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KEYWORDS Abstract Background and aims: In this study, the aim is to explore whether frailty status modi-
Serum 25(OH)D; fied the associations of serum 25(0H)D levels with all-cause and cause-specific mortality in the
Frailty; oldest old Chinese population.
Mortality; Methods and results: A total of 1411 participants aged at least 80 years were enrolled in the Chi-
Oldest old nese Longitudinal Healthy Longevity Survey (CLHLS). Information on serum 25(OH)D level,

frailty status, and covariates were examined at baseline. All-cause and cause-specific mortality
status were ascertained during the follow-up survey conducted in 2017—2018 by using the
ICD-10 codes. Cox proportional hazard models with stratified analyses were performed to eval-
uate potential associations. Over a median follow-up of 3.2 years, 722 (51.2%) participants were
deceased, including 202 deaths due to circulatory diseases, and 520 deaths due to noncirculatory
causes. After multivariable adjustment, the lowest quartile of serum 25(0OH)D levels (Hazard Ra-
tios (95% Confidence Intervals), 1.85 (1.45—2.36), 1.85 (1.45—2.36), 1.73 (1.31—2.29), respectively)
and frailty (Odd Ratios (95% Confidence Intervals), 1.91 (1.60—2.29), 2.67 (1.90—3.74), 1.64 (1.31
—2.05)) were associated with significantly higher risk of all-cause mortality, circulatory mortal-
ity, and noncirculatory mortality, respectively. In addition, we observed significant interactions
among 25(0H)D and frailty on the risk of all-cause and cause-specific mortality (all P-
interaction < 0.001). Similar results were found in sensitivity analyses by excluding participants
who died in the first year of follow-up and using clinical cutoffs of serum 25(OH)D levels.
Conclusion: Low serum 25(OH)D levels were associated with higher risk of all-cause and cause-
specific mortality among the oldest old of the Chinese population, and the associations were
significantly stronger in individuals with frailty.
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cardiovascular system and malignancy [2—4]. Vitamin D
deficiency was associated with adverse outcomes,
including coronary artery disease [5], hypertension [6],
insulin resistance [7], cognitive impairment [8], and all-
cause mortality [9].

Previous epidemiological research found that vitamin D
deficiency was prevalent among older adults in China. Lu
et al. found that among the old adults aged 50—70 years in
Shanghai and Beijing, the rates of vitamin D deficiency and
insufficiency were 24.4% and 69.2%, respectively [10].
Other studies found that vitamin D deficiency rates were
over 80% in the elderly [11], indicating that increasing age
might be associated with vitamin D deficiency.

With increasing life expectancy, frailty has become a
common health problem, which may lead to adverse
health outcomes such as falls, disabilities, depression, and
the worse quality of life [12]. Previous meta-analyses
have suggested an inverse association between serum
vitamin D level and frailty, the pooled odd ratio of frailty
for the lowest versus the highest level of vitamin D was
1.27 (95% confidence interval (CI) = 1.17-1.38)), and
frailty will further increase the risk of all-cause mortality.
The pooled hazard ratio (HR) = 1.35 (95% CI 1.05—1.74)
[13,14].

As suggested by previous studies, vitamin D deficiency
significantly affects the health of older adults and further
increases the risk of mortality, and the association may be
more profound for people with frailty. However, few
studies have evaluated the interaction between vitamin D
status and frailty, particularly among the oldest old of the
Chinese population, who are susceptible to the adverse
effect of vitamin D deficiency. Therefore, the purpose of
this study was to determine the relationship between
vitamin D status and all-cause and cause-specific mortal-
ity, and whether this relationship interacted with frailty
status using data from the Chinese Longitudinal Healthy
Longevity Survey (CLHLS).

Method
Study design and population

CLHLS is an ongoing prospective community-based study
with a multistage cluster sampling approach. More de-
tails of this study have been published elsewhere [15]. A
total of 2546 participating older adults have provided
blood sample tests in the 7th wave (2014) of CLHLS. We
excluded 925 participants who were younger than 80
years (n = 818), then we excluded people with missing
serum 25(0OH)D values (n = 33), missing data for defining
frailty (n = 68), or had incorrect death date record
(n = 6). For the remaining 1621 oldest old participants,
follow-up status was obtained from 1411 of them (Fig. 1).
We compared the baseline characteristics of the partici-
pants who stayed or were lost from the cohort, and there
has been no significant difference in baseline variables
(Table S1). All participants or their legal representatives
signed written consent forms to participate in the base-
line and follow-up survey. CLHLS was approved by the

institutional review board of Duke University health
system institutional review board.

Measurement of serum 25(0H)D

Fasting venous blood was collected from participants after
an overnight fast. Procedures for the collection and ship-
ment of blood samples were described in detail elsewhere
[16]. Serum 25(0OH)D was assayed by an enzyme-linked
immunoassay using Immunodiagnostic Systems Limited
(Bolton, UK). The 25(OH)D level was expressed as nmol/L
and further divided into 4 groups by sex-specific quartiles.
To be specific, the cutoff of Serum 25(0OH)D in nmol/L were
30.45, 42.45, and 55.95 in male and 21.70, 30.70, and 42.40
in female subjects.

Definition of frailty

Frailty was defined by the osteoporotic fractures index,
which had good biological age ability among Chinese
elderly [17]. Three components were included in the
index: underweight (defined as body mass
index < 18.5), low energy level (indicated by a positive
response to the question “Over the last 6 months, have
you been limited in activities because of a health prob-
lem?*), and muscle strength (inability to stand up from a
chair without the assistance of arms). Participants were
classified as having frailty with two or more of the three
components [18].

Assessment of covariates

We further collected sociodemographic variables, health
characteristics, and the levels of biomarkers in the study.
Sociodemographic variables included age, sex (male/fe-
male), economic income (high/medium/low), residence
(rural/other), marital status (in marriage/other), education
level (more than 1 year of schooling/other), frailty (yes/
no), co-residence (live alone/other), and vitamin supple-
ments (almost every day/occasionally/rarely or never).
Health characteristics included current smoking practice
(yes/no), alcohol consumption habits (yes/no), systolic
blood pressure (mmHg), diastolic blood pressure (mmHg),
body mass index (kg/m?) and self-reported hypertension,
diabetes mellitus, stroke and other cerebrovascular dis-
eases, cardiovascular disease, respiratory disease, and
cancer. Levels of biomarkers included total cholesterol (TC,
mmol/L), creatinine (mmol/L), and albumin (g/L). Eco-
nomic income was classified as “high,” “medium,” and
“low” by the question “Compared with other locals, how
do you think about your economic position?” Participants
who indicated “yes” to the questions “Do you currently
smoke?” “Do you currently drink alcohol?” and “Do you
exercise regularly?” were defined as current smokers and
alcohol drinkers as well as doing regular exercise,
respectively.
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Participants in the 2014 CLHLS Survey with blood sample

(N = 2546)
Exculde:
Age < 80 years old (N = 818)
P Missing serum 25 (OH) D value (N =33)
Missing data for defining frailty (N = 68)
Incorrect death date (N = 6)
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1621 oldest old met the inclusion criteria
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722 subjects were
successfully followed-up
and die during 2014-2018

689 subjects were
successfully followed-up
and survived to 2018

210 subjects lost to follow-
up during 2014-2018

Y

Main analysis
(N =1411)

Figure 1 Flow chart of study participants.

Outcomes

Participants’ survival status (all-cause mortality, circula-
tory mortality, and noncirculatory mortality) was ascer-
tained during the follow-up survey in 2017—-2018.
Circulatory mortality was ascertained by ICD-10 (interna-
tional classification of diseases, 10th revision) codes of
100—199.

Statistical analysis

Baseline characteristics were presented as mean (contin-
uous variables) or frequency distribution (categorical var-
iables). One-way ANOVA or chi-square tests were applied
to compare the differences among serum 25(OH)D quar-
tiles for continuous and categorical variables, respectively.
We used the Cox proportional hazard model to investigate
the relationship between serum 25(OH) D and all-cause
and cause-specific mortality. Serum 25(0OH) D was treated
as categorical (highest quartile as reference) or as contin-
uous exposure (per 1 standard error reduction) in the
model. Kaplan—Meier curves and log-rank tests were
performed to compare the differences of mortality among
quartiles of serum 25(OH)D. Three regression models were
fitted, model 1 was adjusted for no confounders, model 2
was adjusted for age and gender, model 3 was adjusted for
all confounders. We further evaluated the relationship
between serum 25(OH)D and frailty and the relationship
between frailty and all-cause and cause-specific mortality
using logistic regression and Cox regression, respectively.

To assess the joint associations between serum 25(0OH)
D, frailty and mortality, we calculated the fully adjusted
hazard ratios (HRs) and 95% confidence intervals (95% CI)
of lower quartiles when compared with the highest
quintiles of serum 25(0OH) D, stratified by frailty status, and
P-interaction were calculated. We also classified partici-
pants according to quartiles for serum 25(0H) D and frailty
status for Cox regression analysis, using nonfrail partici-
pants with the highest quartile of serum 25(0OH) D as
reference.

We further performed the following sensitivity ana-
lyses to evaluate the robustness of our results: (1)
excluding participants who died in the first year; (2)
including the participants who lost to follow-up
(n = 210); and (3) using the clinically defined cutoffs of
serum 25(0OH) D (25, 50, and 75 nmol/L) instead of
quartiles. All analyses mentioned above were performed
using R 4.0.0 (R Foundation for Statistical Computing). A
two-tailed p-value < 0.05 was considered statistically
significant in all analyses.

Results
Baseline characteristics

We included 1411 oldest old participants in the analysis.
Table 1 presented the baseline characteristics as catego-
rized by quartiles of serum 25(0OH)D. In brief, the mean age
of study participants was 92.26 years and 62.4% partici-
pants were female. The average 25(0OH)D concentration of
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Table 1 Baseline characteristics of study participants by quartiles of sex-specific serum 25(0OH)D concentrations.

Overall Q1 Q2 Q3 Q4 P-value

N 1411 353 350 354 354
Age, years 92.26 + 7.77 94.31 + 7.56 92.46 + 7.48 91.53 + 7.76 90.76 + 7.85 <0.001
Female 881 (62.4) 220 (62.3) 218 (62.3) 222 (62.7) 221 (62.4) 0.999
Current smoking practice 140 (10.0) 40 (11.4) 33(9.5) 28 (8.0) 39 (11.1) 0.407
Alcohol consumption habits 155 (11.1) 49 (14.0) 37 (10.6) 39 (11.1) 30(8.6) 0.164
Economic income 0.165

High 179 (12.8) 51 (14.5) 54 (15.6) 41 (11.6) 33 (94)

Medium 1080 (77.0) 264 (75.2) 255 (73.5) 274 (77.6) 287 (81.8)

Low 143 (10.2) 36 (10.3) 38 (11.0) 38 (10.8) 31 (8.8)
Rural residents 1116 (79.1) 264 (74.8) 252 (72.0) 279 (78.8) 321 (90.7) <0.001
In marriage 333 (23.9) 80 (23.1) 79 (22.7) 90 (25.6) 84 (24.3) 0.801
Regular exercise 161 (11.7) 32 (9.3) 46 (13.5) 37 (10.7) 46 (13.3) 0.250
Education, >1 year 299 (21.7) 78 (22.4) 72 (21.4) 78 (22.5) 71 (20.6) 0913
Frailty (%) 470 (33.3) 183 (51.8) 115 (32.9) 94 (26.6) 78 (22.0) <0.001
Live alone (%) 354 (25.4) 58 (16.6) 71 (20.5) 90 (25.9) 135 (38.7) <0.001
Vitamin supplements 0.010

Almost everyday 36 (2.6) 5(1.4) 6(1.7) 10 (2.8) 15 (4.2)

Occasionally 181 (12.9) 30 (8.5) 51 (14.7) 45 (12.7) 55 (15.5)

Rarely or never 1190 (84.6) 317 (90.1) 291 (83.6) 298 (84.4) 284 (80.2)
Systolic blood pressure, mmHg 144.24 + 2578 142.38 +£30.61 145.71 £ 2537 144.91 +£23.07 143.97 +£2336 0.356
Diastolic blood pressure, mmHg 79.77 + 14.66 79.51 + 14.68 78.35 + 12.43 79.82 + 13.54 81.39 + 17.39 0.052
Body mass index, kg/m? 19.82 £ 5.72 18.76 + 6.24 20.27 £+ 5.26 20.08 + 5.56 20.18 + 5.66 <0.001
Serum 25(OH)D, nmol/L 38.29 + 20.23 18.03 + 6.46 29.89 + 5.74 40.86 + 7.27 64.24 + 18.57 <0.001
Total cholesterol, mmol/L 471 + 1.03 476 + 1.12 4,70 + 1.08 4.65 + 1.03 4,71 + 0.90 0.571
Creatinine, mmol/L 84.80 + 31.76 85.82 + 40.05 87.86 + 35.02 83.98 + 26.91 81.59 + 21.70 0.058
Albumin, g/L 41.60 + 4.61 40.16 + 4.23 41.48 + 6.55 42.36 + 3.27 42.39 4+ 3.23 <0.001
Hypertension 386 (27.5) 89 (25.2) 86 (24.7) 96 (27.4) 115 (32.8) 0.067
Diabetes mellitus 29 (2.1) 8(2.3) 8(2.3) 8(2.3) 5(1.4) 0.811
Cardiovascular disease 127 (9.0) 33(9.3) 34 (9.7) 27 (7.6) 33 (94) 0.770
Stroke and cerebrovascular disease 83 (5.9) 26 (7.4) 18 (5.2) 14 (4.0) 25(7.1) 0.173
Respiratory disease 111 (7.9) 27 (7.6) 31(8.9) 29 (8.2) 24 (6.8) 0.769
Cancer 6 (0.4) 0(0.0) 0(0.0) 4(1.1) 2(0.6) 0.062

Data are represented as mean (standard deviation) for continuous variables and n (%) for categorical variables. Q, quartiles.

participants was 38.29 nmol/L and 33.3% (n

470) of

Serum 25(0H)D and mortality

them were classified as having frailty. Participants with a
lower level of serum 25(0H)D tended to be older, lived in
urban areas, and lived alone, being classified as having
frailty, less prevalent in taking vitamin supplements, had
lower BM], and albumin level. The distributions of baseline
serum 25(OH)D in male and female subjects were depicted
in Fig. S1. Additionally, we provided the cut-off value of
sex-specific quartiles of serum 25(0H)D, as shown in Table
S2. The fourth quartile of 25(OH)D (Q4) was 55.95 nmol/L
in men and 42.40 nmol/L in women, while the first quar-
tiles were 30.45 and 21.70 nmol/L in men and women,
respectively.

Serum 25(OH)D and frailty

In the cross-sectional analysis, we found a significant and
inverse association between serum 25(OH)D level and the
odds of frailty. Individuals in the first (Q1) and second
(Q2) quartiles had higher odds of frailty when compared
with the highest level (Q4). These associations remained
significant after the adjustment of multiple potential
confounders, the Model 3 HRs were 2.91 (95% CI,
1.95—4.36) for Q1 and 1.56 (1.04—2.35) for Q2 in the final
model (Table S3).

Over a median follow-up period of 3.2 years (IQR, 1.7—3.5
years), 722 (51.2%) participants died, including 202 deaths
due to circulatory diseases, and 520 deaths due to non-
circulatory causes.

Table 2 presented the association between serum
25(0OH)D and mortality. In the fully adjusted model, each
SD reduction in 25(0OH)D was associated with 29% (95%
Cl, 17%—43%) increment of the risk of all-cause mortality,
53% (24%—88%) increment of the risk of circulatory
mortality, and 23% (10%—39%) increased risk of non-
circulatory mortality. Compared with the highest quar-
tile (Q4) of serum 25(0OH)D, the multivariable-adjusted
HRs (Model 3) for all-cause mortality were 1.51 (95% CI,
1.18—1.94) for Q2 and 1.85 (1.45—2.36) for Q1. Similarly,
the HRs for circulatory mortality for Q2 and Q1 were 1.64
(1.01-2.67) and 2.31 (1.44—3.71), respectively, while HRs
for noncirculatory mortality for Q2 and Q1 were 1.50
(1.13-2.00) and 1.73 (1.31-2.29), respectively. The re-
lationships between serum 25(0OH)D levels and all-cause
and cause-specific mortality remained consistent in a
sensitivity analysis after excluding participants who died
in the first years of follow-up (Table S4). Similarly, after
including the participants who lost to follow-up and
using the clinically defined cutoffs of serum 25(0OH)D did
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Table 2 Cox-proportional hazard models for the association of
serum 25(OH)D levels with all-cause and cause-specific mortality.

Case/ Model 1 Model 2 Model 3
total
All-cause mortality
Per SD 1.5 (1.41, 1.47 (1.34, 1.29(1.17,
decrease 1.69) 1.62) 1.43)
Quartiles
Q4 252/ Ref ref ref
353
Q3 193/ 1.23(0.97, 1.16(0.92, 1.08 (0.83,
350 1.56) 1.48) 1.39)
Q2 152/ 1.83 (146, 1.73(1.38, 1.51(1.18,
354 2.30) 2.17) 1.94)
Q1 125/ 2.77 (2.23, 2.37(1.90, 1.85(1.45,
354 3.44) 2.94) 2.36)
P-trend <0.001 <0.001 <0.001
Circulatory mortality
Per SD 1.76 (147, 1.81(1.5, 1.53 (1.24,
decrease 2.11) 2.19) 1.88)
Quartiles
Q4 79/353 ref ref ref
Q3 53/350 1.43(0.88, 1.37(0.85, 1.28(0.77,
2.30) 2.21) 2.11)
Q2 41/354 2.15(1.36, 2.05(1.30, 1.64(1.01,
3.38) 3.28) 2.67)
Q1 29/354 3.66 (2.39, 3.26(2.12, 2.31 (1.44,
5.61) 5.01) 3.71)
P-trend <0.001 <0.001 <0.001
Noncirculatory mortality
Per SD 1.48 (1.33, 1.37(1.23, 1.23(1.10,
decrease 1.64) 1.53) 1.39)
Quartiles
Q4 173/ ref ref ref
353
Q3 140/ 1.17 (0.89, 1.11(0.84, 1.02 (0.76,
350 1.54) 1.45) 1.38)
Q2 111/ 174134, 1.64(1.27, 1.50(1.13,
354 2.26) 2.13) 2.00)
Q1 96/354 2.50(1.95, 2.10(1.63, 1.73(1.31,
3.21) 2.70) 2.29)
P-trend <0.001 <0.001 <0.001

Data presented hazard ratio (95% confidence interval). SD, standard
deviation and Q, quartiles.

Model 1, adjust for none.

Model 2, adjust for age and gender.

Model 3, adjust for age, gender, smoke, alcohol, economic income,
rural residents, in marriage, regular exercise, education, live alone,
systolic blood pressure, diastolic blood pressure, body mass index,
hypertension, diabetes mellitus, cardiovascular disease, stroke and
cerebrovascular disease, respiratory disease, cancer, vitamin sup-
plements, total cholesterol, creatinine, albumin, and frailty.

not have substantial influence on these findings (Tables
S5 and S6).

Association between serum 25(0H)D and mortality
stratified by frailty status

Table 3 showed the association between serum 25(0OH)D
and mortality as stratified by frailty status. Participants in
the highest quartile of 25(OH)D were the reference group.
There was a significant interaction between serum 25(0H)
D and frailty with all-cause, circulatory and noncirculatory
mortality (all P < 0.001). The lowest quartile of 25(0OH)D

significantly associated with a higher risk of all-cause
mortality in both frail (HR: 2.01, 95% CI: 1.34, 3.01) and
nonfrail (HR: 1.86, 95% CI: 1.35, 2.57) participants, but the
associations were more pronounced in participants with
frailty (all P-interaction < 0.001). Similar findings were
observed when using circulatory or noncirculatory mor-
tality as outcomes.

Fig. 2 displayed these data with nonfrail individuals in
the highest quartile of 25(OH)D as the reference group.
Participants in the lowest quartile of 25(OH)D and with
frailty had significantly higher risk of all-cause mortality
(A) (HR: 3.36, 95% CI: 2.49—4.52), circulatory mortality (B)
(HR: 5.41, 95% CI: 3.01—9.79), and noncirculatory mortality
(C) (HR: 2.67, 95% CI: 1.88—3.80) as compared to the
reference group.

Discussion

In the present prospective community-based study among
the oldest old in China, the association of serum 25(0OH)D
with mortality (all-cause and cause-specific) was signifi-
cantly affected by frailty. The inverse relationship between
serum vitamin D and mortality was stronger in frail par-
ticipants as compared to those without frailty, and the
results remained similar in the sensitivity analysis. Given
the complex interplay between vitamin D deficiency and
frailty, further longitudinal studies should verify the causal
relationship and the associated pathways.

Consistent with previous studies [19—22], we found an
inverse relationship between serum 25(OH)D levels, all-
cause mortality, and circulatory mortality. Similar re-
lationships were reported in different populations such as
the Chinese elderly [19], the US residents [21,22], and the
Israelis [20], which supported the conclusion of a recent
meta-analysis that included more than 25,000 partici-
pants. The meta-analysis has indicated inverse relation-
ships between serum 25(OH)D levels and all-cause
mortality and cause-specific mortality for both men and
women, and the associations were consistent across
various countries [23]. However, different relationships,
such as reverse J-shaped and U-shaped associations be-
tween serum 25(OH)D and all-cause mortality, were
demonstrated in other studies [24—26]. A systematic re-
view that included 26 cross-sectional or longitudinal
studies has suggested an inverse association between
serum 25(0OH)D concentration and frailty severity among
participants over 60 years old [27]. A Mendelian
Randomization analysis revealed a reverse association
between serum 25(OH)D with all-cause mortality, cancer
mortality, and other mortality but not with increased
cardiovascular mortality [28], indicating that these re-
lationships may vary by age, race, and physical conditions.
Furthermore, well-designed longitudinal studies were
needed to clarify the relationship and the feasible mech-
anism between serum 25(OH)D with mortality.

Few studies have demonstrated the interaction be-
tween serum 25(OH)D and frailty in their associations
with all-cause and cause-specific mortality. In the KORA
study (Cooperative Health Research in the Region of
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Table 3 Cox-proportional hazard models for the associations of serum 25(0H)D levels with all-cause and cause-specific mortality by frailty

status.

Case/total

Quartiles of serum 25(OH)D concentrations

Q4 (highest) Q3

Q2

Q1 (lowest)

Per SD decrease P-trend P-interaction

All-cause mortality

Frailty 350/470  ref 1.43(0.92,2.21) 1.62(1.05,2.49) 2.01(1.34,3.01) 1.32(1.12,1.55) <0.001 <0.001
Nonfrailty 372/941  ref 0.85 (0.61,1.10) 1.38 (1.01, 1.89) 1.86 (1.35,2.57) 1.28(1.11, 1.47) <0.001
Circulatory mortality

Frailty 106/470  ref 2.06 (0.84, 5.05) 2.10(0.87, 5.05) 2.83(1.22,6.56) 1.64(1.18,2.28) <0.001 <0.001
Nonfrailty 96/941 ref 0.90 (0.47,1.71) 1.32(0.70, 2.49) 2.58 (1.41,4.75) 1.55(1.16,2.05) <0.001
Noncirculatory mortality

Frailty 244/470  ref 1.28 (0.77,2.13) 1.58 (0.96, 2.60) 1.89 (1.19,3.00) 1.25(1.03,1.52) <0.001 <0.001
Nonfrailty 276/941  ref 0.85 (0.59, 1.24) 1.43 (0.99, 2.06) 1.68 (1.15,2.45) 1.22(1.04, 1.42) <0.001

Data are presented as hazard ratio (95% confidence interval). Q, quartiles and SD, standard deviation.

Analyses were adjusted for age, gender, smoke, alcohol, economic income, rural residents, in marriage, regular exercise, education, live alone,
systolic blood pressure, diastolic blood pressure, body mass index, hypertension, diabetes mellitus, cardiovascular disease, stroke and cere-
brovascular disease, cancer, vitamin supplements, total cholesterol, creatinine, and albumin.

Augsburg-Age Study), which includes 727 participants
aged at least 65 years, lower 25(OH)D levels were signifi-
cantly associated with increased all-cause mortality
(OR = 3.39 and 95% CI: 1.08—10.65), and the association
was partly mediated by frailty status [29]. Similarly, among
4731 adult participants from the Third National Health and
Nutrition Examination Survey, those who were frail and
had low serum 25(0OH)D levels had a higher risk
(OR = 1.67, 95% CI: 1.00—2.82) of all-cause mortality than
those who had high serum 25(0OH)D levels [30]. Flicker.
et al. [31] found an inverse association between vitamin D
and all-cause mortality (HR = 1.20, 95% CI, 1.02—1.42)
independent of frailty among 4203 men aged 70—88 years
from Western Australia. In the present study, participants
were older (mean age: 92.26 years) and were from Chinese
communities, which might suggest the differential effect
of frailty on the association between serum 25(OH)D with
all-cause mortality in previous studies. In addition, the
present study has added evidence that frailty significantly
affected the association of serum 25(OH)D levels and
cause-specific mortality.

Higher mortality risk was observed in individuals with
frailty combined with low serum 25(OH)D levels, and
multiple mechanisms might help to explain this relation-
ship. First, vitamin D plays a crucial role in skeletal muscle
function. Deficiency of vitamin D may decrease the gene
transcription of mRNA, subsequent protein synthesis, and
further influence the differentiation of skeletal muscles
[32]. In addition, vitamin D deficiency may lead to the
decreased concentration of vitamin D receptor, which re-
sults in type Il muscle fiber atrophy [33]. Older adults are
more likely to suffer from frailty, which will increase their
risk of falling down and exacerbate their frailty status
when they have to stay in bed and be less capable to go
outside for sunlight exposure, then further decrease the
vitamin D synthesis [34,35]. Secondly, vitamin D defi-
ciency may confer increased cardiovascular risk, include

the development of electrolyte imbalances, pancreatic f
cells dysfunction, and renin-angiotensin system activation
[36]. Moreover, disrupted adaptive immune responses
with severe vitamin D deficiency can result in an inflam-
matory milieu that promotes vascular dysfunction and
insulin resistance [37]. Both disrupted adaptive immune
responses and vitamin D deficiency can lead to negative
cardiovascular effects while the frailty status was more
likely to increase the risk of noncardiovascular death.

Several limitations should be noted when interpreting
these findings. First, vitamin D and frailty were both
examined at baseline, the possibility of reverse causation
cannot be fully excluded in our study. Second, some factors
(e.g., calcium and parathyroid hormone) that might influ-
ence vitamin D metabolism were not collected in the
CLHLS. Furthermore, data on several vitamin D-related
covariates, including sunlight exposure, intensity of phys-
ical activity, and the types of vitamin D supplementation of
participants were not available in the study. However, the
rate of habitual intake of vitamin D supplements was very
low in the Chinese older adults, therefore it might have
little influence on the estimation of vitamin D levels in the
present study [38]. Third, the follow-up time was relatively
short (3.2 years). However, our study included the oldest
old population, which had a median age of 92.26 years
with a high mortality rate (51.2%). Therefore, the study had
sufficient statistical power to examine the relationship
between vitamin D levels and mortality risk, and to
determine the interaction effect of frailty status. Fourth,
status of serum vitamin D and frailty was obtained only
once at baseline; therefore, the changes across the cohort
were not clear. However, we argue if that is a major flaw of
this study, given the short follow-up time. Finally,
although participants of the CLHLS were the national
representative of Chinese populations, extrapolating the
findings of our study to geographically or ethnically
different populations should be cautious.
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Conclusion

In conclusion, our study suggested that the associations
between low serum vitamin 25(OH)D and mortality were
more pronounced in frail participants among a community
of the oldest old in China. Our study highlighted the
importance of frailty screening among the oldest old of the
Chinese population, as it might improve the ability to
identify individuals who could benefit most from
improved vitamin D status.
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