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Introduction
The Healthy Eating Index (HEI) is a widely used tool to 
quantitatively evaluate dietary patterns and quality [1]. 
The 2015 version of the Healthy Eating Index (HEI-2015) 
was developed based on the 2015–2020 Dietary Guide-
lines for Americans (DGA)2 to provide a comprehensive 
measure of diet quality. Previous studies have shown that 
healthy eating is associated with increased life expec-
tancy and a reduced risk of adverse health outcomes. 
Higher HEI-2015 scores indicate better dietary qual-
ity and are positively correlated with improved mental 
health [2–4].However, these studies often fail to fully 
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Abstract
Background  The Healthy Eating Index (HEI-2015) assesses dietary quality, and lower scores may be associated with 
an increased risk of frailty. However, few epidemiological studies have examined the relationship between HEI-
2015 and the Frailty Index (FI). This study explores the association between HEI-2015 and FI using data from the U.S. 
National Health and Nutrition Examination Survey (NHANES), analyzing how factors such as gender and age influence 
this relationship.

Methods  TNHANES data (2007–2018) were analyzed using logistic regression models to assess the HEI-2015-
frailty association. Frailty diagnosis was based on physical activity, strength, fatigue, weight change, and gait speed, 
with FI scores ranging from 0 to 1. A threshold of 0.21 classified frailty. The R package “DALEX” was used for feature 
importance analysis to enhance the prediction of frailty. From this analysis, we selected 10 key factors to further 
improve the accuracy of frailty prediction.

Result  Of 14,300 participants, 16.2% (2,322) were classified as frail. Frail participants had lower income, higher BMI, 
lower physical activity, and lower HEI-2015 scores. Higher HEI-2015 scores were associated with reduced frailty risk 
(adjusted OR: 0.69, 95% CI: 0.56–0.87, P < 0.01). The negative association was stronger in women, higher-income 
groups, and those with higher education (P < 0.01). Feature importance analysis showed HEI-2015 was the top 
predictor of frailty.

Conclusion  Higher HEI-2015 scores are linked to lower frailty risk. Promoting healthy eating may prevent frailty, 
especially in high-risk groups, with education and demographic factors influencing this relationship.
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elucidate the impact of poor dietary quality on the risk 
of specific diseases or its underlying mechanisms. While 
a healthy diet is recognized as an essential strategy for 
improving health, the precise pathways through which it 
exerts its effects remain unclear [5, 6].

The Frailty Index (FI) is a quantitative tool that assesses 
an individual’s vulnerability by accumulating various 
health deficits. FI reflects overall health frailty and can 
predict aging-related health risks, including disease prev-
alence and mortality [7–10]. The relationship between 
dietary quality and frailty may arise from the critical 
role of nutrition in maintaining bodily functions. High-
quality diets provide essential micronutrients and anti-
oxidants, reducing chronic inflammation and oxidative 
stress, thereby preserving muscle mass, bone health, and 
immune function, ultimately lowering the risk of frailty. 
The relationship between dietary quality and frailty may 
stem from the critical role of nutrition, including both 
micronutrients and macronutrients, in maintaining 
bodily functions [11]. Excessive intake of certain mac-
ronutrients, however, could negatively impact health 
and increase frailty risk [12]. High-quality diets provide 
essential micronutrients and antioxidants, reducing 
chronic inflammation and oxidative stress, thereby pre-
serving muscle mass, bone health, and immune function, 
ultimately lowering the risk of frailty [13–18].Although 
several studies have investigated the relationship between 
diet and frailty, including research utilizing NHANES 
data, they have not systematically analyzed the associa-
tion between HEI-2015 and FI [19].Therefore, this study 

aims to address this gap in the literature by analyzing 
NHANES data from 2007 to 2018. Specifically, the objec-
tives are to: (1) examine the relationship between HEI-
2015 scores and FI and (2) identify and evaluate factors 
such as diet, physical activity, BMI, and socioeconomic 
status that influence frailty risk using multivariate models 
and feature importance analysis.

Method
Study design and participants
The participants who engaged in the National Health 
and Nutrition Examination Survey (NHANES) cycles 
from 2007 to 2018. The final analytic sample size of 
adults (age ≥ 20) with no missing data for any variables is 
N = 14,300. Additional details of the study design, sam-
pling, and exclusion criteria are illustrated in Fig. 1.

NHANES is a nationally representative, population-
based survey for assessing the health and nutritional 
status of adults and children in the United States. This 
survey examines a nationally representative sample of 
about 5,000 persons each year. It is noteworthy that 
NHANES over-samples persons 60 and older, African 
Americans and Hispanics, to produce reliable statistics. 
Other population details, recruitment, characteristics, 
and procedures for NHANES are provided through the 
Centers for Disease Control and Prevention [20] (​h​t​t​p​​s​:​
/​​/​w​w​w​​.​c​​d​c​.​​g​o​v​​/​n​c​h​​s​/​​n​h​a​n​e​s​/​i​n​d​e​x​.​h​t​m). Only publicly 
available data was used in the analysis, and no ethical 
approval was needed in this study.

Fig. 1  The flow diagram of screening participants from NHANES
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Measures
Healthy eating index 2015
hei-2015 was an indicator for assessing dietary quality 
[21], namely the degree to which a set of nutrients is con-
sistent with the Dietary Guidelines for Americans [22] 
(DGA). This eating behavior evaluation questionnaire 
comprised 13 kinds of components to assess the degree 
of adherence to DGA. These components were marshaled 
into two forms of diet lists, which included the adequacy 
components (total fruits, total vegetables, total protein 
foods, greens and beans, whole fruits, seafood, plant pro-
teins, whole grains, dairy, fatty acids) and the modera-
tion components (added sugars, sodium, saturated fats, 
refined grains) [4]. Higher intakes will be scored more by 
hei-2015 for the group of adequacy components. How-
ever, higher scores reflected lower moderation compo-
nent intakes for the group of moderation components. 
With the combination of two groups together, the hei-
2015 component and total scores were calculated by the 
hei scoring algorithm using the R software.

Previous studies had assessed the hei-2015 of reliabil-
ity, internal consistency, and construct validity [23, 24]. 
In our study, dietary information was extracted from data 
collected by a professional interviewer face-to-face in the 
MEC for a 24-hour dietary recall.

The hei-2015 scored out of 100 points. The total hei-
2015 scores were calculated using the mean value of 
nutrient intakes between the first-day intakes (DR1TOT) 
and the second-day intakes (DR2TOT).

Frailty
A frailty index was applied to count deficits in health. 
These deficits were defined as diseases, disabilities, signs, 
and symptoms [25]. The understanding that the frailty 
index as an independent predictor mattered concerning 
determining a piece of health-state information from sev-
eral physiological systems was strongly associated with 
lower hei-2015 scores in frailty populations.

According to the standard procedure introduced by 
Searle’s study [26] and the further study of Hakeem and 
colleagues [27], the frailty index included 49 deficits that 
covered cognition, dependence, depressive symptoms, 
comorbidities, hospital utilization and access to care, 
physical performance and anthropometry, and laboratory 
values.

Frailty index scores ranged from 0 (indicating no health 
deficits) to 1 (indicating every health deficit assessed). 
Based on proposed cutoff scores usually used in epidemi-
ological studies, we put to use a frailty index cutoff that 
was classified as “non-frail” (FI ≤ 0.21) or frail (FI > 0.21) 
to obtain greater accuracy for the definition of frailty 
[28]. Information regarding the 49 deficits included in the 
Frailty Index can be found in the supplementary.docx.

Covariates and definitions
The following covariates were obtained from question-
naires conducted by professional interviewer: age group 
( > = 60 years, 20 ∼ 39 years, 40 ∼ 59 years), gender, educa-
tion (< 9 grade, 9-11th Grade, College, GED, Some Col-
lege), ethnicity (Mexican American, Non-Hispanic Black, 
Non-Hispanic White, Other Race), body mass index 
(BMI: high, low, normal), poverty-to-income ratio (PIR), 
drink alcohol (DA), In this study, physical activity (PA) 
data were obtained through the NHANES survey ques-
tionnaire, which covers various types of activities, includ-
ing work, household chores, and leisure-time activities. 
PA was categorized into three levels—low, moderate, 
and high—based on activity intensity and duration. 
Low-intensity activities include walking or light house-
hold chores, moderate-intensity activities encompass 
brisk walking or gardening, and high-intensity activi-
ties involve vigorous exercises such as running or fitness 
workouts [29].Smoking status was defined as follows: 
never (smoked less than 100 cigarettes in life), former 
(smoked more than 100 cigarettes in life and smoke not 
at all now), now (smoked more than 100 cigarettes in life 
and smoke some days or every day).

Statistical analysis
Continuous variables were presented as mean and stan-
dard deviation, and categorical variables were presented 
as numbers or percentages. We assessed the distribu-
tion of hei-2015 and relevant covariates. Quintiles of 
reliability-adjusted hei-2015 scores were recorded and 
calculated into five contiguous groups respectively, with 
each group representing approximately 20% of the sam-
ple population, ensuring equal representation across the 
hei-2015 spectrum. Differences in hei groups, character-
istics, and other parameters between the five groups of 
hei-2015 scores were tested using the weighted Wilcoxon 
rank sum test for continuous variables or the weighted 
Pearson’s Chi-squared test for categorical variables where 
appropriate.

All analyses used the NHANES sampling weights, 
and the complex multistage cluster survey design of 
NHANES was taken into account. A value of p < 0.05 
was used as a cutoff to demonstrate statistical signifi-
cance. This study applied multivariate logistic regression 
to assess the associations of hei groups with frailty and 
calculated odds ratios (OR) with 95% confidence inter-
vals (CI) for frailty risk (FI > 0.21 was regarded as frailty). 
Then, several adjusted models were conducted: model 
1 (without any adjustments for covariates), model 2 
(adjusted for age, race, education level, PIR, and BMI on 
top of Model 1), and model 3 (building on Model 2, fur-
ther incorporated smoking, physical activity, and alcohol 
consumption).
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In addition, we used the “DALEX” package in R version 
4.3.2 to improve the interpretability of the final model 
[30]. This visualization method was used to calculate 
feature importance and show clinical variables in terms 
of importance. The “model_parts” command of DALEX 
package [30] allowed us to understand the relationship 
between the variables and the clinical outcomes and 
assess each variable’s contribution to individual predic-
tions [31–34].

Results
Population characteristics
Table  1 presents the sample number and weighted per-
centages with significance levels for differences within 
variable categories. A total of 14,300 participants were 
covered, which were predominantly Non-Hispanic 
White, with approximately 19.7% Non-Hispanic Black, 
13.7% Mexican American, and 19.9% other. It repre-
sented approximately 3,000  million inhabitants of the 
United States. At baseline, 2,322 participants (16.2%) met 
the frailty by frailty index criteria. Notably, significant 

Table 1  Participants in the cohort according to the characteristics of the frailty State
Variable N 0, N = 11,978 1, N = 2,322 p-value q-value1

gender, n (%) 14,300 < 0.0012 < 0.001
  Female 5,162 (43) 1,227 (53)
  Male 6,816 (57) 1,095 (47)
ethnicity, n (%) 14,300 < 0.0012 < 0.001
  Mexican American 1,698 (14) 264 (11)
  Non-Hispanic Black 2,211 (18) 620 (27)
  Non-Hispanic White 5,614 (47) 1,040 (45)
  Other Race 2,455 (20) 398 (17)
education, n (%) 14,300 < 0.0012 < 0.001
  < 9 grade 544 (4.5) 180 (7.8)
  9-11th Grade 1,284 (11) 362 (16)
  College 3,692 (31) 399 (17)
  GED 2,462 (21) 581 (25)
  Some College 3,996 (33) 800 (34)
smoke, n (%) 14,300 < 0.0012 < 0.001
  former 2,750 (23) 694 (30)
  never 6,616 (55) 889 (38)
  now 2,612 (22) 739 (32)
total hei-2015 score, Median (IQR) 14,300 50.640 (41.219–60.959) 48.385 (39.025–58.227) < 0.0013 < 0.001
age_group, n (%) 13,991 < 0.0012 < 0.001
  >=60 years 2,546 (22) 770 (34)
  20 ∼ 39 years 5,450 (46) 477 (21)
  40 ∼ 59 years 3,740 (32) 1,008 (45)
body mass index, n (%) 14,300 < 0.0012 < 0.001
  high 7,934 (66) 1,871 (81)
  low 179 (1.5) 29 (1.2)
  Normal 3,865 (32) 422 (18)
poverty-to-income ratio, n (%) 14,300 < 0.0012 < 0.001
  high income 4,678 (39) 561 (24)
  low income 2,955 (25) 915 (39)
  middle income 4,345 (36) 846 (36)
hei_group, n (%) 14,300 < 0.0012 < 0.001
  1 2,304 (19) 556 (24)
  2 2,356 (20) 504 (22)
  3 2,421 (20) 439 (19)
  4 2,401 (20) 459 (20)
  5 2,496 (21) 364 (16)
Notefoot: 0 indicates a diagnosis of no frailty, 1 indicates a diagnosis of frailty
1False discovery rate correction for multiple testing
2Pearson’s Chi-squared test
3Wilcoxon rank sum test
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differences were observed in demographic and base-
line clinical characteristics between participants diag-
nosed with frailty (Frailty Index > 0.21 was regarded as 
frailty) and those without frailty. Participants with frailty 
tended to have lower income (915 (39.4%) vs. 2,955 
(24.6%)), higher BMI (1,871(80.5%) vs. 7,934 (66.2%)), 
lower exercise (548 (23.6%) vs. 1,778 (14.8%)), lower 
total hei-2015 scores (48.385 (39.025–58.227) vs. 50.640 
(41.219–60.959)) and higher waistline measurements 
(102.19 (17.66) vs. 99.19 (16.03)). It is evident that older 
adults (≥ 60 years) are much more likely to report frailty. 
Additionally, smoking status appeared to influence the 
occurrence of frailty.

A higher healthy eating index score is associated with a 
lower risk of frailty
In the correlation analysis, multivariate logistic regres-
sion results for frailty show that higher HEI-2015 quin-
tiles are significantly associated with lower odds of frailty 
across all models.In the unadjusted model (Model 1), 
compared to the reference group (Q1), the odds ratios 
(OR) for frailty decreased across higher quintiles: Q2 
(OR: 0.77, 95% CI: 0.64–0.93, P = 0.01), Q3 (OR: 0.71, 
95% CI: 0.59–0.85, P < 0.001), Q4 (OR: 0.78, 95% CI: 
0.65–0.92, P = 0.005), and Q5 (OR: 0.58, 95% CI: 0.48–
0.70, P < 0.0001).In the minimally adjusted model (Model 
2), adjusting for age, race, education, PIR, and BMI, the 
ORs remained similar: Q2 (OR: 0.73, 95% CI: 0.59–0.91, 
P = 0.01), Q3 (OR: 0.71, 95% CI: 0.57–0.89, P = 0.003), Q4 
(OR: 0.78, 95% CI: 0.63–0.95, P = 0.02), and Q5 (OR: 0.65, 
95% CI: 0.52–0.81, P < 0.001).In the fully adjusted model 
(Model 3), with additional adjustments for physical 
activity (PA), smoking status, and alcohol consumption 
(DA), the pattern remained robust: Q2 (OR: 0.74, 95% 
CI: 0.60–0.91, P = 0.01), Q3 (OR: 0.72, 95% CI: 0.58–0.90, 
P = 0.005), Q4 (OR: 0.81, 95% CI: 0.66–0.99, P = 0.04), and 
Q5 (OR: 0.69, 95% CI: 0.56–0.87, P = 0.002),more infor-
mation can be found in Table 2.

Stratified associations between frailty and hei-2015 scores
As shown in Table  3, we conducted further strati-
fied analysis on the following covariates, including: age 
group, gender, education, ethnicity, BMI, family income 
to PIR, smoking, PA, DA to assess the associations 

between hei-2015 and frailty. Likely, healthy eating 
index levels of females, high income, non-Hispanic 
white, alcohol middle intake, 40 ∼ 59 years, higher BMI, 
and college were significantly positively correlated with 
frailty. (p for trend < 0.0001; p for trend < 0.001; p for 
trend < 0.001; p for trend < 0.0001; p for trend < 0.0001; 
p for trend = 0.002; p for trend = 0.035). In addition, we 
detected variables of education and hei-2015 scores may 
have an interaction effect associated with frailty risk (p 
for interaction = 0.004).

Feature importance
Figure 2 shows the level of importance features have in a 
local environment to quantify relative importance (both 
positive and negative) of selected clinical variables asso-
ciated with the frailty on the model. We chose a total 
of 10 clinical variables in terms of importance in Fig.  2 
and calculated feature importance as a score using the 
“DALEX” package [30, 32, 35]. Based on the condition 
of the feature importance analysis, The hei_group (diet 
quality score) is the most important feature, playing a 
crucial role in predicting frailty, with an importance score 
close to 300. Following this are edu (education level) and 
eth (ethnicity), both with high importance scores exceed-
ing 250. Other features, such as DA (disease burden), 
age_group (age group), PIR (poverty income ratio), and 
PA (physical activity), show moderate importance, with 
scores around 200. In contrast, smoke (smoking status), 
sex (gender), and BMI (body mass index) still hold some 
importance but with lower scores ranging from approxi-
mately 100 to 150.

Discussion
Recently, the discovery of the frailty index related to 
nutrition [36, 37], physical activity [38], age [39], and age-
related diseases [40–43] has sparked significant interest 
in the scientific community, leading to extensive research 
on frailty and its implications [40, 44]. The decline across 
these multiple physiological systems triggers increased 
utilization of medical and social resources with conse-
quent economic expenditures [19]. 

While the medical and socio-economic issues asso-
ciated with frailty are deeply rooted, there is none-
theless encouraging evidence to suggest that dietary 

Table 2  P value of frailty prevalence according to hei-2015 in the NHANSE
hei-2015 Model 1 Model 2 Model 3
character OR(95%CI) P OR(95%CI) P OR(95%CI) P
Q1 ref ref ref
Q2 0.77(0.64,0.93) 0.01 0.73(0.59,0.91) 0.01 0.74(0.60,0.91) 0.01
Q3 0.71(0.59,0.85) < 0.001 0.71(0.57,0.89) 0.003 0.72(0.58,0.90) 0.005
Q4 0.78(0.65,0.92) 0.005 0.78(0.63,0.95) 0.02 0.81(0.66,0.99) 0.04
Q5 0.58(0.48,0.70) < 0.0001 0.65(0.52,0.81) < 0.001 0.69(0.56,0.87) 0.002
p for trend(character2integer) < 0.0001 0.002 0.01
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interventions can improve the occurrence of frailty. 
Micronutrients, including lycopene [45], vitamin E [46–
48], and vitamin D [49], have been shown to intervene in 
the occurrence of frailty. Therefore, an adequate intake of 
foods rich in proteins, lycopene, vitamin E, and vitamin 
D may help delay the onset of frailty. Additionally, based 
on both previous studies and findings from our research 
team, vegetables and fruits have been shown to have a 
similar effect in preventing frailty in the elderly popula-
tion [50–53]. However, the above-mentioned studies only 
focused on a specific nutrient or a particular food, and 
the HEI-2015 index has not yet been used to evaluate the 
relationship between dietary intake quality and the risk 
of frailty. Therefore, we conducted this study. Our study 
results indicate a significant association between HEI-
2015 and the risk of frailty, with higher HEI scores corre-
lating to a lower risk of frailty. In multivariate regression 
analysis across different models, both unadjusted and 
adjusted models consistently showed that higher HEI 
scores were significantly associated with reduced frailty 
risk. Numerous studies have demonstrated that high-
quality dietary patterns, such as the Mediterranean diet 
or diets with higher HEI scores, can significantly reduce 
the risk of frailty [54–56]. Some research even suggests 
that high-quality diets may reverse frailty. Our find-
ings further support these observations, emphasizing 
the importance of dietary quality, particularly the HEI-
2015 score, in predicting frailty.In our stratified analy-
sis, we examined the impact of various covariates on the 

relationship between the HEI score and frailty. The results 
showed that the effect of the HEI score on frailty risk 
was more pronounced in certain subgroups, including 
females, high-income individuals, non-Hispanic Whites, 
those aged 40–59 years, and those with high BMI.First, 
gender differences may play a significant role in the rela-
tionship between dietary quality and frailty. Compared to 
men, women have different nutritional needs, metabolic 
rates, and hormonal levels, which could lead to a greater 
reduction in frailty risk when dietary quality improves 
[57]. For example, studies have shown that postmeno-
pausal women face a higher risk of frailty due to declining 
estrogen levels and may rely more on dietary antioxidants 
to mitigate frailty. Second, racial and ethnic differences 
may influence the relationship between dietary quality 
and frailty through factors such as socioeconomic sta-
tus, cultural background, and dietary habits [58]. Minor-
ity groups, particularly those facing long-term social and 
economic inequality, may experience heightened effects 
of dietary quality on health outcomes due to chronic 
stress and adverse health conditions [59]. Additionally, 
culturally influenced dietary habits could impact health 
outcomes. For instance, some studies suggest that tra-
ditional diets rich in fiber and plant-based foods among 
non-White populations may contribute to the protective 
effect of healthy diets on frailty.Finally, alcohol consump-
tion may also be an important factor. Several studies have 
shown that moderate alcohol intake is associated with 
a reduced risk of cardiovascular disease, which could 

Fig. 2  The level of importance feature, BMI: body mass index; PA: physical activity; PIR: poverty-to-income ratio; DA: drink alcohol; eth: ethnicity; edu: 
education
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indirectly affect the development of frailty [60]. Moderate 
drinkers are often more likely to engage in other health-
promoting behaviors, such as balanced eating and regular 
exercise, which together may help prevent frailty.

From the feature importance analysis, hei_group 
emerged as the most crucial predictor of frailty, with 
a score close to 300. Education and ethnicity followed 
closely with scores exceeding 250, indicating the sig-
nificant impact of socioeconomic and demographic fac-
tors on frailty risk. Additionally, factors such as DA, age 
group, PIR, and PA had moderate importance scores 
around 200. In contrast, smoke, gender (sex), and BMI 
had lower importance scores, ranging between 100 and 
150.These findings highlight the strong relationship 
between healthy diets and frailty, suggesting that dietary 
quality is a powerful predictor of frailty. However, various 
factors may contribute to declines in HEI scores, includ-
ing unhealthy lifestyle behaviors and pathological condi-
tions. For example, in older adults, a decline in dietary 
quality may be closely linked to tooth loss. Research by 
Xu Kehui et al. found that as the number of lost teeth 
increased, dietary quality decreased and was negatively 
associated with accelerated aging. Mediation analysis 
revealed that HEI scores partially mediated the relation-
ship between tooth loss and accelerated aging (mediation 
proportion: 5.302%; 95% CI: 3.422–7.182%; P < 0.001) 
[61, 62].Our study highlights the close relationship 
between health factors and frailty, indicating that pro-
moting healthy diets can effectively reduce the incidence 
of frailty, particularly in older adults. Therefore, future 
research should further explore factors contributing to 
declines in HEI scores. Early intervention in populations 
at risk of poor dietary quality may help slow or prevent 
the progression of frailty, thereby improving patients’ 
quality of life.

Although this cross-sectional study provides valu-
able preliminary insights into the relationship between 
dietary quality and frailty, it has several limitations. 
Cross-sectional designs capture associations at a single 
point in time, making it impossible to establish cau-
sality. This means that we cannot determine whether 
dietary quality influences frailty or if frailty leads to a 
decline in dietary quality. Additionally, the possibility of 
reverse causation cannot be ignored, as frail individu-
als may choose poor diets due to physical limitations, 
complicating the interpretation of the associations 
further.Confounding factors are another crucial con-
sideration. Despite efforts to control for known con-
founders, unmeasured factors may still bias the results. 
Self-reported dietary data may also be subject to recall 
bias or social desirability bias, affecting the accuracy of 
the findings. Sample selection bias may also occur, espe-
cially in studies targeting specific populations (e.g., older 
adults or patients with chronic illnesses), which can limit 

the generalizability of the results. Furthermore, varia-
tions in dietary quality assessment methods across stud-
ies, such as the use of different dietary tools (e.g., food 
frequency questionnaires or 24-hour dietary recalls), 
may affect the consistency and comparability of find-
ings.Dietary assessment tools are also associated with 
under and overestimation of intake.The lack of bivariate 
analysis is another limitation, as it restricts the explora-
tion of key variable relationships. Bivariate analysis can 
help identify which variables have significant associations 
with frailty and detect potential interactions between 
variables, thereby guiding subsequent multivariable 
models. However, many cross-sectional studies do not 
systematically perform such analyses, which may result 
in the omission of important potential variables.Despite 
these limitations, the findings provide valuable insights 
into the relationship between dietary quality and frailty, 
though they should be interpreted with caution. Future 
longitudinal research is recommended to explore the 
causal relationship between dietary quality and frailty 
more comprehensively.Several approaches can help over-
come the limitations of cross-sectional data in future 
research, allowing for a more in-depth exploration of the 
causal relationship between dietary quality and frailty. 
First, adopting longitudinal study designs is essential, 
as they track changes in individuals’ dietary habits and 
frailty status over time, offering a clearer understand-
ing of how dietary quality influences the onset and pro-
gression of frailty. Second, randomized controlled trials 
(RCTs) can be introduced to directly observe the impact 
of dietary interventions on frailty, providing stronger evi-
dence. Additionally, advanced statistical methods, such 
as structural equation modeling (SEM) or causal infer-
ence models (e.g., instrumental variable methods), can 
help researchers better address causality and reduce the 
influence of confounders.To address sample representa-
tiveness and measurement differences, future research 
should aim to use large, diverse population samples and 
standardize dietary assessment tools across multiple 
centers to enhance the generalizability and credibility of 
findings. Bivariate analysis should also be incorporated 
in the early stages of data processing to identify key vari-
ables that significantly impact frailty and provide a solid 
foundation for multivariable modeling. Integrating data 
from multiple sources, including biomarkers, imaging 
data, and objective measures of physical activity, can fur-
ther improve analysis accuracy and reduce biases related 
to self-reported data. Lastly, strengthening the control 
of confounders during data collection, such as detailed 
recording of socioeconomic status, mental health, and 
other relevant variables, can help minimize bias and 
enhance the reliability of results. These approaches will 
enable future research to more accurately uncover the 
complex relationship between dietary quality and frailty.
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Conclusions
This study demonstrates a significant association 
between the Healthy Eating Index (HEI-2015) and the 
risk of frailty, with higher HEI scores linked to a lower 
risk of frailty. Multivariate regression and stratified analy-
ses support the protective role of high-quality dietary 
patterns, such as the Mediterranean diet, in preventing or 
even reversing frailty, particularly among females, high-
income groups, non-Hispanic Whites, those aged 40–59 
years, and individuals with high BMI.Feature importance 
analysis highlights dietary quality as a key predictor of 
frailty, with education and ethnicity also showing signif-
icant influence. Declines in HEI scores may result from 
unhealthy lifestyles or pathological factors, such as the 
relationship between tooth loss and accelerated aging.
Promoting healthy diets can effectively reduce the inci-
dence of frailty, improve quality of life for older adults, 
and alleviate healthcare burdens. However, this cross-
sectional study cannot establish causation, and poten-
tial reverse causation and unmeasured confounders may 
affect the results. Therefore, future research should adopt 
longitudinal designs and randomized controlled trials 
(RCTs) to further explore the long-term effects of dietary 
quality on frailty.We recommend that future studies use 
large, diverse samples, standardize dietary assessment 
tools, and incorporate bivariate analysis and multi-source 
data integration to improve the accuracy, generalizability, 
and reliability of the findings.
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