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Background: Vitamin D deficiency and frailty are common with aging. Previous studies examining vitamin D status
and frailty have produced mixed results, and in particular, the shape of the association has not been well established.
We examined the association between 25-hydroxyvitamin D (250HD) serum levels and frailty by performing a

Methods: We searched the PubMed, EMBASE and Cochrane Library databases of Elsevier through February 2017.
Cross-sectional and cohort studies that reported adjusted risk ratios with 95% confidence intervals (Cl) for frailty with
23 categories of 250HD serum levels were selected. Data extraction was performed independently by two authors.
The reported risk estimates for 250HD categories were recalculated, employing a comprehensive trend estimation

Results: The pooled risk estimate of frailty syndrome per 25 nmol/L increment in serum 250HD concentration
was 0.88 (95% Cl=0.82-0.95, > =86.8%) in the 6 cross-sectional studies and 0.89 (95% Cl = 0.85-0.94, /> =0.
0%) in the 4 prospective cohort studies. Based on the Akaike information criteria (AlIC), a linear model was
selected (AIC for the nonlinear model: — 5.4, AIC for the linear model: — 6.8 in the prospective cohort studies;
AIC for the linear model: —13.6, AIC for the nonlinear model: —1.77 in the cross-sectional studies).

Conclusions: This dose-response meta-analysis indicates that serum 250HD levels are significantly and directly
associated with the risk of frailty. Further studies should address the underlying mechanisms to explain this
relationship and to determine whether vitamin D supplementation is effective for preventing frailty syndrome.

Keywords: Vitamin D, 25-hydroxyvitamin D, Frailty, Elderly, Cohort studies, Cross-sectional studies, Dose-

Background

With increasing age, blood vitamin D concentrations de-
crease due to decreased kidney function, diminished sun
exposure, intrinsic skin response to ultraviolet radiation
and poor diet [1]. Vitamin D deficiency contributes to
the development of osteoporosis and sarcopenia in older
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individuals, which increases the risk of fractures and falls
and concomitant morbidity and mortality [2—4].

Frailty is a clinical state in which an individual’s vul-
nerability to developing increased dependency and/or
mortality when exposed to a stressor is increased [5-7].
Numerous frailty diagnostic tools have been proposed,
with one recent systematic review [8] identifying 67 vari-
ous frailty instruments. The Physical Frailty Phenotype
[7], which includes indicators such as shrinking, weak-
ness, poor endurance, slowness, and low physical activ-
ity, is a widely used instrument for assessing physical
frailty in the research setting. However, the concept of
frailty, i.e., general vulnerability to various external stressors,
extends far beyond the physical dimension, resulting in a
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multidimensional conceptualization of frailty based on in-
teractions among various domains, including physical, psy-
chological and social domains [5, 8—10]. Early detection of
frailty may present an opportunity to introduce effective
management strategies to improve outcomes [9].

An increasing number of studies investigating the
association between 25-hydroxyvitamin D (250HD)
and frailty have yielded conflicting information. Al-
though hypovitaminosis D can potentially increase the risk
of frailty, not all observational studies have confirmed this
relationship [11, 12]. Evidence from several cross-sectional
studies supports a U-shaped [13] or linear inverse associ-
ation between 250HD levels and frailty [14, 15]. However,
findings from longitudinal studies on the association be-
tween 250HD levels and the development of frailty are in-
consistent. Several studies have indicated that low
vitamin D levels are significantly associated with
frailty syndrome in the elderly, whereas others have found
no association [16—19]. When the results were combined
in a meta-analysis [12] published in 2016, the lowest
250HD levels were associated with a 27% increase in the
risk of frailty compared to the highest levels of 250HD.
However, the findings of the previous meta-analysis may be
over- or underestimated due to variation in the 250HD
cutoff values used to define low and high 250HD level cat-
egories as well as variation in the units used to measure
serum levels of 250HD.

Furthermore, the exact relationships, including whether a
dose-response pattern exists, are currently unclear. Defining
which levels of 250HD are strongly associated with frailty
syndrome is important for shaping elderly health recommen-
dations about vitamin D supplementation considering the
optimal serum 250HD concentration. Furthermore, a recent
prospective cohort study [20] in community-dwelling older
women with a mean follow-up of 8.5 years did not identify a
significant association between deficient (10-19 ng/mL) or
insufficient (20-29.9 ng/mlL) vitamin levels and incident
frailty when compared to sufficient levels (>30 ng/mL).
Therefore, we conducted a systematic review and a
dose-response meta-analysis of published cross-sectional and
prospective cohort studies to further clarify the association
between vitamin D and the risk of frailty.

Methods

Literature search

We searched the PubMed, Cochrane Library, and
EMBASE databases via Elsevier through February
2017. A medical librarian together with the reviewers
developed database-specific search strategies accord-
ing to the particular subject headings and searching
structure of the databases (Additional file 1). Fur-
thermore, manual searches of the bibliographies of
relevant articles were conducted to identify add-
itional studies.
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Eligibility criteria

Studies were included in the meta-analysis if they met the
following inclusion criteria: 1) an observational design in-
cluding cross-sectional studies and cohort studies in
humans, 2) the inclusion of frailty as a specified outcome,
3) a baseline assessment of serum 250HD levels, 4) the
inclusion of data on relative risk (RR) and its correspond-
ing 95% confidence interval (CI) or data to calculate these
values for frailty syndrome for each category of serum
250HD level, and 5) the inclusion of the most recent and
complete study (i.e., the most detailed category classifica-
tion) if cohorts were duplicated in more than one study.

Exclusion criteria, data extraction and quality assessment
Review articles, editorials, commentaries, and letters with
no new data analysis, meta-analyses, and abstracts were
excluded. The exclusion criteria for this study were as fol-
lows: 1) an experimental design was used, 2) the outcome
was not frailty, and 3) only two serum 250HD levels were
specified. Two investigators (Sang Yhun Ju and Do Hoon
Kim), coauthors of the present study, independently ex-
tracted the data from the original reports. The following
information was extracted: the first author’s family name,
year of publication, country of origin, the mean or median
age of the participants, gender, sample size, the number of
participants for each serum 250HD level, the number of
cases for each serum 250HD concentration category, ad-
justed covariates, definitions of frailty used, the method of
250HD assessment, follow-up duration, and categories of
serum 250HD and their corresponding RRs with their
95% ClIs for frailty. The adjusted risk estimates that
reflected the most comprehensive control were extracted
to avoid potential confounding variables. Disagreements
between the two reviewers were resolved by consensus.
We planned, conducted, and reported this systematic re-
view according to the widely accepted quality standards
(Additional file 2) for reporting meta-analyses of observa-
tional studies in epidemiology [21].

Statistical analysis

The methodology of the statistical analysis has been de-
scribed in detail elsewhere [22]. In brief, the RR with 95%
CI for each 25-nmol/L increase in the serum 250HD in
each study was calculated and was used for the
meta-analysis. We performed a 2-stage random-effects
dose-response meta-analysis to examine a potential non-
linear relationship between serum 250HD levels and
frailty [23]. We determined the best-fitting model, defined
as the one with the smallest Akaike information criteria
(AIC) [24]. The statistical heterogeneity of the studies was
assessed using I statistics [25]. We regarded I values
greater than 50% as indicators of high heterogeneity. The
possibility of publication bias was assessed using Egger’s
tests [26] and visual inspection of the funnel plot. We also
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applied the trim-and-fill algorithm [27] to identify and
correct for funnel plot asymmetry. In the presence of pub-
lication bias, the p values for Egger’s tests were less than 0.1.
All statistical analyses were performed using Stata software,
version 14.0 (Stata Corp., College Station, TX, USA).

Results

Literature search and study selection

The process of identifying and selecting the studies is sum-
marized in Fig. 1. A total of 895 articles were identified via
Cochrane Central, PubMed, and EMBASE. Of these, 147
duplicate articles were excluded, and a further 677 articles
were excluded based on their title and abstract, leaving 71
articles for further evaluation. After obtaining the full arti-
cles, we excluded a further 67 articles. Finally, we identified
8 articles including 10 studies that investigated the associ-
ation between vitamin D status and frailty risk; 2 articles
[16, 17] reported separate results for stratification by study
design (i.e., cross-sectional and prospective cohort studies).

Study characteristics and quality

Table 1 presents the information extracted from all in-
cluded studies. Four studies had a cross-sectional design
[13-15, 28], two were prospective studies [18, 20], and
two studies reported both cross-sectional and prospect-
ive evaluations [16, 17]. All four studies were prospective
cohort studies in a total of 8209 participants who were
free of frailty at baseline. Among the participants, 737
incident cases of frailty occurred during a follow-up dur-
ation from 2.9 to 8.5 years. A total of six cross-sectional
studies provided data on 20,949 participants, including
1802 cases of frailty. Five studies were conducted in Eur-
ope [15-18, 28], and the other three studies were con-
ducted in the United States [13, 14, 28]. The mean age
of the participants ranged from 62.2 to 79.2 years. Two
studies [13, 28] included males only, two studies [14, 20]

| 895 Articles identified through electronic database searching
Cochrane CENTRAL (n=58). PubMed (n=292), EMBASE (n=545)

s 147 Duplicate articles excluded by program of reference manager

G677 Articles excluded after the initial screening on the basis of title or
abstract

Irrelevant articles (n=543), Reviews (n=60), Duplicates (n=74)

—_—

r

71 Potentially relevant articles reviewed in full

67 Articles excluded after the second screening on the basis of full-text

Irrelevant articles (n=27), Review or conference abstract (n=18),
Duplicates (n=6), No dose response data (n=7), No data available {n=5)

—_—

B Articles included in quantitative synthesis with 10 studies
& Cross-sectional, 4 Prospective cohort studies

Fig. 1 Flow diagram for the search strategy and study selection process
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included females only, and four studies [16-18, 28] in-
cluded both males and females. Most of the studies
[13-15, 18, 20, 28] defined cases of frailty using
frailty phenotypes, and the two studies by Puts et al. [16]
and Schottker et al. [17] used nine frailty indicators and
the frailty index, respectively. Two studies [13, 14] used li-
quid  chromatography tandem-mass  spectrometry
(LC-MS/MS), two studies [16, 18] used competitive bind-
ing protein assays, three studies [15, 17, 28] used immu-
noassays and one study [20] used radioreceptor assays.
The selected studies reported their data on 250HD levels
in either nmol/L (three studies) [15-17] or ng/mL (five
studies) [13, 14, 18, 20, 28]. We extracted the highest ad-
justed risk estimates from each study. Four studies ad-
justed for key covariates, including age, sex, timing of
blood collection, BMI, smoking, and physical activity [13,
16, 18, 28]. The results of quality assessment are shown in
Additional file 3. The average quality scores were 6.8 for
the six cross-sectional studies and 8 for the four prospect-
ive cohort studies.

The reported risk estimates for the association be-
tween 250HD level intervals and frailty are illustrated in
Fig. 2. A roughly inverse linear relationship was found
between 250HD levels and frailty risk in most studies,
with the exception of the cross-sectional study by
Ensrud et al. [14], which identified a U-shaped associ-
ation, and the cohort study by Vogt et al. [18], which
found no association between 250HD levels and frailty
risk. In all the other studies, the group with the highest
250HD levels had the lowest frailty risk.

Quantitative data synthesis

The reported effect estimates of the 250HD groups were
converted in the risk estimates for a 25-nmol/L increase in
250HD levels and pooled for the meta-analysis. The
meta-analysis summarized the results of six cross-sectional
studies with 21,207 participants including 1802 cases of
frailty and four prospective cohort studies accounting for a
total of 8746 individuals and 864 frailty events during
follow-up. 250HD was significantly inversely associated
with frailty in four of six cross-sectional studies and one of
four cohort studies. The pooled risk estimates of frailty syn-
drome per 25-nmol/L increment in serum 250HD concen-
tration were 0.88 (95% CI = 0.82-0.95, I* = 86.8%) in the six
cross-sectional studies and 0.89 (95% CI =0.85-0.94, I* =
0.0%) in the four prospective cohort studies (Fig. 3).

For comparisons with results from other studies and
reviews, the RRs for the 50 and 75 nmol/L increases in
250HD levels were also estimated: 0.65 (95% CI = 0.50—
0.85) and 0.52 (95% CI=0.35-0.78), respectively, for
cross-sectional studies and 0.76 (95% CI=0.66—0.87)
and 0.66 (0.53-0.82), respectively, for prospective cohort
studies. The funnel plot of the linear dose-response
slopes was somewhat asymmetric for the cross-sectional
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studies, with smaller studies tending to have larger risk
estimates, suggesting publication bias. A publication bias
was detected with Egger’s test for the cross-sectional
studies (Additional file 4: Figure S1; p =0.007), but not
for the prospective cohort studies (Additional file 4: Fig-
ure S2; P=0.693). The trim-and-fill sensitivity method
imputed estimates from three hypothesized negative un-
published estimates. The corrected effect estimate for a
25-nmol/L increase in the 250HD level was reduced to
0.98 (95% CI=0.90-1.05, I =88.9%), demonstrating no
relationship between the risk of frailty and serum 250HD
levels after accounting for a potential publication bias.
Four prospective cohort studies were included in the
restricted cubic spline models (Fig. 4a). Based on the
AIC, a linear model was selected (AIC for the nonlinear
model: - 5.4, AIC for the linear model: - 6.8). Compared
with a serum 250HD level of 12.5 nmol/L, the RR (95%
CI) for frailty was 0.96 (0.94-0.98) for 20 nmol/L, 0.86
(0.80-0.94) for 40 nmol/L, 0.77 (0.67-0.88) for 60 nmol/
L, and 0.64 (0.50-0.80) for 94 nmol/L. Six cross-sectional
studies were included in the restricted cubic spline models
(Fig. 4b). Based on the AIC, a linear model was selected

(AIC for the linear model: —13.6, AIC for the nonlinear
model: - 1.77). Compared with the serum 250HD level of
125 nmol/L, the OR (95% CI) of frailty for the
cross-sectional studies was 0.94 (0.90-0.98) for 20 nmol/L,
0.85 (0.77-0.94) for 31 nmol/L, 0.78 (0.68-0.91) for
40 nmol/L, 0.66 (0.52—0.86) for 60 nmol/L, and 0.52 (0.35—
0.78) for 94 nmol/L.

Subgroup analyses

Subgroup analyses were performed based on geographic lo-
cation (Europe vs. United States, definition frailty, key sets
of covariates (yes vs. no), Newcastle-Ottawa Scale (>7 vs <
7), and follow-up years (=median vs. <median). The sub-
groups are presented in Table 2. Overall, an inverse associ-
ation between a 25 nmol/L increase in 250HD levels and
risk of frailty was consistently observed in each subgroup.
In the subgroup analyses of cross-sectional studies, the in-
verse association was statistically significant for the geo-
graphic region of Europe (OR =0.78, 95% CI =0.68-0.88,
P =50.6%), the subgroup (nine frailty indicators and the
frailty index) of frailty definition (OR =0.76, 95% CI = 0.68—
0.85, I* = 0%), the subgroup of other 250HD measurement
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Study %
D OR/RR (95% Cl) Weight
Cross—sectional studies (n=6)
Puts et al.,, 2005 —_— 0.74 (0.64, 0.86) 13.14
Ensrud et al, 2010 * 0.99 (0.98, 1.00) 29.55
Ensrud et al, 2011 —— 0.95 (0.92, 0.99) 27.95
Tajar et al, 2013 - 0.63 (0.48, 0.83) 5.76
Schéttker et al, 2014 — 0.78 (0.67,0.91) 12.84
Pabst et al, 2015 + 0.92(0.77,1.10) 10.76
Subtotal (I-squared = 86.8%, p = 0.000) < > 0.88 (0.82,095) 100.00
Prospective cohort studies (n=4)
Puts et al, 2005 + 0.78 (0.58,1.04) 333
Schéttker et al, 2014 — 0.93 (0.82,1.07) 15.21
Vogt et al, 2015 -+ 0.90(0.73,1.12) 6.26
Buta et al, 2017 —_—— 0.89 (0.84, 0.94) 75.21
Subtotal (I-squared = 0.0%, p=0.713) <> 0.89 (0.85,0.94) 100.00
NOTE: Weights are from random effects analysis
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Fig. 3 Forest plots of the risk ratios (RRs) of frailty syndrome per 25 nmol/L increment in serum 25-hydroxyvitamin D concentration using a
random-effects analysis. The squares represent study-specific RR (the square sizes are proportional to the weight of each study in the overall
estimate); the horizontal lines represent 95% confidence intervals (Cls), and the diamond represents the overall RR estimate with 95% Cl
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Fig. 4 Risk ratios (RRs) and the corresponding 95% confidence intervals (Cls) for the dose-response relationship between serum 25-hydroxyvitamin D

concentrations (nmol/L) and risk of frailty syndrome among the populations. a, cross-sectional studies; b, prospective cohort studies. The solid and
long-dashed lines represent the estimated RRs and their 95% Cls, respectively. The short-dashed line represents the non-linear relationship
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methods (OR=0.78, 95% CI=0.68-0.88, I* =50.6%) and
the Newcastle-Ottawa scale >7 subgroup (OR =0.71-0.91,
P = 41.4). In addition, within the prospective cohort studies,
we found that the association was significant for phenotype
definition of frailty (RR = 0.89, 95% CI = 0.84—0.94, I* = 0%),
duration of follow-up >5.6 year (RR =0.90, 95% CI = 0.85—
0.95, * =0%) and the subgroup (yes) of key-set covariates
(RR = 0.90, 95% CI = 0.85-0.95, I> = 0%).

Discussion
To our knowledge, this is the first dose-response quanti-
tative systematic review of observational studies invest-
ing the effect of serum 250HD levels on the risk of
frailty using data from both cross-sectional and pro-
spective cohort studies. This meta-analysis of data from
more than 20,000 study participants demonstrates a sta-
tistically significant inverse association between serum
250HD levels and the risk of frailty, and this finding
was consistent across subgroups. A 25-nmol/L increase in
250HD levels was associated with an 11% decrease in the
incidence of frailty in prospective cohort studies and a 12%
decrease in the risk of frailty in the cross-sectional studies.
A statistically linear relationship between serum 250HD
levels and the risk of frailty was also found, even after ad-
justments for other known risk factors.

We estimated a protective effect of a 25-nmol/L increase
in 250HD levels against frailty because this number is the
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difference between the upper limit of vitamin D deficiency,
defined by most experts as a 250HD level less than
50 nmol/L, and the lower limit of sufficient vitamin D levels
above 75 nmol/L. Additionally, a daily intake of at least
1000 IU (25 pg/d; 1 pg =40 IU) of vitamin D3 appears to
be required to elevate vitamin D concentrations by
25 nmol/L, which would ensure that no less than 50% of
the population has the recommended 250HD level of at
least 75 nmol/L [3, 18]. Several studies indicated increases
in serum 250HD levels of only ~ 7-10 nmol/L per 400 IU
of daily vitamin D supplementation [29, 30]. Recently, a
study reported that the extent of the 250HD increase
upon vitamin D supplementation depended on 250HD
baseline levels, age, and body weight [31]. Hence, a new
guideline for the dosing requirement for vitamin supple-
mentation in frail elderly persons, based on initial vitamin
D levels, should be established after further investigation.
A previous meta-analysis [12] of seven prospective co-
horts reported an inverse association between vitamin D
deficiency and frailty. However, only data in the highest
compared with the lowest categories of 250HD were
used rather than the use of all categories. This dose re-
sponse meta-analysis allowed us to evaluate risk across
the entire spectrum of observed 250HD levels. We ob-
served an inverse linear association between 250HD
levels and the risk of frailty among the elderly popula-
tion, suggesting that any incremental increase in serum

Table 2 Frailty risk per 25 nmol/L increase in serum 25-hydroxyvitamin D in subgroup meta-analyses of the cross-sectional studies

and the prospective cohort studies

Group Subgroup No. OR/RR (95% Cl) P (%) P
Cross-sectional studies
Geographic location Europe 4 0.78 (0.68-0.88) 50.6 0.108
United States 2 0.98 (0.94-1.01) 79.8 0.026
Definition of frailty Phenotype 4 0.95 (0.89-1.01) 81.1 0.001
Others 2 0.76 (0.68-0.85) 0.0 0612
Method of 2250HD assessment BLC-MS/MS 2 0.98 (0.94-1.01) 79.8 0.026
Others 4 0.78 (0.68-0.88) 50.6 0.108
“Key-sets of covariates Yes 3 0.87 (0.75-1.02) 80.1 0.007
No 3 0.81 (0.63-1.04) 89.6 <0.001
9Newcastle-Ottawa Scale 27 3 0.81 (0.71-0.97) 414 0.182
<7 3 0.95 (0.95-1.02) 86.9 <0.001
Prospective cohort studies
Definition of frailty Phenotype 2 0.89 (0.84-0.94) 0.0 0.877
Others 2 0.89 (0.76-1.04) 22.8 0.255
Follow-up (years) >56 2 0.90 (0.85-0.95) 0.0 0.510
<56 2 0.86 (0.72-1.02) 0.0 0403
“Key-sets of covariates Yes 2 0.90 (0.85-0.95) 0.0 0.510
No 2 0.86 (0.72-1.02) 0.0 0403

2250HD 25-hydroxyvitmain D, PLC-MS/MS liquid chromatography tandem-mass spectrometry “Key-sets of covariates: age, sex, season of blood draw, body mass
index (or obesity), smoking, and physical activity; “Newcastle-Ottawa Scale: Total score could range from 0 to 9
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250HD level was associated with a decreased risk of
frailty. However, because serum 250HD concentrations in
the current data for the frailty study range from 12.5 to
95 nmol/L, we have not been able to investigate the
dose-response relationship between higher levels of
250HD, i.e., >95 nmol/L and risk of frailty. It is too early
to determine whether there is a specific cutoff level of
serum 250HD that increases or reduces the risk of devel-
oping frailty syndrome because a limited number of studies
used serum 250HD levels as a categorical variable and pro-
vided RR data for each category and because of the vari-
ation in the definition of frailty. Thus, the results of this
analysis should be interpreted cautiously. We cannot rule
out the possibility that the serum 250HD level has a
threshold rather than dose-response effect on the risk of
frailty.

Our results suggest that high 250HD levels are associ-
ated with a lower risk of frailty in elderly people. Con-
versely, frailty itself may contribute to lower 250HD by
reducing the levels of outdoor activity and sunlight expos-
ure. Elderly individuals with frailty are at a high risk of de-
veloping vitamin D deficiency due to decreased dietary
intake, less sun exposure, and a decreased capacity to pro-
duce sufficient amounts of calcitriol due to an age-related
decline in hydroxylation by the kidney [1]. The causality of
the association between low vitamin D levels and the frailty
syndrome has not been completely elucidated. Neverthe-
less, there are several potential biological mechanisms that
could explain the inverse association between vitamin D
and frailty.

Considerable overlap exists between sarcopenia and
frailty, especially in terms of the physical aspects of the
frailty phenotype: low grip strength, gait speed and
muscle mass [32]. While the underlying mechanisms
and pathophysiology of sarcopenia remain to be clari-
fied, inadequate nutritional intake in older individuals
may contribute to the multifactorial pathogenesis of sar-
copenia [33]. In particular, vitamin D, one of the most
popular micronutrients, was reported to play important
roles in muscle differentiation, stimulation of calcium
and phosphorus transport and muscle contraction [34].
A muscle biopsy study revealed atrophy of type II muscle
fibers in subjects with profound vitamin D deficiency [35].
During sudden movement, the fast and strong type II
muscle fibers are the first to be recruited to avoid falling
[36]. A meta-analysis observed that daily vitamin D doses
in the range of 700 to 1000 IU or achieving serum concen-
trations between 60 and 95 nmol/L reduced the risk of fall-
ing by 19% in older individuals [3]. 1,25-Dihydroxyvitamin
D (1,250HD) can act on muscle fibers by binding to its
nuclear vitamin D receptor (VDR) and thereby increasing
the de novo synthesis of protein, which regulates muscle
strength [36]. VDR number decreases with aging in
several organs involved in calcium metabolism, and
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lalpha-hydroxylase activity decreases mainly due to a
decrease in renal function, reducing vitamin D activa-
tion [1]. An age-related decline in VDR expression is
supported by studies in rats in which VDR expression
declined with advancing age in both the intestine and
bone [37, 38]. When 250HD levels are low, active
metabolite 1,250HD levels and calcium absorption
decrease [39]. This reduced serum calcium led to an
increase in parathyroid hormone levels to stimulate
1,250HD production, resulting in an increased risk of
bone turnover and bone loss [39, 40]. Consequently, a
decline in muscle function and strength caused by
vitamin D could explain slowness, low physical activ-
ity and weakness.

The last pathway through which low vitamin D may
affect frailty is related to its hypothesized anti-inflammatory
properties [41]. Several studies [16, 17, 29] have demon-
strated a heightened inflammatory state among frail older
adults marked by high serum levels of inflammatory media-
tors, such as cytokines and acute phase proteins, supporting
the existence of a dysregulated immune system in frailty.
An increased susceptibility to infection and risk of auto-
immune disease has been shown in 250HD deficiency. IlI-
ness may be the beginning of a vicious cycle between
250HD deficiency and frailty [5]. Individuals with illness
tend to exhibit poor nutritional status, go outside less fre-
quently and experience less sun exposure, which are
underlying causes of low serum 250HD concentrations
[5, 6, 10, 33]. A recent study suggested that 1,250HD may
be an important regulator of the inflammatory response
during bacterial infection [42]. Active vitamin D metab-
olites can downregulate inflammatory markers via
the nuclear VDR expressed in antigen-presenting
cells, and vitamin D deficiency may result in increased
pro-inflammatory cytokines that impact muscle strength
and performance [43, 44].

The findings of our study should be interpreted within
its limitations. The included studies have no data regard-
ing vitamin D supplementations evaluated through food
frequency questionnaires or self-administered question-
naires, which could affect serum 250HD concentrations;
therefore, the present study may under- or overestimate
our results. The definitions for frailty used in the in-
cluded studies were different (i.e., Fried phenotype,
modified phenotype, nine frailty indications, and frailty
index), thus affecting our pooled analysis, although sub-
group analysis was performed according to definitions of
frailty. Because several eligible studies did not provide
sufficient information for a dose-response analysis of
250HD levels, the number of participants, cases, and
logarithms of RRs and corresponding standard errors,
we excluded the potential related studies [19, 45-49],
which may introduce a potential selection bias in our
analysis. Unlike those observed for prospective cohort
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studies, the results from cross-sectional studies were
somewhat heterogeneous but consistently pointed to an
inverse relationship despite the observation that the
strength of the association differed substantially across
studies. Additionally, publication bias seems to have oc-
curred for cross-sectional but not for prospective cohort
studies in the literature, which may contribute to the stron-
ger inverse association observed among the former. Our
meta-analysis only included studies published in English
and did not search for unpublished studies that might con-
tribute to the asymmetrical funnel plot. When we explored
the influence of a potential publication bias trim-and-fill
method, our findings revealed no significant association of
250HD with frailty among the cross-sectional studies.
However, detection and adjustment of publication bias is
difficult and somewhat controversial when only a small
number of trials is available [50]. The funnel plot suggests
the presence of three negative, outlying studies that were
not balanced by positive studies. Additional investigations
including a reference review did not reveal any further
peer-reviewed studies for inclusion. Although this may rep-
resent publication bias, it may also reflect a truly significant
inverse relationship between vitamin D status and frailty.

Conclusion

Our findings suggest that 250HD serum levels are inde-
pendently associated with the risk of frailty, which is con-
sistent with the results of a nonlinear analysis and a linear
regression analysis. Further interventional research should
investigate whether vitamin D supplementation can be use-
ful for preventing frailty in the elderly population.
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