendations
https://odphp.health.gov/news/202107/nutrition-we-age-healthy-eating-dietary-guidelines#:~:text=Special%20Considerations%20for%20Older%20Adults&text=Eating%20more%20fruits%2C%20vegetables%2C%20whole,food%20group%20and%20nutrient%20recommendations
https://odphp.health.gov/news/202107/nutrition-we-age-healthy-eating-dietary-guidelines#:~:text=Special%20Considerations%20for%20Older%20Adults&text=Eating%20more%20fruits%2C%20vegetables%2C%20whole,food%20group%20and%20nutrient%20recommendations
https://odphp.health.gov/news/202107/nutrition-we-age-healthy-eating-dietary-guidelines#:~:text=Special%20Considerations%20for%20Older%20Adults&text=Eating%20more%20fruits%2C%20vegetables%2C%20whole,food%20group%20and%20nutrient%20recommendations


 144 

TRELONG Study. J Nutr Health Aging. Apr 2016;20(4):415-9. doi:10.1007/s12603-015-

0588-7 

88. Chan R, Leung J, Woo J. A Prospective Cohort Study to Examine the Association 

Between Dietary Patterns and Sarcopenia in Chinese Community-Dwelling Older People 

in Hong Kong. J Am Med Dir Assoc. Apr 1 2016;17(4):336-42. 

doi:10.1016/j.jamda.2015.12.004 

89. Houshialsadat Z, Cediel G, Sattamini I, Scrinis G, Machado P. Ultra-processed 

foods, dietary diversity and micronutrient intakes in the Australian population. Eur J 

Nutr. Feb 2024;63(1):135-144. doi:10.1007/s00394-023-03245-2 

90. Kennedy G, Ballard T, Dop M. Guidelines for measuring household and 

individual dietary diversity. 2011; 

91. Kant AK, Block G, Schatzkin A, Ziegler RG, Nestle M. Dietary diversity in the 

US population, NHANES II, 1976-1980. J Am Diet Assoc. Dec 1991;91(12):1526-31.  

92. Zhou Y, Wang J, Duan Y, et al. Dietary diversity and determinants of young 

adults in central China: A cross-sectional study from 2015 to 2020. Front Nutr. 

2022;9:931107. doi:10.3389/fnut.2022.931107 

93. Rezaei M, Forouzan K, Eini-Zinab H, Omidvar N, Jafaripour S, Rezazadeh A. 

Dietary diversity and its association with changes in anthropometric indices of 

community-dwelling older adults in Tehran, Iran: a longitudinal study (2017-2021). BMC 

Public Health. Aug 20 2024;24(1):2253. doi:10.1186/s12889-024-19635-y 

94. Verger EO, Le Port A, Borderon A, et al. Dietary Diversity Indicators and Their 

Associations with Dietary Adequacy and Health Outcomes: A Systematic Scoping 

Review. Adv Nutr. Oct 1 2021;12(5):1659-1672. doi:10.1093/advances/nmab009 

95. Zhu Y, An Q, Rao J. The effects of dietary diversity on health status among the 

older adults: an empirical study from China. BMC Public Health. Mar 3 2024;24(1):674. 

doi:10.1186/s12889-024-18172-y 

96. Aihemaitijiang S, Zhang L, Ye C, et al. Long-Term High Dietary Diversity 

Maintains Good Physical Function in Chinese Elderly: A Cohort Study Based on CLHLS 

from 2011 to 2018. Nutrients. Apr 21 2022;14(9)doi:10.3390/nu14091730 

97. Du Q, Lu Y, Hu F, et al. Dietary diversity and possible sarcopenia among older 

people in China: a nationwide population-based study. Front Nutr. 2023;10:1218453. 

doi:10.3389/fnut.2023.1218453 

98. Kant AK, Schatzkin A, Harris TB, Ziegler RG, Block G. Dietary diversity and 

subsequent mortality in the First National Health and Nutrition Examination Survey 

Epidemiologic Follow-up Study. Am J Clin Nutr. Mar 1993;57(3):434-40. 

doi:10.1093/ajcn/57.3.434 

99. Katanoda K, Kim HS, Matsumura Y. New Quantitative Index for Dietary 

Diversity (QUANTIDD) and its annual changes in the Japanese. Nutrition. Mar 

2006;22(3):283-7. doi:10.1016/j.nut.2005.06.014 

100. Otsuka R, Zhang S, Ihira H, et al. Dietary diversity and risk of late-life disabling 

dementia in middle-aged and older adults. Clin Nutr. Apr 2023;42(4):541-549. 

doi:10.1016/j.clnu.2023.02.002 

101. Division FNaCP. Guidelines For Measuring Household and Individual Dietary 

Diversity. August, 2007. Accessed September 18th, 2024. https://humboldt-reloaded.uni-

hohenheim.de/uploads/tx_uhohhrprojekte/FAO%20guidelines%20for%20measuring%20

Dietary%20Diversity_v3_August%20f..pdf 

https://humboldt-reloaded.uni-hohenheim.de/uploads/tx_uhohhrprojekte/FAO%20guidelines%20for%20measuring%20Dietary%20Diversity_v3_August%20f..pdf
https://humboldt-reloaded.uni-hohenheim.de/uploads/tx_uhohhrprojekte/FAO%20guidelines%20for%20measuring%20Dietary%20Diversity_v3_August%20f..pdf
https://humboldt-reloaded.uni-hohenheim.de/uploads/tx_uhohhrprojekte/FAO%20guidelines%20for%20measuring%20Dietary%20Diversity_v3_August%20f..pdf


 145 

102. Ruel MT. Operationalizing dietary diversity: a review of measurement issues and 

research priorities. J Nutr. Nov 2003;133(11 Suppl 2):3911s-3926s. 

doi:10.1093/jn/133.11.3911S 

103. Kant AK, Thompson FE. Measures of overall diet quality from a food frequency 

questionnaire: National Health Interview Survey, 1992. Nutrition Research. 1997/09/01/ 

1997;17(9):1443-1456. doi:https://doi.org/10.1016/S0271-5317(97)00135-8 

104. Roberts SB, Hajduk CL, Howarth NC, Russell R, McCrory MA. Dietary variety 

predicts low body mass index and inadequate macronutrient and micronutrient intakes in 

community-dwelling older adults. J Gerontol A Biol Sci Med Sci. May 2005;60(5):613-

21. doi:10.1093/gerona/60.5.613 

105. Milte CM, Thorpe MG, Crawford D, Ball K, McNaughton SA. Associations of 

diet quality with health-related quality of life in older Australian men and women. Exp 

Gerontol. Apr 2015;64:8-16. doi:10.1016/j.exger.2015.01.047 

106. Drescher LS, Thiele S, Mensink GB. A new index to measure healthy food 

diversity better reflects a healthy diet than traditional measures. J Nutr. Mar 

2007;137(3):647-51. doi:10.1093/jn/137.3.647 

107. Vadiveloo M, Dixon LB, Mijanovich T, Elbel B, Parekh N. Development and 

evaluation of the US Healthy Food Diversity index. Br J Nutr. Nov 14 2014;112(9):1562-

74. doi:10.1017/s0007114514002049 

108. Jahromi MK, Daftari G, Tehrani AN, et al. The association of the healthy food 

diversity index with the risk of non-alcoholic fatty liver disease among the adult 

population. Clin Nutr ESPEN. Feb 2024;59:404-411. doi:10.1016/j.clnesp.2023.12.144 

109. Otto MC, Padhye NS, Bertoni AG, Jacobs DR, Jr., Mozaffarian D. Everything in 

Moderation--Dietary Diversity and Quality, Central Obesity and Risk of Diabetes. PLoS 

One. 2015;10(10):e0141341. doi:10.1371/journal.pone.0141341 

110. Woo J, Cheung B, Ho S, Sham A, Lam TH. Influence of dietary pattern on the 

development of overweight in a Chinese population. Eur J Clin Nutr. Apr 

2008;62(4):480-7. doi:10.1038/sj.ejcn.1602702 

111. Otsuka R, Kato Y, Nishita Y, et al. Dietary diversity and 14-year decline in 

higher-level functional capacity among middle-aged and elderly Japanese. Nutrition. Jul-

Aug 2016;32(7-8):784-9. doi:10.1016/j.nut.2016.01.022 

112. Kobayashi M, Thielecke F. Editorial: Dietary diversity indicators: cultural 

preferences and health outcomes. Front Nutr. 2024;11:1433735. 

doi:10.3389/fnut.2024.1433735 

113. Zhang J, Zhao A. Dietary Diversity and Healthy Aging: A Prospective Study. 

Nutrients. May 24 2021;13(6)doi:10.3390/nu13061787 

114. Huang WC, Huang YC, Lee MS, Doong JY, Pan WH, Chang HY. The Combined 

Effects of Dietary Diversity and Frailty on Mortality in Older Taiwanese People. 

Nutrients. Sep 16 2022;14(18)doi:10.3390/nu14183825 

115. Kiuchi Y, Doi T, Tsutsumimoto K, et al. Association between dietary diversity 

and sarcopenia in community-dwelling older adults. Nutrition. Feb 2023;106:111896. 

doi:10.1016/j.nut.2022.111896 

116. Monteiro CA, Moubarac JC, Cannon G, Ng SW, Popkin B. Ultra-processed 

products are becoming dominant in the global food system. Obes Rev. Nov 2013;14 

Suppl 2:21-8. doi:10.1111/obr.12107 

https://doi.org/10.1016/S0271-5317(97)00135-8


 146 

117. Ristic D, Bender D, Jaeger H, Heinz V, Smetana S. Towards a definition of food 

processing: conceptualization and relevant parameters. Food Production, Processing and 

Nutrition. 2024/09/08 2024;6(1):79. doi:10.1186/s43014-024-00256-2 

118. Monteiro CA, Levy RB, Claro RM, Castro IR, Cannon G. A new classification of 

foods based on the extent and purpose of their processing. Cad Saude Publica. Nov 

2010;26(11):2039-49. doi:10.1590/s0102-311x2010001100005 

119. Monteiro CA, Cannon G, Levy RB, et al. Ultra-processed foods: what they are 

and how to identify them. Public Health Nutr. Apr 2019;22(5):936-941. 

doi:10.1017/s1368980018003762 

120. Slimani N, Deharveng G, Southgate DA, et al. Contribution of highly industrially 

processed foods to the nutrient intakes and patterns of middle-aged populations in the 

European Prospective Investigation into Cancer and Nutrition study. Eur J Clin Nutr. 

Nov 2009;63 Suppl 4:S206-25. doi:10.1038/ejcn.2009.82 

121. Eicher-Miller HA, Fulgoni VL, 3rd, Keast DR. Contributions of processed foods 

to dietary intake in the US from 2003-2008: a report of the Food and Nutrition Science 

Solutions Joint Task Force of the Academy of Nutrition and Dietetics, American Society 

for Nutrition, Institute of Food Technologists, and International Food Information 

Council. J Nutr. Nov 2012;142(11):2065s-2072s. doi:10.3945/jn.112.164442 

122. Poti JM, Mendez MA, Ng SW, Popkin BM. Is the degree of food processing and 

convenience linked with the nutritional quality of foods purchased by US households? 

Am J Clin Nutr. Jun 2015;101(6):1251-62. doi:10.3945/ajcn.114.100925 

123. Lane MM, Gamage E, Du S, et al. Ultra-processed food exposure and adverse 

health outcomes: umbrella review of epidemiological meta-analyses. Bmj. Feb 28 

2024;384:e077310. doi:10.1136/bmj-2023-077310 

124. Marino M, Puppo F, Del Bo C, et al. A Systematic Review of Worldwide 

Consumption of Ultra-Processed Foods: Findings and Criticisms. Nutrients. Aug 13 

2021;13(8)doi:10.3390/nu13082778 

125. Lane MM, Lotfaliany M, Forbes M, et al. Higher Ultra-Processed Food 

Consumption Is Associated with Greater High-Sensitivity C-Reactive Protein 

Concentration in Adults: Cross-Sectional Results from the Melbourne Collaborative 

Cohort Study. Nutrients. Aug 12 2022;14(16)doi:10.3390/nu14163309 

126. Juul F, Vaidean G, Parekh N. Ultra-processed Foods and Cardiovascular 

Diseases: Potential Mechanisms of Action. Adv Nutr. Oct 1 2021;12(5):1673-1680. 

doi:10.1093/advances/nmab049 

127. B RC, Machado P, Steele EM. Association between ultra-processed food 

consumption and cognitive performance in US older adults: a cross-sectional analysis of 

the NHANES 2011-2014. Eur J Nutr. Dec 2022;61(8):3975-3985. doi:10.1007/s00394-

022-02911-1 

128. Locher JL, Ritchie CS, Roth DL, Sen B, Vickers KS, Vailas LI. Food choice 

among homebound older adults: motivations and perceived barriers. J Nutr Health Aging. 

Oct 2009;13(8):659-64. doi:10.1007/s12603-009-0194-7 

129. Caso G, Vecchio R. Factors influencing independent older adults (un)healthy food 

choices: A systematic review and research agenda. Food Res Int. Aug 2022;158:111476. 

doi:10.1016/j.foodres.2022.111476 



 147 

130. Pilgrim AL, Robinson SM, Sayer AA, Roberts HC. An overview of appetite 

decline in older people. Nurs Older People. Jun 2015;27(5):29-35. 

doi:10.7748/nop.27.5.29.e697 

131. Martini D, Godos J, Bonaccio M, Vitaglione P, Grosso G. Ultra-Processed Foods 

and Nutritional Dietary Profile: A Meta-Analysis of Nationally Representative Samples. 

Nutrients. Sep 27 2021;13(10)doi:10.3390/nu13103390 

132. Srour B, Kordahi MC, Bonazzi E, Deschasaux-Tanguy M, Touvier M, Chassaing 

B. Ultra-processed foods and human health: from epidemiological evidence to 

mechanistic insights. Lancet Gastroenterol Hepatol. Dec 2022;7(12):1128-1140. 

doi:10.1016/s2468-1253(22)00169-8 

133. Jamar G, Ribeiro DA, Pisani LP. High-fat or high-sugar diets as trigger 

inflammation in the microbiota-gut-brain axis. Crit Rev Food Sci Nutr. 2021;61(5):836-

854. doi:10.1080/10408398.2020.1747046 

134. Church JS, Renzelman ML, Schwartzer JJ. Ten-week high fat and high sugar 

diets in mice alter gut-brain axis cytokines in a sex-dependent manner. J Nutr Biochem. 

Feb 2022;100:108903. doi:10.1016/j.jnutbio.2021.108903 

135. Bray GA, Popkin BM. Dietary fat intake does affect obesity! Am J Clin Nutr. Dec 

1998;68(6):1157-73. doi:10.1093/ajcn/68.6.1157 

136. Faruque S, Tong J, Lacmanovic V, Agbonghae C, Minaya DM, Czaja K. The 

Dose Makes the Poison: Sugar and Obesity in the United States - a Review. Pol J Food 

Nutr Sci. 2019;69(3):219-233. doi:10.31883/pjfns/110735 

137. Stanhope KL. Sugar consumption, metabolic disease and obesity: The state of the 

controversy. Crit Rev Clin Lab Sci. 2016;53(1):52-67. 

doi:10.3109/10408363.2015.1084990 

138. Duan Y, Zeng L, Zheng C, et al. Inflammatory Links Between High Fat Diets and 

Diseases. Front Immunol. 2018;9:2649. doi:10.3389/fimmu.2018.02649 

139. Delpino FM, Dos Santos Rodrigues AP, Petarli GB, et al. Overweight, obesity 

and risk of multimorbidity: A systematic review and meta-analysis of longitudinal 

studies. Obes Rev. Jun 2023;24(6):e13562. doi:10.1111/obr.13562 

140. Abdelaal M, le Roux CW, Docherty NG. Morbidity and mortality associated with 

obesity. Ann Transl Med. Apr 2017;5(7):161. doi:10.21037/atm.2017.03.107 

141. Marchese L, Livingstone KM, Woods JL, Wingrove K, Machado P. Ultra-

processed food consumption, socio-demographics, and diet quality in Australian adults - 

CORRIGENDUM. Public Health Nutr. Jan 2022;25(1):205. 

doi:10.1017/s1368980021004067 

142. Zinöcker MK, Lindseth IA. The Western Diet-Microbiome-Host Interaction and 

Its Role in Metabolic Disease. Nutrients. Mar 17 2018;10(3)doi:10.3390/nu10030365 

143. Cao Y, Liu H, Qin N, Ren X, Zhu B, Xia X. Impact of food additives on the 

composition and function of gut microbiota: A review. Trends in Food Science & 

Technology. 2020/05/01/ 2020;99:295-310. doi:https://doi.org/10.1016/j.tifs.2020.03.006 

144. Zhou X, Qiao K, Wu H, Zhang Y. The Impact of Food Additives on the 

Abundance and Composition of Gut Microbiota. Molecules. Jan 7 

2023;28(2)doi:10.3390/molecules28020631 

145. Tristan Asensi M, Napoletano A, Sofi F, Dinu M. Low-Grade Inflammation and 

Ultra-Processed Foods Consumption: A Review. Nutrients. Mar 22 

2023;15(6)doi:10.3390/nu15061546 

https://doi.org/10.1016/j.tifs.2020.03.006


 148 

146. Sandoval-Insausti H, Blanco-Rojo R, Graciani A, et al. Ultra-processed Food 

Consumption and Incident Frailty: A Prospective Cohort Study of Older Adults. J 

Gerontol A Biol Sci Med Sci. May 22 2020;75(6):1126-1133. doi:10.1093/gerona/glz140 

147. Liu J, Mozaffarian D. Trends in Diet Quality Among U.S. Adults From 1999 to 

2020 by Race, Ethnicity, and Socioeconomic Disadvantage. Ann Intern Med. Jul 

2024;177(7):841-850. doi:10.7326/m24-0190 

148. Long T, Zhang K, Chen Y, Wu C. Trends in Diet Quality Among Older US 

Adults From 2001 to 2018. JAMA Netw Open. Mar 1 2022;5(3):e221880. 

doi:10.1001/jamanetworkopen.2022.1880 

149. Yadav D, Tanveer A, Malviya N, Yadav S. Chapter 1 - Overview and Principles 

of Bioengineering: The Drivers of Omics Technologies. In: Barh D, Azevedo V, eds. 

Omics Technologies and Bio-Engineering. Academic Press; 2018:3-23. 

150. Guasch-Ferré M, Bhupathiraju SN, Hu FB. Use of Metabolomics in Improving 

Assessment of Dietary Intake. Clin Chem. Jan 2018;64(1):82-98. 

doi:10.1373/clinchem.2017.272344 

151. Noerman S, Landberg R. Blood metabolite profiles linking dietary patterns with 

health-Toward precision nutrition. J Intern Med. Apr 2023;293(4):408-432. 

doi:10.1111/joim.13596 

152. Gibney MJ, Walsh M, Brennan L, Roche HM, German B, van Ommen B. 

Metabolomics in human nutrition: opportunities and challenges. Am J Clin Nutr. Sep 

2005;82(3):497-503. doi:10.1093/ajcn.82.3.497 

153. Tanaka T, Talegawkar SA, Jin Y, et al. Metabolomic Profile of Different Dietary 

Patterns and Their Association with Frailty Index in Community-Dwelling Older Men 

and Women. Nutrients. May 27 2022;14(11)doi:10.3390/nu14112237 

154. Bouchard-Mercier A, Rudkowska I, Lemieux S, Couture P, Vohl MC. The 

metabolic signature associated with the Western dietary pattern: a cross-sectional study. 

Nutr J. Dec 11 2013;12:158. doi:10.1186/1475-2891-12-158 

155. Su D, Chen J, Du S, et al. Metabolomic Markers of Ultra-Processed Food and 

Incident CKD. Clin J Am Soc Nephrol. Mar 1 2023;18(3):327-336. 

doi:10.2215/cjn.0000000000000062 

156. Kim H, Hu EA, K EW, et al. Serum Metabolites Associated with Healthy Diets in 

African Americans and European Americans. J Nutr. Jan 4 2021;151(1):40-49. 

doi:10.1093/jn/nxaa338 

157. Kim H, Yu B, Li X, et al. Serum metabolomic signatures of plant-based diets and 

incident chronic kidney disease. Am J Clin Nutr. Jul 6 2022;116(1):151-164. 

doi:10.1093/ajcn/nqac054 

158. Gadgil MD, Wood AC, Karaman I, et al. Metabolomic Profile of the Healthy 

Eating Index-2015 in the Multiethnic Study of Atherosclerosis. J Nutr. Aug 

2023;153(8):2174-2180. doi:10.1016/j.tjnut.2023.05.030 

159. Bagheri M, Shah RD, Mosley JD, Ferguson JF. Healthy Eating Index, Genomics 

and Metabolomics; Insights into the Mechanisms Driving Dietary Pattern to Metabolic 

Disorders. Curr Dev Nutr. Copyright © The Author(s) on behalf of the American Society 

for Nutrition 2020.; 2020:506. vol. Suppl 2. 

160. Bagheri M, Shah RD, Mosley JD, Ferguson JF. A metabolome and microbiome 

wide association study of healthy eating index points to the mechanisms linking dietary 



 149 

pattern and metabolic status. Eur J Nutr. Dec 2021;60(8):4413-4427. 

doi:10.1007/s00394-021-02599-9 

161. McCullough ML, Maliniak ML, Stevens VL, Carter BD, Hodge RA, Wang Y. 

Metabolomic markers of healthy dietary patterns in US postmenopausal women. Am J 

Clin Nutr. May 1 2019;109(5):1439-1451. doi:10.1093/ajcn/nqy385 

162. Flanagan JL, Simmons PA, Vehige J, Willcox MD, Garrett Q. Role of carnitine in 

disease. Nutr Metab (Lond). Apr 16 2010;7:30. doi:10.1186/1743-7075-7-30 

163. Wellington N, Shanmuganathan M, de Souza RJ, et al. Metabolic Trajectories 

Following Contrasting Prudent and Western Diets from Food Provisions: Identifying 

Robust Biomarkers of Short-Term Changes in Habitual Diet. Nutrients. Oct 9 

2019;11(10)doi:10.3390/nu11102407 

164. Costello E, Goodrich JA, Patterson WB, et al. Proteomic and Metabolomic 

Signatures of Diet Quality in Young Adults. Nutrients. Jan 31 

2024;16(3)doi:10.3390/nu16030429 

165. Abar L, Steele EM, Lee SK, et al. Identification and validation of poly-metabolite 

scores for diets high in ultra-processed food: An observational study and post-hoc 

randomized controlled crossover-feeding trial. PLoS Med. May 2025;22(5):e1004560. 

doi:10.1371/journal.pmed.1004560 

166. Luft VC, Duncan BB, Schmidt MI, et al. Carboxymethyl lysine, an advanced 

glycation end product, and incident diabetes: a case-cohort analysis of the ARIC Study. 

Diabet Med. Oct 2016;33(10):1392-8. doi:10.1111/dme.12963 

167. Singh R, Barden A, Mori T, Beilin L. Advanced glycation end-products: a review. 

Diabetologia. Feb 2001;44(2):129-46. doi:10.1007/s001250051591 

168. Vlassara H, Striker GE. Advanced glycation endproducts in diabetes and diabetic 

complications. Endocrinol Metab Clin North Am. Dec 2013;42(4):697-719. 

doi:10.1016/j.ecl.2013.07.005 

169. Ottosson F, Smith E, Fernandez C, Melander O. Plasma Metabolites Associate 

with All-Cause Mortality in Individuals with Type 2 Diabetes. Metabolites. Jul 31 

2020;10(8)doi:10.3390/metabo10080315 

170. Grams ME, Tin A, Rebholz CM, et al. Metabolomic Alterations Associated with 

Cause of CKD. Clin J Am Soc Nephrol. Nov 7 2017;12(11):1787-1794. 

doi:10.2215/cjn.02560317 

171. Shock NW. Normal human aging: The Baltimore longitudinal study of aging. US 

Department of Health and Human Services, Public Health Service, National …; 1984. 

172. Ferrucci L. The Baltimore Longitudinal Study of Aging (BLSA): a 50-year-long 

journey and plans for the future. J Gerontol A Biol Sci Med Sci. 2008:1416-9. vol. 12. 

173. Hsieh LJ, Carter HB, Landis PK, et al. Association of energy intake with prostate 

cancer in a long-term aging study: Baltimore Longitudinal Study of Aging (United 

States). Urology. Feb 2003;61(2):297-301. doi:10.1016/s0090-4295(02)02120-9 

174. O'Brien RJ, Resnick SM, Zonderman AB, et al. Neuropathologic studies of the 

Baltimore Longitudinal Study of Aging (BLSA). J Alzheimers Dis. 2009;18(3):665-75. 

doi:10.3233/jad-2009-1179 

175. Jin Y, Tanaka T, Reed NS, Tucker KL, Ferrucci L, Talegawkar SA. Associations 

between dietary indices and hearing status among middle-older aged adults - results from 

the Baltimore Longitudinal Study of Aging. Am J Clin Nutr. May 2024;119(5):1338-

1345. doi:10.1016/j.ajcnut.2024.03.001 



 150 

176. Newman AB, Visser M, Kritchevsky SB, Simonsick E, Cawthon PM, Harris TB. 

The Health, Aging, and Body Composition (Health ABC) Study-Ground-Breaking 

Science for 25 Years and Counting. J Gerontol A Biol Sci Med Sci. Oct 28 

2023;78(11):2024-2034. doi:10.1093/gerona/glad167 

177. Talegawkar SA, Tanaka T, Maras JE, Ferrucci L, Tucker KL. Validation of 

Nutrient Intake Estimates Derived Using a Semi-Quantitative FFQ against 3 Day Diet 

Records in the Baltimore Longitudinal Study of Aging. J Nutr Health Aging. Dec 

2015;19(10):994-1002. doi:10.1007/s12603-015-0518-8 

178. Tucker KL, Bianchi LA, Maras J, Bermudez OI. Adaptation of a food frequency 

questionnaire to assess diets of Puerto Rican and non-Hispanic adults. Am J Epidemiol. 

Sep 1 1998;148(5):507-18. doi:10.1093/oxfordjournals.aje.a009676 

179. Houston DK, Nicklas BJ, Ding J, et al. Dietary protein intake is associated with 

lean mass change in older, community-dwelling adults: the Health, Aging, and Body 

Composition (Health ABC) Study. Am J Clin Nutr. Jan 2008;87(1):150-5. 

doi:10.1093/ajcn/87.1.150 

180. Krebs-Smith SM, Pannucci TE, Subar AF, et al. Update of the Healthy Eating 

Index: HEI-2015. J Acad Nutr Diet. Sep 2018;118(9):1591-1602. 

doi:10.1016/j.jand.2018.05.021 

181. Kennedy ET, Ohls J, Carlson S, Fleming K. The Healthy Eating Index: design 

and applications. J Am Diet Assoc. Oct 1995;95(10):1103-8. doi:10.1016/s0002-

8223(95)00300-2 

182. Shams-White MM, Pannucci TE, Lerman JL, et al. Healthy Eating Index-2020: 

Review and Update Process to Reflect the Dietary Guidelines for Americans,2020-2025. 

J Acad Nutr Diet. Sep 2023;123(9):1280-1288. doi:10.1016/j.jand.2023.05.015 

183. United States. Dietary Guidelines Advisory C. Dietary guidelines for Americans, 

2010. US Department of Health and Human Services, US Department of Agriculture; 

2010. 

184. Matsuura Y, Morishita T, Sato M, et al. Effects of daily 1,000-IU vitamin D-

fortified milk intake on skeletal muscle mass, power, physical function and nutrition 

status in Japanese. J Med Invest. 2021;68(3.4):249-255. doi:10.2152/jmi.68.249 

185. Chen Z, Khandpur N, Desjardins C, et al. Ultra-Processed Food Consumption and 

Risk of Type 2 Diabetes: Three Large Prospective U.S. Cohort Studies. Diabetes Care. 

Jul 1 2023;46(7):1335-1344. doi:10.2337/dc22-1993 

186. Chiles Shaffer N, Fabbri E, Ferrucci L, Shardell M, Simonsick EM, Studenski S. 

Muscle Quality, Strength, and Lower Extremity Physical Performance in the Baltimore 

Longitudinal Study of Aging. J Frailty Aging. 2017;6(4):183-187. 

doi:10.14283/jfa.2017.24 

187. Simonsick EM, Newman AB, Nevitt MC, et al. Measuring higher level physical 

function in well-functioning older adults: expanding familiar approaches in the Health 

ABC study. J Gerontol A Biol Sci Med Sci. Oct 2001;56(10):M644-9. 

doi:10.1093/gerona/56.10.m644 

188. Yamaguchi Y, Zampino M, Moaddel R, et al. Plasma metabolites associated with 

chronic kidney disease and renal function in adults from the Baltimore Longitudinal 

Study of Aging. Metabolomics. Jan 11 2021;17(1):9. doi:10.1007/s11306-020-01762-3 

189. Tian Q, Mitchell BA, Moaddel R, Zoccali C, Bandinelli S, Ferrucci L. 

Metabolomic markers mediate erythrocyte anisocytosis in older adults: Results from 



 151 

three independent aging cohorts. J Intern Med. May 2023;293(5):589-599. 

doi:10.1111/joim.13612 

190. Hengeveld LM, Wijnhoven HAH, Olthof MR, et al. Prospective Associations of 

Diet Quality With Incident Frailty in Older Adults: The Health, Aging, and Body 

Composition Study. J Am Geriatr Soc. Sep 2019;67(9):1835-1842. 

doi:10.1111/jgs.16011 

191. Hengeveld LM, Wijnhoven HAH, Olthof MR, et al. Prospective associations of 

poor diet quality with long-term incidence of protein-energy malnutrition in community-

dwelling older adults: the Health, Aging, and Body Composition (Health ABC) Study. 

Am J Clin Nutr. Feb 1 2018;107(2):155-164. doi:10.1093/ajcn/nqx020 

192. Fulay AP, Farsijani S, Freeland K, et al. Development of an older adult Nutrition 

Equity Index (NEI) and association with the Healthy Eating Index (HEI) in older Black 

and White U.S. adults. J Nutr Health Aging. Nov 2024;28(11):100343. 

doi:10.1016/j.jnha.2024.100343 

193. Kennedy E, Meyers L, Layden W. The 1995 dietary guidelines for Americans: an 

overview. Journal of the American Dietetic Association. 1996;96(3):234-238.  

194. Usda A. A brief history of USDA food guides. choosemyplate gov. 2011; 

195. Services USDoAaUSDoHaH. Dietary Guidelines for Americans, 2020-2025. 9th 

Edition. December 2020.  

196. Aljahdali AA, Rossato SL, Baylin A. Ultra-processed foods consumption among 

a USA representative sample of middle-older adults: a cross-sectional analysis. Br J Nutr. 

Apr 28 2024;131(8):1461-1472. doi:10.1017/s0007114523003033 

197. Massy-Westropp NM, Gill TK, Taylor AW, Bohannon RW, Hill CL. Hand Grip 

Strength: age and gender stratified normative data in a population-based study. BMC Res 

Notes. Apr 14 2011;4:127. doi:10.1186/1756-0500-4-127 

198. Song JS, Kim H, Jung M. When and Why Do Sex Differences in Handgrip 

Strength Emerge? Age-Varying Effects of Testosterone From Childhood to Older 

Adulthood. Am J Hum Biol. Oct 2025;37(10):e70155. doi:10.1002/ajhb.70155 

199. McCollum EV. The Paths to the Discovery of Vitamins A and D. The Journal of 

Nutrition. 1967/02/01/ 1967;91:11-16. doi:https://doi.org/10.1093/jn/91.2_Suppl.11 

200. Chapuy MC, Arlot ME, Duboeuf F, et al. Vitamin D3 and calcium to prevent hip 

fractures in elderly women. N Engl J Med. Dec 3 1992;327(23):1637-42. 

doi:10.1056/nejm199212033272305 

201. Xu Z, Xu J, Li S, et al. S-Equol enhances osteoblastic bone formation and 

prevents bone loss through OPG/RANKL via the PI3K/Akt pathway in streptozotocin-

induced diabetic rats. Front Nutr. 2022;9:986192. doi:10.3389/fnut.2022.986192 

202. Mamerow MM, Mettler JA, English KL, et al. Dietary protein distribution 

positively influences 24-h muscle protein synthesis in healthy adults. J Nutr. Jun 

2014;144(6):876-80. doi:10.3945/jn.113.185280 

203. Nunes EA, Colenso-Semple L, McKellar SR, et al. Systematic review and meta-

analysis of protein intake to support muscle mass and function in healthy adults. J 

Cachexia Sarcopenia Muscle. Apr 2022;13(2):795-810. doi:10.1002/jcsm.12922 

204. Bischoff-Ferrari HA, Dawson-Hughes B, Staehelin HB, et al. Fall prevention with 

supplemental and active forms of vitamin D: a meta-analysis of randomised controlled 

trials. Bmj. Oct 1 2009;339:b3692. doi:10.1136/bmj.b3692 

https://doi.org/10.1093/jn/91.2_Suppl.11


 152 

205. Hu FB. Dietary pattern analysis: a new direction in nutritional epidemiology. 

Curr Opin Lipidol. Feb 2002;13(1):3-9. doi:10.1097/00041433-200202000-00002 

206. Jacobs DR, Jr., Tapsell LC. Food, not nutrients, is the fundamental unit in 

nutrition. Nutr Rev. Oct 2007;65(10):439-50. doi:10.1111/j.1753-4887.2007.tb00269.x 

207. Bigman G, Ryan AS. Healthy Eating Index-2015 Is Associated with Grip 

Strength among the US Adult Population. Nutrients. Sep 25 

2021;13(10)doi:10.3390/nu13103358 

208. Perälä MM, von Bonsdorff MB, Männistö S, et al. The healthy Nordic diet 

predicts muscle strength 10 years later in old women, but not old men. Age Ageing. Jul 1 

2017;46(4):588-594. doi:10.1093/ageing/afx034 

209. Felicio DC, Pereira DS, Assumpção AM, et al. Poor correlation between handgrip 

strength and isokinetic performance of knee flexor and extensor muscles in community-

dwelling elderly women. Geriatr Gerontol Int. Jan 2014;14(1):185-9. 

doi:10.1111/ggi.12077 

210. Pataky MW, Dasari S, Michie KL, et al. Impact of biological sex and sex 

hormones on molecular signatures of skeletal muscle at rest and in response to distinct 

exercise training modes. Cell Metab. Nov 7 2023;35(11):1996-2010.e6. 

doi:10.1016/j.cmet.2023.10.010 

211. Collins BC, Laakkonen EK, Lowe DA. Aging of the musculoskeletal system: 

How the loss of estrogen impacts muscle strength. Bone. Jun 2019;123:137-144. 

doi:10.1016/j.bone.2019.03.033 

212. Black KE, Matkin-Hussey P. The Impact of Protein in Post-Menopausal Women 

on Muscle Mass and Strength: A Narrative Review. Physiologia. 2024;4(3):266-285. 

doi:10.3390/physiologia4030016  

213. Basualto-Alarcón C, Jorquera G, Altamirano F, Jaimovich E, Estrada M. 

Testosterone signals through mTOR and androgen receptor to induce muscle 

hypertrophy. Med Sci Sports Exerc. Sep 2013;45(9):1712-20. 

doi:10.1249/MSS.0b013e31828cf5f3 

214. Pitteloud N, Mootha VK, Dwyer AA, et al. Relationship between testosterone 

levels, insulin sensitivity, and mitochondrial function in men. Diabetes Care. Jul 

2005;28(7):1636-42. doi:10.2337/diacare.28.7.1636 

215. Kodete CS, Thuraka B, Pasupuleti V, Malisetty S. Hormonal Influences on 

Skeletal Muscle Function in Women across Life Stages: A Systematic Review. Muscles. 

Aug 21 2024;3(3):271-286. doi:10.3390/muscles3030024 

216. Critchlow AJ, Hiam D, Williams R, Scott D, Lamon S. The role of estrogen in 

female skeletal muscle aging: A systematic review. Maturitas. Dec 2023;178:107844. 

doi:10.1016/j.maturitas.2023.107844 

217. Smith GI, Atherton P, Villareal DT, et al. Differences in muscle protein synthesis 

and anabolic signaling in the postabsorptive state and in response to food in 65-80 year 

old men and women. PLoS One. Mar 26 2008;3(3):e1875. 

doi:10.1371/journal.pone.0001875 

218. Rennie MJ. Anabolic resistance: the effects of aging, sexual dimorphism, and 

immobilization on human muscle protein turnover. Appl Physiol Nutr Metab. Jun 

2009;34(3):377-81. doi:10.1139/h09-012 



 153 

219. Yan H, Yang W, Zhou F, et al. Estrogen Improves Insulin Sensitivity and 

Suppresses Gluconeogenesis via the Transcription Factor Foxo1. Diabetes. Feb 

2019;68(2):291-304. doi:10.2337/db18-0638 

220. Meadows JL, Vaughan DE. Endothelial biology in the post-menopausal obese 

woman. Maturitas. 2011;69(2):120-125.  

221. Benjamin EJ, Larson MG, Keyes MJ, et al. Clinical correlates and heritability of 

flow-mediated dilation in the community: the Framingham Heart Study. Circulation. 

2004;109(5):613-619.  

222. Li Y, Chua KY, Pan A, Koh WP. Association between consumption of ultra-

processed food at midlife and handgrip strength at late life: The Singapore Chinese 

Health Study. J Nutr Health Aging. Sep 2025;29(9):100634. 

doi:10.1016/j.jnha.2025.100634 

223. Zhang S, Gu Y, Rayamajhi S, et al. Ultra-processed food intake is associated with 

grip strength decline in middle-aged and older adults: a prospective analysis of the 

TCLSIH study. Eur J Nutr. Apr 2022;61(3):1331-1341. doi:10.1007/s00394-021-02737-

3 

224. Parlak Baskurt H, Yardımcı H. Consumptıon of ultra-processed foods can 

accelerate age-related appearance of sarcopenıa. Biogerontology. May 17 

2025;26(3):112. doi:10.1007/s10522-025-10253-8 

225. Hamrick MW, McGee-Lawrence ME, Frechette DM. Fatty Infiltration of Skeletal 

Muscle: Mechanisms and Comparisons with Bone Marrow Adiposity. Front Endocrinol 

(Lausanne). 2016;7:69. doi:10.3389/fendo.2016.00069 

226. Chassaing B, Koren O, Goodrich JK, et al. Dietary emulsifiers impact the mouse 

gut microbiota promoting colitis and metabolic syndrome. Nature. Mar 5 

2015;519(7541):92-6. doi:10.1038/nature14232 

227. Chassaing B, Van de Wiele T, De Bodt J, Marzorati M, Gewirtz AT. Dietary 

emulsifiers directly alter human microbiota composition and gene expression ex vivo 

potentiating intestinal inflammation. Gut. Aug 2017;66(8):1414-1427. 

doi:10.1136/gutjnl-2016-313099 

228. Dalle S, Rossmeislova L, Koppo K. The Role of Inflammation in Age-Related 

Sarcopenia. Front Physiol. 2017;8:1045. doi:10.3389/fphys.2017.01045 

229. Schaap LA, Pluijm SM, Deeg DJ, et al. Higher inflammatory marker levels in 

older persons: associations with 5-year change in muscle mass and muscle strength. J 

Gerontol A Biol Sci Med Sci. Nov 2009;64(11):1183-9. doi:10.1093/gerona/glp097 

230. Atzeni A, Martínez M, Babio N, et al. Association between ultra-processed food 

consumption and gut microbiota in senior subjects with overweight/obesity and metabolic 

syndrome. Front Nutr. 2022;9:976547. doi:10.3389/fnut.2022.976547 

231. Gryaznova MV, Solodskikh SA, Panevina AV, et al. Study of microbiome 

changes in patients with ulcerative colitis in the Central European part of Russia. 

Heliyon. Mar 2021;7(3):e06432. doi:10.1016/j.heliyon.2021.e06432 

232. Kaakoush NO. Sutterella Species, IgA-degrading Bacteria in Ulcerative Colitis. 

Trends Microbiol. Jul 2020;28(7):519-522. doi:10.1016/j.tim.2020.02.018 

233. Hiippala K, Kainulainen V, Kalliomäki M, Arkkila P, Satokari R. Mucosal 

Prevalence and Interactions with the Epithelium Indicate Commensalism of Sutterella 

spp. Front Microbiol. 2016;7:1706. doi:10.3389/fmicb.2016.01706 



 154 

234. De Siena M, Raoul P, Costantini L, et al. Food Emulsifiers and Metabolic 

Syndrome: The Role of the Gut Microbiota. Foods. Jul 25 

2022;11(15)doi:10.3390/foods11152205 

235. Sharma C, Kaur A, Thind SS, Singh B, Raina S. Advanced glycation End-

products (AGEs): an emerging concern for processed food industries. J Food Sci 

Technol. Dec 2015;52(12):7561-76. doi:10.1007/s13197-015-1851-y 

236. Dalal M, Ferrucci L, Sun K, Beck J, Fried LP, Semba RD. Elevated serum 

advanced glycation end products and poor grip strength in older community-dwelling 

women. J Gerontol A Biol Sci Med Sci. Jan 2009;64(1):132-7. doi:10.1093/gerona/gln018 

237. Yang CW, Li CI, Liu CS, et al. Relationship among urinary advanced glycation-

end products, skeletal muscle mass and physical performance in community-dwelling 

older adults. Geriatr Gerontol Int. Oct 2019;19(10):1017-1022. doi:10.1111/ggi.13762 

238. Sun L, Fan J, Song G, et al. Exposure to phthalates is associated with grip 

strength in US adults. Ecotoxicol Environ Saf. Feb 2021;209:111787. 

doi:10.1016/j.ecoenv.2020.111787 

239. Almugbel FA, Timilshina N, Papadopoulos E, Al-Showbaki L, Alibhai SMH. The 

role of grip strength and short physical performance battery test in predicting 

chemotherapy-related outcomes in older adults with cancer. J Geriatr Oncol. Apr 

2022;13(3):318-324. doi:10.1016/j.jgo.2021.12.002 

240. Underland LJ, Schnatz PF, Wild RA, et al. The impact of weight change and 

measures of physical functioning on mortality. J Am Geriatr Soc. Apr 2022;70(4):1228-

1235. doi:10.1111/jgs.17626 

241. Cobbing S, Alibhai SMH, Jin R, Monginot S, Papadopoulos E. Impairments in 

geriatric assessment and their associations with different grip strength cutoffs and 

components of the Short Physical Performance Battery among older adults with cancer. J 

Geriatr Oncol. Apr 2025;16(3):102201. doi:10.1016/j.jgo.2025.102201 

242. Amasene M, Besga A, Medrano M, et al. Nutritional status and physical 

performance using handgrip and SPPB tests in hospitalized older adults. Clin Nutr. Nov 

2021;40(11):5547-5555. doi:10.1016/j.clnu.2021.09.034 

243. Milaneschi Y, Bandinelli S, Corsi AM, et al. Mediterranean diet and mobility 

decline in older persons. Exp Gerontol. Apr 2011;46(4):303-8. 

doi:10.1016/j.exger.2010.11.030 

244. Cesari M, Pahor M, Bartali B, et al. Antioxidants and physical performance in 

elderly persons: the Invecchiare in Chianti (InCHIANTI) study. Am J Clin Nutr. Feb 

2004;79(2):289-94. doi:10.1093/ajcn/79.2.289 

245. Rousseau JH, Kleppinger A, Kenny AM. Self-reported dietary intake of omega-3 

fatty acids and association with bone and lower extremity function. J Am Geriatr Soc. 

Oct 2009;57(10):1781-8. doi:10.1111/j.1532-5415.2008.01870.x 

246. Laclaustra M, Rodriguez-Artalejo F, Guallar-Castillon P, et al. The inflammatory 

potential of diet is related to incident frailty and slow walking in older adults. Clin Nutr. 

Jan 2020;39(1):185-191. doi:10.1016/j.clnu.2019.01.013 

247. Clegg ME, Godfrey A. The relationship between physical activity, appetite and 

energy intake in older adults: A systematic review. Appetite. Sep 1 2018;128:145-151. 

doi:10.1016/j.appet.2018.05.139 



 155 

248. Donini LM, Savina C, Cannella C. Eating habits and appetite control in the 

elderly: the anorexia of aging. Int Psychogeriatr. Mar 2003;15(1):73-87. 

doi:10.1017/s1041610203008779 

249. Ahmed T, Haboubi N. Assessment and management of nutrition in older people 

and its importance to health. Clin Interv Aging. Aug 9 2010;5:207-16. 

doi:10.2147/cia.s9664 

250. Thomas DR. Loss of skeletal muscle mass in aging: examining the relationship of 

starvation, sarcopenia and cachexia. Clin Nutr. Aug 2007;26(4):389-99. 

doi:10.1016/j.clnu.2007.03.008 

251. Söderström L, Rosenblad A. Long-term association between malnutrition and all-

cause mortality among older adults: A 10-years follow-up study. Clin Nutr. Dec 

2023;42(12):2554-2561. doi:10.1016/j.clnu.2023.10.026 

252. Johnson KO, Mistry N, Holliday A, Ispoglou T. The effects of an acute resistance 

exercise bout on appetite and energy intake in healthy older adults. Appetite. Sep 1 

2021;164:105271. doi:10.1016/j.appet.2021.105271 

253. Hopkins M, Casanova N, Finlayson G, Stubbs RJ, Blundell JE. Fat-Free Mass and 

Total Daily Energy Expenditure Estimated Using Doubly Labeled Water Predict Energy 

Intake in a Large Sample of Community-Dwelling Older Adults. J Nutr. Apr 1 

2022;152(4):971-980. doi:10.1093/jn/nxab434 

254. Dericioglu D, Methven L, Clegg ME. Does physical activity level and total 

energy expenditure relate to food intake, appetite, and body composition in healthy older 

adults? A cross-sectional study. Eur J Nutr. Jan 24 2025;64(2):71. doi:10.1007/s00394-

024-03571-z 

255. Hopkins M, Finlayson G, Duarte C, et al. Biological and psychological mediators 

of the relationships between fat mass, fat-free mass and energy intake. Int J Obes (Lond). 

Feb 2019;43(2):233-242. doi:10.1038/s41366-018-0059-4 

256. McNeil J, Lamothe G, Cameron JD, et al. Investigating predictors of eating: is 

resting metabolic rate really the strongest proxy of energy intake? Am J Clin Nutr. Nov 

2017;106(5):1206-1212. doi:10.3945/ajcn.117.153718 

257. Roberts SB, Rosenberg I. Nutrition and aging: changes in the regulation of energy 

metabolism with aging. Physiol Rev. Apr 2006;86(2):651-67. 

doi:10.1152/physrev.00019.2005 

258. Rolls BJ, Rowe EA, Rolls ET, Kingston B, Megson A, Gunary R. Variety in a 

meal enhances food intake in man. Physiol Behav. Feb 1981;26(2):215-21. 

doi:10.1016/0031-9384(81)90014-7 

259. McCrory MA, Fuss PJ, Saltzman E, Roberts SB. Dietary determinants of energy 

intake and weight regulation in healthy adults. J Nutr. Feb 2000;130(2S Suppl):276s-

279s. doi:10.1093/jn/130.2.276S 

260. Hollis JH, Henry CJ. Dietary variety and its effect on food intake of elderly 

adults. J Hum Nutr Diet. Aug 2007;20(4):345-51. doi:10.1111/j.1365-

277X.2007.00796.x 

261. Embling R, Pink AE, Gatzemeier J, Price M, M DL, Wilkinson LL. Effect of food 

variety on intake of a meal: a systematic review and meta-analysis. Am J Clin Nutr. Mar 

11 2021;113(3):716-741. doi:10.1093/ajcn/nqaa352 



 156 

262. Hao J, Zhou P, Qiu H. Association between Ultra-Processed Food Consumption 

and Frailty in American Elder People: Evidence from a Cross-Sectional Study. J Nutr 

Health Aging. 2022;26(7):688-697. doi:10.1007/s12603-022-1824-6 

263. Zupo R, Donghia R, Castellana F, et al. Ultra-processed food consumption and 

nutritional frailty in older age. Geroscience. Aug 2023;45(4):2229-2243. 

doi:10.1007/s11357-023-00753-1 

264. Li X, Jin Y, Bandinelli S, Ferrucci L, Tanaka T, Talegawkar SA. Association 

Between Ultra-Processed Food Consumption Frequency and Frailty: Findings from the 

InCHIANTI Study of Aging. Geriatrics (Basel). Sep 11 

2025;10(5)doi:10.3390/geriatrics10050123 

265. Rashidi Pour Fard N, Amirabdollahian F, Haghighatdoost F. Dietary patterns and 

frailty: a systematic review and meta-analysis. Nutr Rev. Jul 1 2019;77(7):498-513. 

doi:10.1093/nutrit/nuz007 

266. Lai JS, Chua KY, Li H, Koh WP. Diet quality from mid to late life and its 

association with physical frailty in late life in a cohort of Chinese adults. Nutr J. Jun 4 

2024;23(1):57. doi:10.1186/s12937-024-00964-y 

267. Gao X, Wu Q, Long Y, Hu X, Yang Z, Huang L. Interaction between plant-based 

dietary pattern and frailty on cognitive decline: a longitudinal analysis of the Chinese 

Longitudinal Healthy Longevity Survey cohort. Age Ageing. Jan 2 

2024;53(1)doi:10.1093/ageing/afae002 

268. Ni Lochlainn M, Cox NJ, Wilson T, et al. Nutrition and Frailty: Opportunities for 

Prevention and Treatment. Nutrients. Jul 9 2021;13(7)doi:10.3390/nu13072349 

269. Kim DH, Rockwood K. Frailty in Older Adults. N Engl J Med. Aug 8 

2024;391(6):538-548. doi:10.1056/NEJMra2301292 

270. Kennedy BK, Berger SL, Brunet A, et al. Geroscience: linking aging to chronic 

disease. Cell. Nov 6 2014;159(4):709-13. doi:10.1016/j.cell.2014.10.039 

271. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of 

aging: An expanding universe. Cell. Jan 19 2023;186(2):243-278. 

doi:10.1016/j.cell.2022.11.001 

272. Franceschi C, Bonafè M, Valensin S, et al. Inflamm-aging. An evolutionary 

perspective on immunosenescence. Ann N Y Acad Sci. Jun 2000;908:244-54. 

doi:10.1111/j.1749-6632.2000.tb06651.x 

273. Shaw AC, Joshi S, Greenwood H, Panda A, Lord JM. Aging of the innate 

immune system. Curr Opin Immunol. Aug 2010;22(4):507-13. 

doi:10.1016/j.coi.2010.05.003 

274. Soysal P, Stubbs B, Lucato P, et al. Inflammation and frailty in the elderly: A 

systematic review and meta-analysis. Ageing Res Rev. Nov 2016;31:1-8. 

doi:10.1016/j.arr.2016.08.006 

275. Yao X, Li H, Leng SX. Inflammation and immune system alterations in frailty. 

Clin Geriatr Med. Feb 2011;27(1):79-87. doi:10.1016/j.cger.2010.08.002 

276. Newman AB, Gottdiener JS, McBurnie MA, et al. Associations of subclinical 

cardiovascular disease with frailty. J Gerontol A Biol Sci Med Sci. Mar 

2001;56(3):M158-66. doi:10.1093/gerona/56.3.m158 

277. Tembo MC, Holloway-Kew KL, Bortolasci CC, et al. Association between serum 

interleukin-6 and frailty in older men: cross-sectional data. Eur Geriatr Med. Aug 

2021;12(4):887-892. doi:10.1007/s41999-021-00490-8 



 157 

278. Puzianowska-Kuźnicka M, Owczarz M, Wieczorowska-Tobis K, et al. 

Interleukin-6 and C-reactive protein, successful aging, and mortality: the PolSenior study. 

Immun Ageing. 2016;13:21. doi:10.1186/s12979-016-0076-x 

279. Hammami S, Ghzaiel I, Hammouda S, Sakly N, Hammami M, Zarrouk A. 

Evaluation of pro-inflammatory cytokines in frail Tunisian older adults. PLoS One. 

2020;15(11):e0242152. doi:10.1371/journal.pone.0242152 

280. Marcos-Pérez D, Sánchez-Flores M, Proietti S, et al. Association of inflammatory 

mediators with frailty status in older adults: results from a systematic review and meta-

analysis. Geroscience. Dec 2020;42(6):1451-1473. doi:10.1007/s11357-020-00247-4 

281. Mailliez A, Guilbaud A, Puisieux F, Dauchet L, Boulanger É. Circulating 

biomarkers characterizing physical frailty: CRP, hemoglobin, albumin, 25OHD and free 

testosterone as best biomarkers. Results of a meta-analysis. Exp Gerontol. Oct 1 

2020;139:111014. doi:10.1016/j.exger.2020.111014 

282. Li H, Manwani B, Leng SX. Frailty, inflammation, and immunity. Aging Dis. Dec 

2011;2(6):466-73.  

283. Piggott DA, Varadhan R, Mehta SH, et al. Frailty, Inflammation, and Mortality 

Among Persons Aging With HIV Infection and Injection Drug Use. J Gerontol A Biol Sci 

Med Sci. Dec 2015;70(12):1542-7. doi:10.1093/gerona/glv107 

284. Sergi G, Veronese N, Fontana L, et al. Pre-frailty and risk of cardiovascular 

disease in elderly men and women: the Pro.V.A. study. J Am Coll Cardiol. Mar 17 

2015;65(10):976-83. doi:10.1016/j.jacc.2014.12.040 

285. Lee SH, Shin J, Um S, Shin HR, Kim YS, Choi JK. Perceived Stress and Frailty 

in Older Adults. Ann Geriatr Med Res. Dec 2023;27(4):310-314. 

doi:10.4235/agmr.23.0132 

286. Porter Starr KN, McDonald SR, Bales CW. Obesity and physical frailty in older 

adults: a scoping review of lifestyle intervention trials. J Am Med Dir Assoc. Apr 

2014;15(4):240-50. doi:10.1016/j.jamda.2013.11.008 

287. Batsis JA, Villareal DT. Sarcopenic obesity in older adults: aetiology, 

epidemiology and treatment strategies. Nat Rev Endocrinol. Sep 2018;14(9):513-537. 

doi:10.1038/s41574-018-0062-9 

288. Greenberg AS, Obin MS. Obesity and the role of adipose tissue in inflammation 

and metabolism. Am J Clin Nutr. Feb 2006;83(2):461s-465s. doi:10.1093/ajcn/83.2.461S 

289. Batsis JA, Mackenzie TA, Jones JD, Lopez-Jimenez F, Bartels SJ. Sarcopenia, 

sarcopenic obesity and inflammation: Results from the 1999-2004 National Health and 

Nutrition Examination Survey. Clin Nutr. Dec 2016;35(6):1472-1483. 

doi:10.1016/j.clnu.2016.03.028 

290. Lopez-Garcia E, Hagan KA, Fung TT, Hu FB, Rodríguez-Artalejo F. 

Mediterranean diet and risk of frailty syndrome among women with type 2 diabetes. Am J 

Clin Nutr. May 1 2018;107(5):763-771. doi:10.1093/ajcn/nqy026 

291. Yu X, Pu H, Voss M. Overview of anti-inflammatory diets and their promising 

effects on non-communicable diseases. Br J Nutr. Oct 14 2024;132(7):898-918. 

doi:10.1017/s0007114524001405 

292. Kojima G, Avgerinou C, Iliffe S, Jivraj S, Sekiguchi K, Walters K. Fruit and 

Vegetable Consumption and Frailty: A Systematic Review. J Nutr Health Aging. 

2018;22(8):1010-1017. doi:10.1007/s12603-018-1069-6 



 158 

293. Gao J, Jia Y, Dai J, et al. Association of Fruit and Vegetable Intake and Frailty 

among Chinese Elders: A Cross-Sectional Study in Three Cities. J Nutr Health Aging. 

2019;23(9):890-895. doi:10.1007/s12603-019-1236-4 

294. Fung TT, Struijk EA, Rodriguez-Artalejo F, Willett WC, Lopez-Garcia E. Fruit 

and vegetable intake and risk of frailty in women 60 years old or older. Am J Clin Nutr. 

Dec 10 2020;112(6):1540-1546. doi:10.1093/ajcn/nqaa256 

295. Griffiths K, Aggarwal BB, Singh RB, Buttar HS, Wilson D, De Meester F. Food 

Antioxidants and Their Anti-Inflammatory Properties: A Potential Role in Cardiovascular 

Diseases and Cancer Prevention. Diseases. Aug 1 2016;4(3)doi:10.3390/diseases4030028 

296. Lopez S, Montserrat-de la Paz S, Lucas R, et al. Effect of metabolites of 

hydroxytyrosol on protection against oxidative stress and inflammation in human 

endothelial cells. Journal of functional foods. 2017;29:238-247.  

297. Calabriso N, Gnoni A, Stanca E, et al. Hydroxytyrosol Ameliorates Endothelial 

Function under Inflammatory Conditions by Preventing Mitochondrial Dysfunction. Oxid 

Med Cell Longev. 2018;2018:9086947. doi:10.1155/2018/9086947 

298. Kundu JK, Shin YK, Kim SH, Surh YJ. Resveratrol inhibits phorbol ester-

induced expression of COX-2 and activation of NF-kappaB in mouse skin by blocking 

IkappaB kinase activity. Carcinogenesis. Jul 2006;27(7):1465-74. 

doi:10.1093/carcin/bgi349 

299. Serafini M, Peluso I. Functional Foods for Health: The Interrelated Antioxidant 

and Anti-Inflammatory Role of Fruits, Vegetables, Herbs, Spices and Cocoa in Humans. 

Curr Pharm Des. 2016;22(44):6701-6715. doi:10.2174/1381612823666161123094235 

300. Hong MY, Groven S, Marx A, Rasmussen C, Beidler J. Anti-Inflammatory, 

Antioxidant, and Hypolipidemic Effects of Mixed Nuts in Atherogenic Diet-Fed Rats. 

Molecules. Nov 29 2018;23(12)doi:10.3390/molecules23123126 

301. Ros E, Mataix J. Fatty acid composition of nuts--implications for cardiovascular 

health. Br J Nutr. Nov 2006;96 Suppl 2:S29-35. doi:10.1017/bjn20061861 

302. Gulati S, Misra A, Pandey RM, Bhatt SP, Saluja S. Effects of pistachio nuts on 

body composition, metabolic, inflammatory and oxidative stress parameters in Asian 

Indians with metabolic syndrome: a 24-wk, randomized control trial. Nutrition. Feb 

2014;30(2):192-7. doi:10.1016/j.nut.2013.08.005 

303. Fatahi S, Daneshzad E, Lotfi K, Azadbakht L. The Effects of Almond 

Consumption on Inflammatory Biomarkers in Adults: A Systematic Review and Meta-

Analysis of Randomized Clinical Trials. Adv Nutr. Oct 2 2022;13(5):1462-1475. 

doi:10.1093/advances/nmab158 

304. Kent C. Regulatory enzymes of phosphatidylcholine biosynthesis: a personal 

perspective. Biochim Biophys Acta. Mar 21 2005;1733(1):53-66. 

doi:10.1016/j.bbalip.2004.12.008 

305. Kim S, Cheon HS, Song JC, Yun SM, Park SI, Jeon JP. Aging-related Changes in 

Mouse Serum Glycerophospholipid Profiles. Osong Public Health Res Perspect. Dec 

2014;5(6):345-50. doi:10.1016/j.phrp.2014.10.002 

306. Furse S, de Kroon AI. Phosphatidylcholine's functions beyond that of a membrane 

brick. Mol Membr Biol. 2015;32(4):117-9. doi:10.3109/09687688.2015.1066894 

307. Ge Y, Nash MS, Farraj AK. Metabolomic profiling reveals systemic metabolic 

disruptions induced by combined exposure to particulate matter and ozone. Curr Res 

Toxicol. 2025;8:100216. doi:10.1016/j.crtox.2025.100216 



 159 

308. Fagbemi K, Avocegamou R, Yazdanpanah N, et al. Metabolome-Wide Mendelian 

Randomization and Observational Study Reveal Causal Links Between Circulating 

Metabolites and Youth-Onset Type 2 Diabetes. Diabetes. Nov 1 2025;74(11):2140-2151. 

doi:10.2337/db25-0093 

309. Semba RD, Gonzalez-Freire M, Moaddel R, et al. Altered Plasma Amino Acids 

and Lipids Associated With Abnormal Glucose Metabolism and Insulin Resistance in 

Older Adults. J Clin Endocrinol Metab. Sep 1 2018;103(9):3331-3339. 

doi:10.1210/jc.2018-00480 

310. O'Connor LE, Hall KD, Herrick KA, et al. Metabolomic Profiling of an 

Ultraprocessed Dietary Pattern in a Domiciled Randomized Controlled Crossover 

Feeding Trial. J Nutr. Aug 2023;153(8):2181-2192. doi:10.1016/j.tjnut.2023.06.003 

311. Kityo A, Choi B, Lee JE, Kim C, Lee SA. Association of ultra-processed food-

related metabolites with selected biochemical markers in the UK Biobank. Nutr J. Jan 31 

2025;24(1):21. doi:10.1186/s12937-025-01077-w 

312. Nouri M, Eskandarzadeh S, Makhtoomi M, et al. Association between ultra-

processed foods intake with lipid profile: a cross-sectional study. Sci Rep. May 4 

2023;13(1):7258. doi:10.1038/s41598-023-34451-x 

313. Carta G, Murru E, Banni S, Manca C. Palmitic Acid: Physiological Role, 

Metabolism and Nutritional Implications. Front Physiol. 2017;8:902. 

doi:10.3389/fphys.2017.00902 

314. Murru E, Manca C, Carta G, Banni S. Impact of Dietary Palmitic Acid on Lipid 

Metabolism. Front Nutr. 2022;9:861664. doi:10.3389/fnut.2022.861664 

315. Domínguez-López I, Arancibia-Riveros C, Casas R, et al. Changes in plasma total 

saturated fatty acids and palmitic acid are related to pro-inflammatory molecule IL-6 

concentrations after nutritional intervention for one year. Biomed Pharmacother. Jun 

2022;150:113028. doi:10.1016/j.biopha.2022.113028 

316. Yu B, Hu M, Jiang W, et al. Ceramide d18:1/24:1 as a potential biomarker to 

differentiate obesity subtypes with unfavorable health outcomes. Lipids Health Dis. Oct 4 

2023;22(1):166. doi:10.1186/s12944-023-01921-0 

317. Kim M, Nevado-Holgado A, Whiley L, et al. Association between Plasma 

Ceramides and Phosphatidylcholines and Hippocampal Brain Volume in Late Onset 

Alzheimer's Disease. J Alzheimers Dis. 2017;60(3):809-817. doi:10.3233/jad-160645 

318. Zhang X, Rule AD, McCulloch CE, Lieske JC, Ku E, Hsu CY. Tubular secretion 

of creatinine and kidney function: an observational study. BMC Nephrol. Mar 30 

2020;21(1):108. doi:10.1186/s12882-020-01736-6 

319. Meyer H, Dörr M, Hannemann A, et al. Symmetric dimethylarginine as a 

biomarker of renal impairment after a decade of follow-up. Scientific Reports. 

2025;15(1):30520.  

320. Guerra F, Di Giacomo D, Ranieri J, Tunno M, Piscitani L, Ferri C. Chronic 

Kidney Disease and Its Relationship with Mental Health: Allostatic Load Perspective for 

Integrated Care. J Pers Med. Dec 14 2021;11(12)doi:10.3390/jpm11121367 

321. Handzlik MK, Metallo CM. Sources and Sinks of Serine in Nutrition, Health, and 

Disease. Annu Rev Nutr. Aug 21 2023;43:123-151. doi:10.1146/annurev-nutr-061021-

022648 



 160 

322. Petrova B, Maynard AG, Wang P, Kanarek N. Regulatory mechanisms of one-

carbon metabolism enzymes. J Biol Chem. Dec 2023;299(12):105457. 

doi:10.1016/j.jbc.2023.105457 

323. Ma EH, Bantug G, Griss T, et al. Serine Is an Essential Metabolite for Effector T 

Cell Expansion. Cell Metab. Feb 7 2017;25(2):345-357. doi:10.1016/j.cmet.2016.12.011 

324. He L, Liu Y, Liu D, Feng Y, Yin J, Zhou X. Exogenous and Endogenous Serine 

Deficiency Exacerbates Hepatic Lipid Accumulation. Oxid Med Cell Longev. 

2021;2021:4232704. doi:10.1155/2021/4232704 

325. Wang F, Zhou H, Deng L, Wang L, Chen J, Zhou X. Serine Deficiency 

Exacerbates Inflammation and Oxidative Stress via Microbiota-Gut-Brain Axis in D-

Galactose-Induced Aging Mice. Mediators Inflamm. 2020;2020:5821428. 

doi:10.1155/2020/5821428 

326. Padrón-Barthe L, Villalba-Orero M, Gómez-Salinero JM, et al. Activation of 

Serine One-Carbon Metabolism by Calcineurin Aβ1 Reduces Myocardial Hypertrophy 

and Improves Ventricular Function. J Am Coll Cardiol. Feb 13 2018;71(6):654-667. 

doi:10.1016/j.jacc.2017.11.067 

327. Le Douce J, Maugard M, Veran J, et al. Impairment of Glycolysis-Derived l-

Serine Production in Astrocytes Contributes to Cognitive Deficits in Alzheimer's Disease. 

Cell Metab. Mar 3 2020;31(3):503-517.e8. doi:10.1016/j.cmet.2020.02.004 

328. Fan F, Liang Z, Liu Z, et al. Association Between Serine Concentration and 

Coronary Heart Disease: A Case-Control Study. Int J Gen Med. 2024;17:2955-2965. 

doi:10.2147/ijgm.s467320 

329. Heinzmann SS, Brown IJ, Chan Q, et al. Metabolic profiling strategy for 

discovery of nutritional biomarkers: proline betaine as a marker of citrus consumption. 

Am J Clin Nutr. Aug 2010;92(2):436-43. doi:10.3945/ajcn.2010.29672 

330. French CD, Arnold CD, Taha AY, et al. Assessing Repeated Urinary Proline 

Betaine Measures as a Biomarker of Usual Citrus Intake during Pregnancy: Sources of 

Within-Person Variation and Correlation with Reported Intake. Metabolites. Aug 2 

2023;13(8)doi:10.3390/metabo13080904 

331. Tariq A, Chen J, Yu B, et al. Metabolomics of Dietary Acid Load and Incident 

Chronic Kidney Disease. J Ren Nutr. May 2022;32(3):292-300. 

doi:10.1053/j.jrn.2021.05.005 

332. Voznesensky M, Walsh S, Dauser D, Brindisi J, Kenny AM. The association 

between dehydroepiandosterone and frailty in older men and women. Age Ageing. Jul 

2009;38(4):401-6. doi:10.1093/ageing/afp015 

333. Thomas G, Frenoy N, Legrain S, Sebag-Lanoe R, Baulieu EE, Debuire B. Serum 

dehydroepiandrosterone sulfate levels as an individual marker. J Clin Endocrinol Metab. 

Nov 1994;79(5):1273-6. doi:10.1210/jcem.79.5.7962319 

334. Ravaglia G, Forti P, Maioli F, et al. The relationship of dehydroepiandrosterone 

sulfate (DHEAS) to endocrine-metabolic parameters and functional status in the oldest-

old. Results from an Italian study on healthy free-living over-ninety-year-olds. J Clin 

Endocrinol Metab. Mar 1996;81(3):1173-8. doi:10.1210/jcem.81.3.8772596 

335. Greendale GA, Edelstein S, Barrett-Connor E. Endogenous sex steroids and bone 

mineral density in older women and men: the Rancho Bernardo Study. J Bone Miner Res. 

Nov 1997;12(11):1833-43. doi:10.1359/jbmr.1997.12.11.1833 



 161 

336. Chen S, Li S, Zhang X, Fan Y, Liu M. Low serum dehydroepiandrosterone is 

associated with diabetic dyslipidemia risk in males with type 2 diabetes. Front 

Endocrinol (Lausanne). 2023;14:1272797. doi:10.3389/fendo.2023.1272797 

337. LaCroix AZ, Yano K, Reed DM. Dehydroepiandrosterone sulfate, incidence of 

myocardial infarction, and extent of atherosclerosis in men. Circulation. Nov 

1992;86(5):1529-35. doi:10.1161/01.cir.86.5.1529 

338. Barrett-Connor E, Edelstein SL. A prospective study of dehydroepiandrosterone 

sulfate and cognitive function in an older population: the Rancho Bernardo Study. J Am 

Geriatr Soc. Apr 1994;42(4):420-3. doi:10.1111/j.1532-5415.1994.tb07491.x 

339. Sorwell KG, Urbanski HF. Dehydroepiandrosterone and age-related cognitive 

decline. Age (Dordr). Mar 2010;32(1):61-7. doi:10.1007/s11357-009-9113-4 

340. Joshi SM, Jadavji NM. Deficiencies in one-carbon metabolism led to increased 

neurological disease risk and worse outcome: homocysteine is a marker of disease state. 

Front Nutr. 2024;11:1285502. doi:10.3389/fnut.2024.1285502 

341. Di Meco A, Li JG, Praticò D. Dissecting the Role of 5-Lipoxygenase in the 

Homocysteine-Induced Alzheimer's Disease Pathology. J Alzheimers Dis. 

2018;62(3):1337-1344. doi:10.3233/jad-170700 

342. Rådmark O, Samuelsson B. 5-Lipoxygenase: mechanisms of regulation. J Lipid 

Res. Apr 2009;50 Suppl(Suppl):S40-5. doi:10.1194/jlr.R800062-JLR200 

343. Vidoni ML, Pettee Gabriel K, Luo ST, Simonsick EM, Day RS. Relationship 

between Homocysteine and Muscle Strength Decline: The Baltimore Longitudinal Study 

of Aging. J Gerontol A Biol Sci Med Sci. Mar 14 2018;73(4):546-551. 

doi:10.1093/gerona/glx161 

344. Lu B, Shen L, Zhu H, Xi L, Wang W, Ouyang X. Association between serum 

homocysteine and sarcopenia among hospitalized older Chinese adults: a cross-sectional 

study. BMC Geriatr. Nov 24 2022;22(1):896. doi:10.1186/s12877-022-03632-0 

345. Zuliani G, Brombo G, Polastri M, et al. High plasma homocysteine levels predict 

the progression from mild cognitive impairment to dementia. Neurochem Int. Jul 

2024;177:105763. doi:10.1016/j.neuint.2024.105763 

346. Chen SF, Cui CL, Wu P, Xie NZ. Relationship of serum homocysteine level with 

nutritional status and HbA1c level in elderly inpatients. Int J Clin Exp Med. 

2013;6(9):779-84.  

347. Ates Bulut E, Soysal P, Aydin AE, Dokuzlar O, Kocyigit SE, Isik AT. Vitamin 

B12 deficiency might be related to sarcopenia in older adults. Exp Gerontol. Sep 

2017;95:136-140. doi:10.1016/j.exger.2017.05.017 

348. McCully KS. Homocysteine, Infections, Polyamines, Oxidative Metabolism, and 

the Pathogenesis of Dementia and Atherosclerosis. J Alzheimers Dis. Oct 18 

2016;54(4):1283-1290. doi:10.3233/jad-160549 

349. Guertin KA, Moore SC, Sampson JN, et al. Metabolomics in nutritional 

epidemiology: identifying metabolites associated with diet and quantifying their potential 

to uncover diet-disease relations in populations. Am J Clin Nutr. Jul 2014;100(1):208-17. 

doi:10.3945/ajcn.113.078758 

350. Wang Y, Gapstur SM, Carter BD, et al. Untargeted Metabolomics Identifies 

Novel Potential Biomarkers of Habitual Food Intake in a Cross-Sectional Study of 

Postmenopausal Women. J Nutr. Jun 1 2018;148(6):932-943. doi:10.1093/jn/nxy027 



 162 

351. Garcia-Aloy M, Ulaszewska M, Franceschi P, et al. Discovery of Intake 

Biomarkers of Lentils, Chickpeas, and White Beans by Untargeted LC-MS Metabolomics 

in Serum and Urine. Mol Nutr Food Res. Jul 2020;64(13):e1901137. 

doi:10.1002/mnfr.201901137 

352. Ma WJ, Zhang W, Zhai J, et al. Branched chain and other amino acid intakes are 

inversely associated with sarcopenia among community elders in Qingdao, China. Asia 

Pac J Clin Nutr. Mar 2022;31(1):97-107. doi:10.6133/apjcn.202203_31(1).0011 

353. Meng L, Yang R, Wang D, et al. Specific lysophosphatidylcholine and 

acylcarnitine related to sarcopenia and its components in older men. BMC Geriatr. Mar 

25 2022;22(1):249. doi:10.1186/s12877-022-02953-4 

354. Cheng T, Wang H, Hu Y. The causal effects of genetically determined human 

blood metabolites on the risk of atrial fibrillation. Front Cardiovasc Med. 

2023;10:1211458. doi:10.3389/fcvm.2023.1211458 

355. Xu Y, Mao T, Wang Y, et al. Effect of Gut Microbiota-Mediated Tryptophan 

Metabolism on Inflammaging in Frailty and Sarcopenia. J Gerontol A Biol Sci Med Sci. 

Apr 1 2024;79(4)doi:10.1093/gerona/glae044 

356. Jang IY, Park JH, Kim JH, et al. The association of circulating kynurenine, a 

tryptophan metabolite, with frailty in older adults. Aging (Albany NY). Nov 13 

2020;12(21):22253-22265. doi:10.18632/aging.104179 

357. Westbrook R, Chung T, Lovett J, et al. Kynurenines link chronic inflammation to 

functional decline and physical frailty. JCI Insight. Aug 20 

2020;5(16)doi:10.1172/jci.insight.136091 

358. Tuomainen M, Lindström J, Lehtonen M, et al. Associations of serum 

indolepropionic acid, a gut microbiota metabolite, with type 2 diabetes and low-grade 

inflammation in high-risk individuals. Nutr Diabetes. May 25 2018;8(1):35. 

doi:10.1038/s41387-018-0046-9 

359. Menni C, Hernandez MM, Vital M, Mohney RP, Spector TD, Valdes AM. 

Circulating levels of the anti-oxidant indoleproprionic acid are associated with higher gut 

microbiome diversity. Gut Microbes. 2019;10(6):688-695. 

doi:10.1080/19490976.2019.1586038 

360. Zhu C, Sawrey-Kubicek L, Beals E, et al. Human gut microbiome composition 

and tryptophan metabolites were changed differently by fast food and Mediterranean diet 

in 4 days: a pilot study. Nutr Res. May 2020;77:62-72. doi:10.1016/j.nutres.2020.03.005 

361. Hu Y, Li J, Wang B, et al. Interplay between diet, circulating indolepropionate 

concentrations and cardiometabolic health in US populations. Gut. Nov 24 

2023;72(12):2260-2271. doi:10.1136/gutjnl-2023-330410 

362. Peron G, Meroño T, Gargari G, et al. A Polyphenol-Rich Diet Increases the Gut 

Microbiota Metabolite Indole 3-Propionic Acid in Older Adults with Preserved Kidney 

Function. Mol Nutr Food Res. Nov 2022;66(21):e2100349. doi:10.1002/mnfr.202100349 

363. Singh RK, Chang HW, Yan D, et al. Influence of diet on the gut microbiome and 

implications for human health. J Transl Med. Apr 8 2017;15(1):73. doi:10.1186/s12967-

017-1175-y 

364. Rondinella D, Margarita E, Raoul PC, et al. The impact of diet on gut microbiome 

composition: Implications for immune-mediated diseases. Clinical Immunology 

Communications. 2026/06/01/ 2026;9:1-11. 

doi:https://doi.org/10.1016/j.clicom.2025.12.001 

https://doi.org/10.1016/j.clicom.2025.12.001


 163 

365. Di Sabatino A, Lenti MV, Cammalleri L, Corazza GR, Pilotto A. Frailty and the 

gut. Dig Liver Dis. Jun 2018;50(6):533-541. doi:10.1016/j.dld.2018.03.010 

366. Mitchell EL, Davis AT, Brass K, et al. Reduced Intestinal Motility, Mucosal 

Barrier Function, and Inflammation in Aged Monkeys. J Nutr Health Aging. 

2017;21(4):354-361. doi:10.1007/s12603-016-0725-y 

367. Katz D, Hollander D, Said HM, Dadufalza V. Aging-associated increase in 

intestinal permeability to polyethylene glycol 900. Dig Dis Sci. Mar 1987;32(3):285-8. 

doi:10.1007/bf01297055 

368. Sovran B, Hugenholtz F, Elderman M, et al. Age-associated Impairment of the 

Mucus Barrier Function is Associated with Profound Changes in Microbiota and 

Immunity. Sci Rep. Feb 5 2019;9(1):1437. doi:10.1038/s41598-018-35228-3 

369. Piggott DA, Tuddenham S. The gut microbiome and frailty. Transl Res. Jul 

2020;221:23-43. doi:10.1016/j.trsl.2020.03.012 

370. Jiang H, Chen C, Gao J. Extensive Summary of the Important Roles of Indole 

Propionic Acid, a Gut Microbial Metabolite in Host Health and Disease. Nutrients. Dec 

28 2022;15(1)doi:10.3390/nu15010151 

371. Du L, Qi R, Wang J, Liu Z, Wu Z. Indole-3-Propionic Acid, a Functional 

Metabolite of Clostridium sporogenes, Promotes Muscle Tissue Development and 

Reduces Muscle Cell Inflammation. Int J Mol Sci. Nov 18 

2021;22(22)doi:10.3390/ijms222212435 

372. Dey BK, Gagan J, Yan Z, Dutta A. miR-26a is required for skeletal muscle 

differentiation and regeneration in mice. Genes Dev. Oct 1 2012;26(19):2180-91. 

doi:10.1101/gad.198085.112 

373. Siddharth J, Chakrabarti A, Pannérec A, et al. Aging and sarcopenia associate 

with specific interactions between gut microbes, serum biomarkers and host physiology 

in rats. Aging (Albany NY). Jul 17 2017;9(7):1698-1720. doi:10.18632/aging.101262 

374. Slotte JP. Biological functions of sphingomyelins. Prog Lipid Res. Oct 

2013;52(4):424-37. doi:10.1016/j.plipres.2013.05.001 

375. Nixon GF. Sphingolipids in inflammation: pathological implications and potential 

therapeutic targets. Br J Pharmacol. Oct 2009;158(4):982-93. doi:10.1111/j.1476-

5381.2009.00281.x 

376. Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from 

sphingolipids. Nat Rev Mol Cell Biol. Feb 2008;9(2):139-50. doi:10.1038/nrm2329 

377. Amati F, Dubé JJ, Alvarez-Carnero E, et al. Skeletal muscle triglycerides, 

diacylglycerols, and ceramides in insulin resistance: another paradox in endurance-

trained athletes? Diabetes. Oct 2011;60(10):2588-97. doi:10.2337/db10-1221 

378. Sokolowska E, Blachnio-Zabielska A. The Role of Ceramides in Insulin 

Resistance. Front Endocrinol (Lausanne). 2019;10:577. doi:10.3389/fendo.2019.00577 

379. Fabbri E, Yang A, Simonsick EM, et al. Circulating ceramides are inversely 

associated with cardiorespiratory fitness in participants aged 54-96 years from the 

Baltimore Longitudinal Study of Aging. Aging Cell. Oct 2016;15(5):825-31. 

doi:10.1111/acel.12491 

380. Mielke MM, Bandaru VV, Haughey NJ, et al. Serum ceramides increase the risk 

of Alzheimer disease: the Women's Health and Aging Study II. Neurology. Aug 14 

2012;79(7):633-41. doi:10.1212/WNL.0b013e318264e380 



 164 

381. Li Z, Hailemariam TK, Zhou H, et al. Inhibition of sphingomyelin synthase 

(SMS) affects intracellular sphingomyelin accumulation and plasma membrane lipid 

organization. Biochim Biophys Acta. Sep 2007;1771(9):1186-94. 

doi:10.1016/j.bbalip.2007.05.007 

382. Taniguchi M, Okazaki T. The role of sphingomyelin and sphingomyelin synthases 

in cell death, proliferation and migration-from cell and animal models to human 

disorders. Biochim Biophys Acta. May 2014;1841(5):692-703. 

doi:10.1016/j.bbalip.2013.12.003 

383. Li T, He H, Zhang E, et al. The physiological and pathological effects of 

sphingolipid metabolism and signaling in the central nervous system. Brain Pathol. Jan 

2026;36(1):e70033. doi:10.1111/bpa.70033 

384. Bork J, Markus MRP, Ewert R, et al. The Metabolic Signature of 

Cardiorespiratory Fitness. Scand J Med Sci Sports. Mar 2025;35(3):e70034. 

doi:10.1111/sms.70034 

385. Menni C, Zhai G, Macgregor A, et al. Targeted metabolomics profiles are 

strongly correlated with nutritional patterns in women. Metabolomics. Apr 

2013;9(2):506-514. doi:10.1007/s11306-012-0469-6 

386. Wang XM, Zhong WF, Li ZH, et al. Dietary diversity and frailty among older 

Chinese people: evidence from the Chinese Longitudinal Healthy Longevity Study. Am J 

Clin Nutr. Feb 2023;117(2):383-391. doi:10.1016/j.ajcnut.2022.11.017 

387. Duan Y, Qi Q, Cui Y, Yang L, Zhang M, Liu H. Effects of dietary diversity on 

frailty in Chinese older adults: a 3-year cohort study. BMC Geriatr. Mar 14 

2023;23(1):141. doi:10.1186/s12877-023-03875-5 

388. Zhao C, Wang Y, Jia X, et al. Associations of Dietary Diversity Trajectories with 

Frailty among Chinese Older Adults: A Latent Class Trajectory Analysis Based on a 

CLHLS Cohort. Nutrients. May 10 2024;16(10)doi:10.3390/nu16101445 

389. Zheng G, Cai M, Liu H, et al. Dietary Diversity and Inflammatory Diet 

Associated with All-Cause Mortality and Incidence and Mortality of Type 2 Diabetes: 

Two Prospective Cohort Studies. Nutrients. Apr 28 2023;15(9)doi:10.3390/nu15092120 

390. Yari Z, Amini M, Rasekhi H, et al. Dietary diversity and its relationship with 

nutritional adequacy in 24 to 59 months old children in Iran: study protocol. BMC Nutr. 

Oct 23 2022;8(1):118. doi:10.1186/s40795-022-00616-6 

391. Zhang J, Zhao A, Wu W, et al. Dietary Diversity Is Associated With Memory 

Status in Chinese Adults: A Prospective Study. Front Aging Neurosci. 2020;12:580760. 

doi:10.3389/fnagi.2020.580760 

392. Giezenaar C, Chapman I, Luscombe-Marsh N, Feinle-Bisset C, Horowitz M, 

Soenen S. Ageing Is Associated with Decreases in Appetite and Energy Intake--A Meta-

Analysis in Healthy Adults. Nutrients. Jan 7 2016;8(1)doi:10.3390/nu8010028 

393. Quan S, Zhu W. Measuring Global Dietary Diversity by Considering Nutritional 

Functional Dissimilarity and Dietary Guidelines. Foods. 2025;14(10). 

doi:10.3390/foods14101759  

394. Wang X, Sun Q. Ultra-Processed Foods and the Impact on Cardiometabolic 

Health: The Role of Diet Quality. Diabetes Metab J. Nov 2024;48(6):1047-1055. 

doi:10.4093/dmj.2024.0659 



 165 

395. Konieczynski EM, Sahni S, Jacques PF, Naumova EN. Ultra-Processed Food and 

Frailty: Evidence from a Prospective Cohort Study and Implications for Future Research. 

Nutrients. Aug 14 2025;17(16)doi:10.3390/nu17162631 

396. Bohannon RW. Grip Strength: An Indispensable Biomarker For Older Adults. 

Clin Interv Aging. 2019;14:1681-1691. doi:10.2147/cia.s194543 

397. Guralnik J, Bandeen-Roche K, Bhasin SAR, et al. Clinically Meaningful Change 

for Physical Performance: Perspectives of the ICFSR Task Force. J Frailty Aging. 

2020;9(1):9-13. doi:10.14283/jfa.2019.33 

398. Jang IY, Jung HW, Lee HY, Park H, Lee E, Kim DH. Evaluation of Clinically 

Meaningful Changes in Measures of Frailty. J Gerontol A Biol Sci Med Sci. May 22 

2020;75(6):1143-1147. doi:10.1093/gerona/glaa003 

399. Kwon S, Perera S, Pahor M, et al. What is a meaningful change in physical 

performance? Findings from a clinical trial in older adults (the LIFE-P study). J Nutr 

Health Aging. Jun 2009;13(6):538-44. doi:10.1007/s12603-009-0104-z 

400. Theou O, van der Valk AM, Godin J, et al. Exploring Clinically Meaningful 

Changes for the Frailty Index in a Longitudinal Cohort of Hospitalized Older Patients. J 

Gerontol A Biol Sci Med Sci. Sep 25 2020;75(10):1928-1934. 

doi:10.1093/gerona/glaa084 

 


	Dedication
	Acknowledgement
	Abstract of Dissertation
	List of Tables
	List of Figures
	Chapter 1: Introduction
	1.1 Physiological Changes During Aging and Measurements of These Changes
	1.2 Overall Dietary Quality and Functional Aging
	1.3 Metabolomics in Nutrition Research

	Chapter 2: Methods
	2.1 Study population and data access
	2.2 Aim 1: Associations between dietary quality, physical function, and frailty
	2.3 Aim 2 & Aim 3: Metabolomic Analyses

	Chapter 3: Results
	3. 1 Results for Aim 1
	3.2 Results for Aim 2
	3.3 Results for Aim 3
	3.4 Validation analysis: HEI-FI in Health ABC Study

	Chapter 4: Discussion
	4.1 Overall summary of principal findings
	4.2 Dietary patterns, physical function, and frailty
	4.3 Metabolomic signatures of dietary patterns
	4.4 Metabolites associated with physical function outcomes
	4.5 Metabolites shared across dietary patterns and frailty
	4.6 Interpretation of the unexpected association between HFD and Physical Function Outcomes
	4.7 Strengths and limitations of this dissertation
	4.8 Clinical relevance of findings
	4.9 Implications for healthy aging and public health
	4.10 Future directions

	Chapter 5: Overall conclusions
	References

