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Background: Despite the critical role of vitamin D in various biological processes, its impact on frailty—a condition closely linked
to biological age—remains inconclusive. This study aimed to explore the association between serum 25-hydroxyvitamin D (25[OH]
D) levels and frailty status in older Korean adults, utilizing a comprehensive frailty index (FI) and a nationally representative dataset.
Methods: This cross-sectional study included 6,589 participants aged =65 years from the Korea National Health and Nutrition Ex-
amination Survey (2008-2012). Frailty was assessed using a deficit accumulation FI based on 38 physical, cognitive, psychological,
and social items.

Results: After adjusting for potential confounders, frail men showed 6.8% lower serum 25(OH)D concentrations compared to non-
frail controls (P=0.007). Men in the lowest serum 25(OH)D quartile (<39.3 nmol/L) exhibited a 5.3% higher FI (P=0.047) and
1.71-fold increased odds of frailty (P=0.005), compared to those in the highest quartile (>63.3 nmol/L). Similarly, men with vitamin
D deficiency (<30 nmol/L) exhibited a 9.6% higher FI compared to those with sufficient vitamin D levels (=50 nmol/L; P=0.004).
However, no significant association between serum 25(OH)D concentration and frailty was observed in women across any analysis.
Conclusion: These findings suggest that low serum 25(OH)D concentrations are a potential risk factor for frailty, particularly in men.
Further research is warranted to determine whether vitamin D supplementation in such high-risk older adults could help mitigate frailty.
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INTRODUCTION

Frailty is a complex clinical syndrome characterized by a de-
cline in physiological reserves across multiple organ systems,
resulting in reduced resilience and increased vulnerability to ad-
verse health outcomes [1]. It is a major concern in aging popu-
lations as it contributes to falls, hospitalization and mortality
and significantly burdens healthcare systems worldwide [2].
However, assessing frailty accurately remains a challenge due
to its complex and multidimensional nature. Although there is
no gold standard, frailty is commonly assessed using two prin-
cipal models: the Fried frailty phenotype (FFP) and the frailty
index (FI). The FFP, introduced by Fried et al. [3], conceptualiz-
es frailty as a physical phenotype characterized by five criteria:
unintentional weight loss, weakness, exhaustion, slowness, and
low physical activity. FFP is simple and practical for clinical use
but it does not fully capture the cognitive, psychological, and
social aspects of frailty. In contrast, the FI developed by Rock-
wood et al. [4] offers a more comprehensive assessment by in-
corporating deficits across health domains, including comorbid-
ities, functional impairments, and symptoms, providing a de-
tailed and sensitive measure of frailty. This multidimensional
approach allows the FI to provide a more detailed and sensitive
measure of frailty. By assessing frailty on a continuous scale,
the FI allows for the identification of subtle health declines and
the accurate prediction of critical outcomes.

Identifying modifiable risk factors contributing to frailty is
crucial for developing effective prevention and management
strategies. Among these potential factors, vitamin D is an im-
portant factor due to its vital role in musculoskeletal health, im-
mune function, and overall physiological homeostasis [5]. Vita-
min D plays a critical role in skeletal aging by regulating calci-
um absorption and bone remodeling, which helps maintain bone
density and reduces the risk of fractures [6]. Additionally, vita-
min D is essential for maintaining muscle strength and function,
as it promotes muscle cell proliferation and differentiation while
mitigating muscle atrophy through anti-inflammatory and anti-
oxidative pathways [7]. A vitamin D deficiency exacerbates sar-
copenia by impairing neuromuscular signaling and reducing
physical performance [8]. Beyond its musculoskeletal effect, vi-
tamin D also exerts systemic effects by modulating immune re-
sponses, suppressing chronic low-grade inflammation through
cytokine inhibition, and enhancing mitochondrial efficiency to
reduce oxidative stress, thereby mitigating cellular and systemic
aging [9,10]. Serum 25-hydroxyvitamin D (25[OH]D) is widely
regarded as a reliable marker for assessing vitamin D status
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[11]. Low serum 25(OH)D levels have been widely reported in
older populations and are associated with a variety of negative
health outcomes [12-14]. Given these well-documented associa-
tions, vitamin D deficiency may reflect or influence frailty.

Although numerous studies have examined the relationship
between vitamin D levels and frailty, most have focused on
small populations, or single-sex cohorts, or have relied on phe-
notypic frailty assessments [15-17]. These limitations have led
to inconclusive evidence regarding the role of vitamin D as a
potential biomarker for frailty. Furthermore, there has been lim-
ited research utilizing the FI to investigate the relationship be-
tween serum 25(OH)D levels and frailty in a nationally repre-
sentative cohort, including both men and women. Therefore, we
aimed to investigate the relationship between serum 25(OH)D
levels and frailty using the comprehensive FI, which captures
deficits across multiple health domains using nationally repre-
sentative data from the older Korean adults. Additionally, our
study included both sexes, enabling the assessment of sex-spe-
cific differences in this relationship.

METHODS

Participants and data collection

This cross-sectional study utilized data from the Korea National
Health and Nutrition Examination Survey (KNHANES IV and
V), conducted from 2008 to 2012. The KNHANES is a nation-
ally representative survey conducted by the Korea Centers for
Disease Control and Prevention, providing comprehensive data
on the health and nutritional status of the Korean population.
The survey consists of health interviews, health examinations,
and nutritional assessments [18]. A stratified, multistage sam-
pling design was employed to ensure proportional representa-
tion across various demographic and geographic groups. De-
tailed information regarding the survey’s methodology and da-
tabase is available at https://knhanes.cdc.go.kr.

This study was conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki and was approved by the
Institutional Review Board of Eunpyeong St. Mary’s Hospital,
Catholic Medical Center, The Catholic University of Korea
(IRB approval No. PC25ZISI0012). As the study utilized previ-
ously collected anonymized data, the requirement for written
informed consent was waived.

Of the 8,036 older adults (aged =65 years) who participated
in KNHANES from 2008 to 2012, 6,589 were included in the
analysis after applying the following exclusion criteria: (1) more
than 20% missing data in the frailty assessment (>7 items) (n=
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181) and (2) missing serum vitamin D measurements (z=1,266).
The final analysis included 6,589 participants (Supplemental
Fig. S1).

Laboratory analyses

Blood samples were obtained from participants following an
overnight fast of at least 8 hours. Samples were collected in the
morning, promptly processed through centrifugation and ali-
quoting, and transported to the Central Testing Institute in
Seoul, Korea, for analysis within 24 hours. Serum fasting glu-
cose, total cholesterol (TC), triglycerides (TG), and high-density
lipoprotein cholesterol (HDL-C) were enzymatically measured
using a commercial kit (Sekisui, Osaka, Japan) with a Hitachi
Automatic Analyzer 7600 (Hitachi, Tokyo, Japan). Low-density
lipoprotein cholesterol (LDL-C) was calculated using the Frie-
dewald formula: LDL-C=TC-HDL-C—(TG/S). Spot urine sam-
pling was performed in fasting state and the first-morning mid-
stream urine was collected in most of the population. Serum
25(0OH)D levels were measured using a 1470 WIZARD gamma
counter (PerkinElmer, Turku, Finland) using the 25(OH)D '*1
RIA Kit (DiaSorin, Stillwater, MN, USA). The 25(OH)D levels
were retrospectively standardized, as the institute participated in
the Vitamin D External Quality Assessment Scheme (DEQAS)
to ensure the accuracy and reliability of external quality controls
[19].

Classification of serum 25(OH)D levels

Serum 25(OH)D levels were categorized into sex- specific
quartiles (men: Q1 <39.3 nmol/L to Q4 >63.3 nmol/L; women:
Q1 =33.5 nmol/L to Q4 >57.0 nmol/L) and sufficiency catego-
ries based on clinical thresholds: deficient (<30 nmol/L), insuf-
ficient (30 to 50 nmol/L), and sufficient (=50 nmol/L).

Covariates related to frailty

During the study period, blood pressure (BP) was measured by
trained nurses using a mercury sphygmomanometer (Baumanom-
eter Wall Unit 33[0850], W.A. Baum, Copiague, NY, USA) and
an appropriately sized cuff. Prior to the measurement, participants
were instructed to remain seated and rest quietly for at least 5
minutes in a comfortable position to ensure stable readings. BP
was measured three times on the right arm, with a 30-second in-
terval between each measurement. The final systolic and diastolic
BP values were determined as the average of the second and third
measurements, following standard protocols to enhance reliability
and precision [20]. Household income, education levels, and life-
style such as smoking status were determined based on partici-
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pants’ responses to related questions. Household income was di-
vided into four quartiles: low (<680 United States dollar [USD]/
month), mid-low (680-1,359 USD/month), mid-high (1,360—
2,229 USD/month), and high (=2,230 USD/month). Education
levels were categorized as elementary school or lower, middle
school, high school, and college or higher. Smoking was defined
as having smoked at least five packs of cigarettes in a lifetime and
currently smoking. Participants were identified as having specific
diseases, such as hypertension, dyslipidemia, or cardiovascular
disease, if they reported a physician-confirmed diagnosis. Body
mass index (BMI) was calculated as weight in kilograms divided
by the square of height in meters (kg/m?).

Assessment of frailty

Frailty in this study was assessed using a FI developed based on
standardized methodologies [21] and adapted from prior frailty
indices utilizing KNHANES data [22-25]. The FI included 38
items commonly surveyed in KNHANES, encompassing co-
morbidities, functional abilities, signs and symptoms, and labo-
ratory results. Comorbidities included anemia, arthritis, bron-
chial asthma, cancer, cardiovascular disease, cataracts, chronic
obstructive pulmonary disease, depression, diabetes, dyslipid-
emia, hypertension, and stroke. Functional abilities were as-
sessed based on physical inactivity, reduced exercise capacity,
limitations in activities of daily living, social activity restric-
tions, inability to self-care, hearing impairment, and chewing
difficulty. Signs and symptoms evaluated included pain or dis-
comfort, weight loss, depression or anxiety, suicidal ideation,
and stress. Laboratory measurements incorporated into the FI
were systolic BP, diastolic BP, heart rate regularity, pulmonary
function, hemoglobin, blood urea nitrogen, creatinine, TC, TG,
HDL-C, fasting glucose, and urine protein. Additionally, current
smoking status and BMI were included as part of the index cal-
culation.

This index quantifies frailty on a continuous scale ranging
from O (optimal health) to 1 (severe frailty). Participants were
classified into three categories according to their FI score: non-
frail (FI <0.15), pre-frail (0.15< FI <0.25), and frail (FI >0.25),
consistent with established criteria.

Statistical analysis

Statistical analyses were conducted to account for the complex
sampling design and weighting of KNHANES, ensuring nation-
ally representative estimates. Data from the annual surveys were
pooled and analyzed, treating each year’s sample as indepen-
dent. Continuous variables were expressed as mean=+ standard
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Table 1. Baseline Characteristics of the Study Participants according to Frailty Status
Men (n=2,815) Women (n=3,774)
Variable Non-frail Pre-frail Frail Non-frail Pre-frail Frail
(n=1284)  (n1=997) (n=534) [value (n=975)  (n=1426)  (n=1373) [value

Age, yr 71.1£0.1 71.9+0.2 72.5+£0.3 <0.001* 71.8+0.2 722402 73.2+0.2 <0.001*
Income quartile, % <0.001° <0.001°

Low 40.4 47.1 61.1 46.8 55.5 62.0

Mid-low 27.1 30.9 23.0 25.4 22.1 20.2

Mid-high 18.8 11.6 8.5 15.0 12.5 9.9

High 13.7 10.4 7.5 12.8 9.9 7.8
Level of education, % <0.001* <0.001*

Ist 429 49.0 62.5 79.9 84.6 90.5

2nd 17.3 19.8 15.2 7.8 8.2 5.8

3rd 21.7 19.9 16.5 9.2 6.3 3.1

4th 18.1 11.3 5.8 3.1 0.9 0.7
Smoking 238(20.2) 296 (30.7) 181 (35.6) <0.001* 24 (2.7) 59 (4.2) 85(6.9) <0.001*
Hypertension 593 (46.8) 651 (65.8) 363 (68.6) <0.001* 479 (51.0) 933 (67.5) 1,045(77.7) <0.001*
Dyslipidemia 100 (8.3) 128 (12.6) 86 (16.6) <0.001* 119 (13.2) 235 (16.5) 323 (23.9) <0.001*
Cardiovascular disease 43 (3.1) 94(9.2) 72 (13.3) <0.001° 18(1.5) 60 (4.1) 128 (9.3) <0.001°

(M1, angina)
BMI, kg/m* 23.1£0.1 23.4+0.1 23.1£0.2 0.151 23.5+0.1 24.2+0.1 24.9+0.1 <0.001*
Values are expressed as mean =+ standard error or number (%). Continuous and categorial variables were compared using general linear model and cross-
tabs analyses in a complex sample analysis method, respectively.
M1, myocardial infarction; BMI, body mass index.
*Statistically significant values.

error, while categorical variables were presented as percentages.
Baseline characteristics of the participants were analyzed using
general linear models for continuous variables and cross-tabula-
tions for categorical variables. Confounding variables were se-
lected based on clinical relevance and statistical significance in
univariate analyses and included age, income, level of educa-
tion, smoking, hypertension, dyslipidemia, cardiovascular dis-
eases, and BMI. Linear regression analysis was conducted to
assess the association between serum 25(OH)D levels and the
FI, with the FI as the dependent variable and serum 25(OH)D as
the independent variable. The risk of pre-frailty and frailty was
assessed using multiple logistic regression to calculate odds ra-
tios (ORs) with 95% confidence intervals, based on continuous
serum 25(OH)D levels, quartiles of serum 25(OH)D, and suffi-
ciency categories (deficient, insufficient, and sufficient). Differ-
ences in the FI across serum 25(OH)D quartiles and sufficiency
categories were analyzed using a general linear model, adjusting
for potential covariates. Multiple logistic regression was used to
assess associations with pre-frailty and frailty. All analyses were
two-tailed, with statistical significance set at P<0.05. Statistical
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analyses were performed using SPSS version 21.0 (IBM Corpo-
ration, Armonk, NY, USA).

RESULTS

The baseline characteristics of participants, categorized by frail-
ty status, are summarized in Table 1. Among the 6,589 partici-
pants aged =65 years, the prevalence of frailty was 29.1%.
Among 2,815 men, 1,284 (45.6%) were non-frail, 997 (35.4%)
were pre-frail, and 534 (19.0%) were frail, with mean ages of
71.1, 71.9, and 72.5 years, respectively (P<0.001). Among
3,774 women, 975 (25.8%) were non-frail, 1,426 (37.8%) were
pre-frail, and 1,373 (36.4%) were frail, with mean ages of 71.8,
72.2, and 73.2 years, respectively (P<0.001). In both men and
women, the progression from non-frail to pre-frail and frail sta-
tus was associated with lower income, less educational attain-
ment, a higher smoking prevalence, and increased prevalence
rates of hypertension, dyslipidemia, and cardiovascular diseases
(all P<0.001). BMI showed no significant differences across
frailty groups in men. In women, however, BMI increased pro-
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Fig. 1. Differences in serum 25-hydroxyvitamin D (25[OH]D) levels according to the frailty status in men (A) and women (B). The estimat-
ed means with 95% confidence intervals were generated and compared using general linear model analysis in a complex sample analysis
method. Multivariable adjusted model includes age, income, level of education, smoking, hypertension, dyslipidemia, cardiovascular dis-
eases, and body mass index (BMI) as confounding factors. *Statistically significant difference from the non-frail group.

gressively with frailty compared to the control group (P<0.001).

The differences in serum 25(OH)D levels by frailty status
were analyzed using a general linear model in a complex sample
analysis framework (Fig. 1). In men, no significant difference in
serum 25(OH)D level was observed between the non-frail and
pre-frail groups before adjusting for confounders. However, se-
rum 25(OH)D levels in frail men were reduced by 6.8% com-
pared to in the non-frail controls (P=0.007). This significant re-
duction in serum 25(OH)D levels among frail men remained
statistically significant even after adjusting not only for age and
BMI but also for income, level of education, smoking, hyperten-
sion, dyslipidemia, and cardiovascular diseases (P=0.013 and
P=0.014, respectively). In contrast, no significant differences in
serum 25(OH)D levels were observed among the three frailty
groups in women, after multivariable adjustment.

The relationship between serum 25(OH)D level and the FI
was examined using linear regression analyses (Table 2). In
men, unadjusted analyses showed a significant inverse relation-
ship between serum 25(OH)D levels and the FI (P=0.038).
However, this association lost statistical significance after ad-
justing for confounding factors like age and BMI. In women, no
significant relationship was observed between serum 25(OH)D
levels and the FI in any adjustment model.

The risk of pre-frailty and frailty in relation to serum 25(OH)D
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Table 2. Multiple Linear Regression Analysis to Determine
whether Serum 25(OH)D Level Is Independently Associated
with Frailty Index

Dependent variable: frailty index

Adjustment

B SE P value

Men

Unadjusted —0.000668 0.000321 0.038°

Age and BMI —0.000508 0.000313 0.104

Multivariable —0.000498 0.000285 0.081
Women

Unadjusted —0.000338 0.000298 0.258

Age and BMI —0.000036 0.000288 0.901

Multivariable 0.000064 0.000255 0.802

General linear model analysis was performed with frailty index as a de-
pendent variable, and with serum 25(OH)D as an independent variable.
Multivariable adjusted model includes age, income, level of education,
smoking, hypertension, dyslipidemia, cardiovascular diseases, and BMI
as confounding factors.

25(OH)D, 25-hydroxyvitamin D; f, regression coefficient; SE, standard
error; BMI, body mass index.

“Statistically significant value.

level was assessed using multiple logistic regression analyses
(Table 3). After adjusting for age, income, education level, smok-
ing status, hypertension, dyslipidemia, cardiovascular diseases,
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and BMI, no significant association was found between serum  deviation was associated with an increased crude OR of 1.22 for
25(OH)D level and pre-frailty in either men or women. Howev-  frailty (P=0.009). This association remained significant in the
er, in men, a decrease in the serum 25(OH)D level of standard  age- and BMI-adjusted model (20% increased risk; P=0.015)

Table 3. Logistic Regression Analyses to Determine the ORs for Pre-Frail and Frail Status according to Serum 25(OH)D Level
Pre-frail Frail
Adjustment
OR (95% CI)y* P value OR (95% CI)* P value
Men
Unadjusted 1.03 (0.93-1.13) 0.586 1.22 (1.05-1.41) 0.009°
Age and BMI 1.01 (0.91-1.11) 0.892 1.20(1.04-1.38) 0.015
Multivariable 1.00 (0.90-1.11) 0.979 1.19 (1.04-1.38) 0.015
‘Women
Unadjusted 1.11 (1.01-1.22) 0.033° 1.07 (0.96-1.18) 0.213
Age and BMI 1.09 (0.99-1.20) 0.079 1.02 (0.92-1.13) 0.749
Multivariable 1.08 (0.98-1.19) 0.125 1.00 (0.90-1.11) 0.954
Multivariable adjustment model includes age, income, level of education, smoking, hypertension, dyslipidemia, cardiovascular diseases, and BMI as
confounding factors.
OR, odds ratio; 25(OH)D, 25-hydroxyvitamin D; CI, confidence interval; BMI, body mass index.
“Per standard deviation decrement in serum 25(OH)D level (17.8 nmol/L for men and 17.8 nmol/L for women); "Statistically significant values.

Men Unadjusted Age, BMI adjusted Multivariable adjusted
0.21 a P=0.001 0.21 P=0.004 024 a P=0.033
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Fig. 2. Differences in frailty index according to serum 25-hydroxyvitamin D (25[OH]D) quartiles in men (A) and women (B). The estimated
means with 95% confidence intervals were generated and compared using general linear model analysis in a complex sample analysis meth-
od. Multivariable adjusted model includes age, income, level of education, smoking, hypertension, dyslipidemia, cardiovascular diseases,
and body mass index (BMI) as confounding factors. Serum 25(OH)D quartiles in men: Q1, serum 25(OH)D =39.3 (nmol/L); Q2, 39.3<
serum 25(OH)D <50.5; Q3, 50.5< serum 25(OH)D <63.3; Q4, serum 25(OH)D >63.3. Serum 25(OH)D quartiles in women: Q1, serum
25(0OH)D =33.5 (nmol/L); Q2, 33.5< serum 25(OH)D =44.0; Q3, 44.0< serum 25(OH)D =57.0; Q4, serum 25(OH)D >57.0. Q, quatrtile.
*Statistically significant difference from the Q4 (highest quartile).
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and the fully adjusted multivariable model (19% increased risk;
P=0.015). Conversely, in women, no significant association was
identified between serum 25(OH)D level and frailty risk, regard-
less of adjustment.

To assess potential threshold effects of the serum 25(OH)D lev-
els on the FI, participants were divided into four quartile groups
by serum 25(OH)D levels within each sex (Fig. 2). Among men,
unadjusted analyses showed that participants in the lowest quar-
tile (Q1, =39.3 nmol/L) had an 8.5% higher FI compared to
those in the highest quartile (Q4, >63.3 nmol/L) (P=0.016). This
difference remained statistically significant after adjusting for all
confounding factors, with Q1 showing a 5.3% higher FI com-
pared to Q4 (P=0.047). In women, however, no significant dif-
ferences in the FI were observed across quartile groups in any ad-
justment model.

Consistently, in men, the OR for frailty risk in the Q1 group
compared to the Q4 group was significantly higher across all
models: with a value of 1.74 in the unadjusted model (P=0.002),
1.65 in the age- and BMlI-adjusted model (P=0.005), and 1.71

in the fully adjusted multivariable model (P=0.005) (Fig. 3).
In women, there were no significant differences in frailty risk
across serum 25(OH)D quartile groups, regardless of the adjust-
ment model used.

Lastly, participants were categorized into three groups based
on serum 25(OH)D levels, as follows: deficient (<30 nmol/L),
insufficient (=30 but <50 nmol/L), and sufficient (=50 nmol/
L). Differences in FI by vitamin D status were analyzed (Fig. 4).
In men, the FI was at least 9.6% higher in the vitamin D defi-
cient group compared to the vitamin D sufficient group, before
and after adjusting for potential confounders (P<0.001 to 0.004).
However, in women, no significant differences in FI were ob-
served among the three vitamin D status groups, irrespective of
adjustment.

DISCUSSION

This study demonstrated an impact of serum 25(OH)D levels on
frailty status in older Korean adults using a nationally represen-

Men . . . .
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Fig. 3. Logistic regression analyses to determine the odds ratios for pre-frail and frail status according to serum 25-hydroxyvitamin D
(25[OH]D) quartiles in men (A) and women (B). Multivariable adjusted model includes age, income, level of education, smoking, hyperten-
sion, dyslipidemia, cardiovascular diseases, and body mass index (BMI) as confounding factors. Serum 25(OH)D quartiles in men: Q1, se-
rum 25(OH)D <39.3 (nmol/L); Q2, 39.3< serum 25(OH)D <50.5; Q3, 50.5< serum 25(OH)D <63.3; Q4, serum 25(OH)D >63.3. Serum
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Fig. 4. Differences in frailty index according to serum 25-hydroxyvitamin D (25[OH]D) status in men (A) and women (B). The estimated
means with 95% confidence intervals were generated and compared using general linear model analysis in a complex sample analysis meth-
od. Multivariable adjusted model includes age, income, level of education, smoking, hypertension, dyslipidemia, cardiovascular diseases,
and body mass index (BMI) as confounding factors. Deficient, serum 25(OH)D <30 (nmol/L); Insufficient, 30< serum 25(OH)D <50;
Sufficient, serum 25(OH)D =50. “Statistically significant difference from the ‘sufficient’ status.

tative cohort. The findings showed that low serum 25(OH)D
levels were linked to increased FI and frailty risk in men. Addi-
tionally, when categorized by vitamin D sufficiency, men with
25(0OH)D deficiency showed a significantly higher frail index
compared to those with sufficient levels. In contrast, no signifi-
cant patterns were observed between serum 25(OH)D levels
and frailty status or FI in women. These results highlight poten-
tial sex differences in the relationship between serum 25(OH)D
levels and frailty, underscoring the need for targeted strategies
to address frailty in aging populations.

Numerous studies have explored the association between
25(0OH)D levels and frailty, but the findings remain inconsistent.
According to a previous meta-analysis, while some studies have
reported a significant association between low serum 25(OH)D
levels and an increased risk of frailty, others have found no as-
sociation or only modest effects [16]. However, most prior stud-
ies relied on the FFP, which primarily evaluates physical frailty
based on five physical criteria. Although practical, the FFP may
not capture the multidimensional nature of frailty [26-28]. A re-
cent review reported that while observation studies suggest an
association between vitamin D levels and frailty, randomized
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trials of vitamin D supplementation have shown limited benefit
in the general population [29]. This discrepancy needs a popula-
tion-specific and methodologically refined approach. Notably,
most of these studies employed the FFP or general summary
scales rather than a comprehensive deficit accumulation model.
Therefore, its limitations in comprehensively assessing frailty
make it difficult to draw definitive conclusions about the role of
vitamin D as a biomarker for frailty. In contrast, the FI reflects
gradual changes in health status and is effective in predicting
adverse health outcomes, such as hospitalization and mortality
[30,31]. By applying the FI in a nationally representative cohort,
our study addressed the limitations of previous research and
provided robust evidence for an association between serum
25(OH)D levels and frailty.

The overall prevalence of frailty based on the FI in this study
was 28.9%, which is consistent with previous research showing
higher frailty rates when using the FI compared to the FFP
[32,33]. The finding of a higher frailty prevalence in women
compared to men aligns with previous study, indicating that
women are more prone to frailty despite their longer life expec-
tancy [34]. Biologically, women are more susceptible to osteo-
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porosis and sarcopenia due to hormonal changes, particularly
the postmenopausal decline in estrogen, which accelerates mus-
culoskeletal deterioration and increases their vulnerability to
frailty [35,36]. Social and behavioral factors, such as higher
rates of psychological distress, also contribute to frailty in wom-
en. Psychological distress has been shown to negatively impact
physical and social functioning, further increasing the risk of
frailty [37].

Interestingly, while frailty prevalence was higher in women,
the association between serum 25(OH)D levels and frailty was
more pronounced in men. Men in the lowest serum 25(OH)D
quartile (Q1) had a significantly higher FI and a 1.71-fold in-
creased frailty risk compared to those in the highest quartile
(Q4). In contrast, women showed no significant association be-
tween 25(OH)D levels or status and FI. Our findings are consis-
tent with a previous meta-analysis investigating the association
between low serum 25(OH)D levels and frailty [16]. Previous
studies have consistently shown that low serum 25(OH)D levels
are associated with a high risk of frailty with ORs ranging from
1.7 to 3.7 in participants aged 60 years and older [38,39]. How-
ever, these prior studies did not stratify their analyses by sex.
One study from Italy, which used the FFP to define frailty, re-
ported significant sex differences, showing that serum 25(OH)D
levels (<30 nmol/L) were associated with a 4.94-fold higher
frailty risk in men, whereas the association in women was weak-
er and became nonsignificant after adjustment [40]. These find-
ings align with our results, highlighting the importance of ac-
counting for sex differences.

Vitamin D influences muscle strength through mechanisms
such as the activation of vitamin D receptors in muscle cells,
promoting protein synthesis and reducing muscle degeneration
[41]. A recent study demonstrated that the anabolic effect of vi-
tamin D on muscle strength was significantly moderated by tes-
tosterone levels [42]. This interaction suggests that testosterone
may amplify the benefit of vitamin D on muscle function, po-
tentially accounting for the stronger association observed be-
tween vitamin D levels and frailty in older men. Muscle func-
tion and physical performance are critical components of resil-
ience especially in aging men. Furthermore, men tend to exhibit
higher baseline muscle mass, which may result to a steeper de-
cline in functional capacity when vitamin D levels are insuffi-
cient. The interaction between vitamin D and testosterone is an-
other plausible mechanism [43]. Vitamin D receptors in Leydig
cells suggest a direct role for vitamin D in supporting testoster-
one synthesis. The dual deficiency of vitamin D and testoster-
one may synergistically impair muscle function, increase in-
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flammation, and exacerbate physical decline, contributing to
higher frailty risk in men [44]. In women, no significant associ-
ation was observed between quartile-based vitamin D levels and
frailty outcomes. This aligns with previous research in a U.S.
cohort, where no link was found between hypovitaminosis D
and frailty in older women, particularly in studies with shorter
follow-up periods and limited adjustment for cardiometabolic
conditions [45]. While vitamin D plays a crucial role in muscu-
loskeletal health, frailty in women is influenced by multiple fac-
tors, including hormonal changes with menopause, psychoso-
cial stressors, and chronic conditions. Postmenopausal estrogen
decline accelerates bone and muscle loss, independent of vita-
min D levels, possibly masking the impact of vitamin D defi-
ciency on frailty outcomes. Additionally, estrogen enhances the
expression of vitamin D receptors, and its reduction may de-
crease vitamin D bioefficacy [46]. While biological differences
are critical factors, potential confounders including vitamin D
supplementation in women may also influence this discrepancy.
Postmenopausal women are more likely to receive vitamin D
and calcium supplementation as part of osteoporosis treatment
or prevention strategies, which are commonly recommended in
osteoporosis management guidelines to enhance bone health
and reduce fracture risk [47]. Socioeconomic status should also
be considered in interpreting these sex-specific differences.
Compared to men, women in this cohort had significantly lower
levels of education and income across all frailty categories. This
structural socioeconomic gap, combined with the higher overall
prevalence of frailty in women, suggests that frailty in older
women may be more strongly influenced by long-standing so-
cial disadvantage than by vitamin D status alone. Interestingly,
although not statistically significant, a similar inverted J-shaped
pattern was observed in women. FI values were slightly higher
in the lowest quartile of serum 25(OH)D levels, with minimal
differences between the insufficient and sufficient groups. This
suggests that a threshold-like association may exist in women as
well, but it may be attenuated due to the effects of hormonal de-
cline, supplementation, or socioeconomic disparities.

While previous studies have assumed a linear inverse associa-
tion between vitamin D deficiency and frailty [17], our findings
suggest a threshold effect. FI values were significantly higher in
individuals with 25(OH)D deficiency (<30 nmol/L) compared
to those with insufficient or sufficient levels, but minimal differ-
ences were observed between the insufficient and sufficient
groups. This threshold effect was evident, as men with 25(OH)
D deficiency had a 1.98-fold higher risk of frailty. These find-
ings indicate that severe vitamin D deficiency has the greatest

www.e-enm.org




EnM

impact on frailty risk in men, underscoring the importance of
correcting 25(OH)D levels below this critical threshold. In con-
trast, the threshold effect was less evident in women. Inconsis-
tent findings on 25(OH)D and frailty may result from differenc-
es in study populations, measurement methods, threshold defi-
nitions, and frailty criteria. In our study, vitamin D deficiency
was defined as serum 25(OH)D levels below 30 nmol/L, a
threshold endorsed by multiple expert guidelines for identifying
severe deficiency linked to significant health risks, including
osteomalacia and nutritional rickets [48-50]. While thresholds
<50 nmol/L are often used to define insufficiency or sufficiency
[51], our focus on severe deficiency captures individuals at the
highest risk of adverse health outcomes.

To the best of our knowledge, this is the first population-
based cohort study to examine sex-specific differences in the re-
lationship between serum 25(OH)D levels and frailty status us-
ing the well-established FI. Additionally, the large sample size
of our study allowed for comprehensive adjustments for multi-
ple confounding factors, enhancing the statistical robustness and
reliability of our findings. Our study also extends the previous
literature in several ways. First, we identified an inverted J-
shaped, threshold-based association in men rather than a simple
linear trend. We also demonstrated that this association is sex-
specific and may be biologically mediated. Third, we applied a
clinically meaningful cut-off for vitamin D deficiency (<30
nmol/L), consistent with expert recommendations. These em-
pirical observations and methodological distinctions clarify the
nature of the association between vitamin D and frailty and help
contextualize our findings within an aging East Asian popula-
tion. However, several limitations should be acknowledged.
First, the assessment of frailty was based on a combination of
self-reported questionnaires and objective health measures.
While the use of the FI allowed for a multidimensional assess-
ment of frailty, self-reported components, such as functional
limitations and symptoms, introduce the potential for misclassi-
fication. Second, the cross-sectional design of this study limits
the ability to establish a causal relationship between serum
25(OH)D levels and frailty. Longitudinal studies are needed to
clarify whether vitamin D deficiency contributes to frailty or if
frailty leads to lower vitamin D levels. Third, this study did not
collect detailed data on vitamin D supplementation, which may
confound the observed associations, particularly in women.
Postmenopausal women are more likely to receive vitamin D
and calcium supplementation as part of osteoporosis manage-
ment, potentially masking the true relationship between vitamin
D deficiency and frailty. Additionally, the study did not account
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for dietary or supplemental sources of vitamin D, which may
influence serum 25(OH)D levels. Fourth, potential residual con-
founding factors, such as physical activity and sun exposure,
may have affected the observed associations. Finally, although
the nationally representative cohort is a strength, our findings
may not be generalizable to populations with different ethnic,
cultural, or dietary backgrounds.

In conclusion, our findings suggest that low serum 25(OH)D
concentrations are a key contributor to frailty risk, particularly
in older men, while no significant association was observed in
women. These results underscore the importance of sex-specific
interventions, emphasizing the correction of vitamin D defi-
ciency in men and addressing broader, multifactorial determi-
nants of frailty in women. Future longitudinal research is need-
ed to establish causal pathways and develop targeted interven-
tions to address frailty in diverse populations.
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