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Abstract: Sarcopenia is a disease of gradual loss of muscle mass in elderly people, and the most
common treatment options include nutritional supplementation and exercise. Vitamin D has potential
beneficial effects for skeletal muscle tissue and has often been included in nutritional therapy
formulations. However, the therapeutic effect of vitamin D for the treatment of sarcopenia has not yet
been determine and there is a lack of high-quality supporting evidence. We searched three databases
for randomized controlled trials (RCTs) on this topic. Changes in hand grip strength, gait speed,
chair-stand test, fat mass, relative skeletal muscle index, and muscle mass were assessed for analysis.
Network meta-analysis was further employed, based on the frequentist approach. Outcomes were
reported as weighted mean differences (WMD) with 95% confidence intervals (CIs). A total of 9 RCTs
(n = 1420) met our eligibility criteria, which treated patients with vitamin D (D), protein (P, n = 165),
exercise (E, n = 124), iso-caloric product (I, n = 226), usual care without nutritional supplement
(n=65),P+Dn=467),D+E(n=72),P+En=69),D+E+1(n=73),and P + D + E (n = 159).
The pooled estimate showed that the P + D + E intervention induced a greater improvement in
hand grip strength than iso-caloric product intervention (WMD = 3.86; 95%CI, 0.52-7.21). Vitamin
D intervention could lead to shorter chair-stand time (WMD = —1.32; 95%CI, —1.98 to —0.65), but
no significant findings could be found for gait speed and muscle mass outcomes. Our synthesis
found that combining vitamin D supplementation with protein supplementation and exercise can
significantly increase grip strength and also showed a trend toward increasing muscle mass. This
result implies that adding vitamin D to a standard treatment protocol for sarcopenia may be helpful
for regaining function.
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1. Introduction

Sarcopenia is an aging process involving loss of skeletal muscle mass in elderly
people [1]. In 2010, the European Working Group of Sarcopenia in Older People (EWGSOP)
published a definition and consensus [2]. This definition has since been used worldwide,
and research into sarcopenia has increased. In consideration of the differences between
Asian and Caucasian populations, the Asian Working Group for Sarcopenia published a
diagnostic diagram based on Asian data [3]. In 2018, the EWGSOP updated their definition
and modified their guidelines [4]. Sarcopenia is now generally accepted as a disease entity
rather than a physiological change that occurs with aging, and it has a diagnostic code in the
International Classification of Diseases, Tenth Revision, Clinical Modification (ICD-10-CM),
requiring treatment.

Although many studies have discussed treatment of sarcopenia, there are no standard
guidelines for management of the disease. Ongoing trials are attempting to develop
therapies targeting myostatin and the activin receptor. Hormone therapies are also being
researched. However, there is no US Food and Drug Administration-approved drug for
the treatment of sarcopenia. Currently, the main evidence-based therapies are physical
exercise programs and nutritional supplementation. However, there is no consensus on
the duration, intensity, and protocol of exercise programs. The regimen and dosage for
nutritional supplementation are also unclear. Most studies have included vitamin D in
their treatment protocols, based on its hypothesized positive effects on muscle systems.
Thus, the efficacy of vitamin D treatment deserves more discussion.

Understanding the role of vitamin D in the human body has evolved over recent
decades. Its role in treating osteoporosis is well established, and regular supplementation
is recommended in patients who receive osteoporotic treatment [5]. Vitamin D suppresses
the expression of myostatin in muscle tissue, which is an inhibitor of muscle growth [6].
Theoretically, suppression of myostatin leads to muscle proliferation. Vitamin D also
protects the skeletal muscle from acute damage [7]. Many cross-sectional studies have
revealed a relationship between vitamin D deficiency and decreased physical function and
reduced muscle mass and grip strength [8,9]. However, most of these studies indicated
that their results may be confounded by underlying malnutrition. The therapeutic effect
of vitamin D is still controversial. Some meta-analyses have shown that vitamin D may
have positive effects on lower-limb muscle power [10], whereas others showed vitamin D
to have only weak effect, or even no effect, on increasing muscle mass or strength [11]. It is
noteworthy that these studies did not focus on populations with pre-existing sarcopenia.
Currently, the involvement of vitamin D in nutritional therapy for sarcopenia is based on
consensus, not evidence. In the present network meta-analysis, we analyzed randomized
controlled trials (RCTs) that discuss the use of vitamin D in treating sarcopenia. To the best
of our knowledge, this is the first comprehensive review to use network meta-analysis to
investigate vitamin D supplementation for the treatment of sarcopenia.

2. Methods

The procedures and reporting of this work adhere to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (extension for network meta-analysis). The
primary inclusion criteria for studies were as follows: (a) enrolled patients with sarcopenia,
(b) randomly allocated patients in intervention groups, and (c) patients treated with vitamin
D. The exclusion criteria were as follows: (a) recruited patients with pre-sarcopenia, (b) were
not fully published (gray literature without details regarding methods and findings), and
(c) focused on medication.

2.1. Data Sources and Evidence Selection

We searched Cochrane library and Cochrane CENTRAL, Embase, PubMed (with
MEDLINE), and Web of Science to identify potential references using relevant keywords for
sarcopenia and vitamin D. Boolean “OR” was used to increase sensitivity (e.g., “vitamin D”
OR “vitamin D3” OR “vitamin D2” OR “ergocalciferol derivative” OR “dihydrotachysterol”
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OR “25 hydroxyvitamin D” OR “colecalciferol derivative”). Boolean “AND” was used
to identify intersections of searches for sarcopenia and vitamin D. The search strategy
did not use filters to restrict references to any specific publication year, patient age or sex,
journal category, study design, or language. The search strategy was primarily built using
PubMed; the other databases were also searched based on this strategy. The final search
was performed for references before September 2021 (Supplementary Text S1).

Potential references were exported from the databases and imported into EndNote X9
software (Clarivate Analytics, Philadelphia, PA, USA) by two reviewers. Further screening
was performed in two steps. In the first step, titles and abstracts were screened based on
the eligibility criteria. Then, full texts were retrieved and reviewed independently by two
reviewers. If full texts met any exclusion criteria, they were removed. If the two reviewers
were not consistent in their selection, a final decision was made by the full review team
through discussion and voting.

2.2. Data Extraction

While selecting studies, the two reviewers also extracted further data and performed
double-checks. They used Excel software (Microsoft, Redmond, WA, USA) to record the
surname of the first author, trial name, publication year, country, intervention of each
group, age, sex, duration, and outcome data. Supplementations of protein and vitamin D
in the present synthesis referred to extra dose of protein (overall protein > 20 g or essential
amino acid > 3 g) and 800 IU vitamin D as a cut-off value [12]. Outcomes included both
functional and body compositional data, including hand grip strength, gait speed, chair-
stand test, body fat mass, relative skeletal muscle index (RSMI), as well as muscle mass of
appendicular, lower extremity, and upper extremity. The functional outcomes were hand
grip strength, gait speed, and chair-stand test. The body compositional outcomes consisted
of muscle mass, RSMI, and body fat mass. Since these outcomes were continuous variables,
the reviewers extracted means, measures of dispersion, and sample sizes of each group.
Measures of dispersion included standard deviation, standard error (SE), interquartile
range, and 95% confidence interval (CI).

2.3. Quality Evaluation

Quality evaluation was performed according to the main concepts of risk of bias 2
(RoB 2), considering biases due to the randomization process, intended interventions,
missing outcome data, measurement of outcomes, and selection of the reported result [13].
In accordance with RoB 2, the reviewers performed quality evaluation for each outcome
and reported the overall risk of bias based on the worst-case scenario. Thus, an overall
judgment of “high risk of bias” was made if any bias was deemed high risk, and “some
concerns of risk of bias judgment” if any bias raised some concerns without being high
risk. If the two reviewers were inconsistent in their RoB 2 evaluation, the final decision
was made by the full review team through discussion and voting.

2.4. Data Synthesis and Analysis

We tabulated qualitative information to obtain an overview of the characteristics of the
trials. To test the effectiveness of vitamin D for sarcopenia, we performed further network
meta-analysis using the frequentist approach. We based the planned meta-analysis on data
of difference in differences. However, most trials did not report score changes for muscle
mass. Therefore, we used data of changes for hand grip, gait speed, RSMI, and body fat
mass; we use only data from final observations of appendicular, lower extremity, and upper
extremity muscle mass. The pooled effects of vitamin D for all outcomes were presented as
weighted mean differences (WMD) with corresponding 95% CI, because of the similarity of
outcome measurements across the included trials. Moreover, we further calculated P-scores
to clarify the optimal strategy for vitamin D intervention in sarcopenia. The P-score is a
statistical technique to show the means of one-sided p-values, using point estimates and
SEs, in a network meta-analysis using the frequentist approach. When the P-score of an
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intervention strategy in a specific outcome is close to 1, that strategy is indicated as a better
intervention for the outcome, among all the intervention strategies.

The appropriateness of pooled estimates can be evaluated using tests of inconsistency
and publication bias. Our inconsistency test was based on the design-by-treatment interac-
tion model, since two-arm and four-arm RCTs contributed to the meta-analysis. Publication
bias was explored using adjusted funnel plots. If data were sufficient, an Egger’s test of the
intercept was further performed, using centralized effect size with SE.

Since data for the chair-stand test were only available from two trials (comparing the
combination of vitamin D and protein to usual care), a consistency model was unnecessary.
Data on the chair-stand test were pooled using head-to-head meta-analysis in a random-
effects model; heterogeneity across RCTs was presented as an I-square index. According
to the common threshold for determination of heterogeneity, the pooled estimate of the
chair-stand test would be heterogeneous if I-square is greater than 50%. All of the above-
mentioned analyses were carried out using R software version 4.0.3 (www.r-project.org)
using the netmeta, netrank, funnel.netmeta, and metacont functions. If a consistency model
was a complete network with significant findings, further confidence rating would be
evaluated [14].

3. Results

We identified 2681 references, comprising 2681 from Cocrhane database (k = 5),
Cochrane CENTRAL Register of Controlled Trials (k = 204), Embase (k = 1206), PubMed
(k =572), and Web of Science (k = 693), plus 1 reference identified in the reference lists of
relevant RCTs. We used Endnote functions to remove duplicates (k = 786), and further man-
ually removed duplicates when Endnote did not detect them (k = 76). Then, 1763 records
were routed out due to irrelevant (k = 880), not human (k = 32), not RCT (k = 634), and
gray literature without details (k = 12). Full texts of the 56 remaining references were re-
trieved for eligibility review. Finally, 16 references published for 9 RCTs met our eligibility
criteria, after 40 references were excluded due to their protocols (k = 4), not RCT (k = 2),
combination of medication (k = 1), and pre-sarcopenia (k = 33). All references of the nine
RCTs were included (Figure 1) [15-30].

3.1. Characteristics and Quality of Included Studies

We included 9 RCTs with 1420 patients with sarcopenia from 2015 and 2020. Although
many trials had wished to investigate the effects of vitamin D, no trial provided patients
with only vitamin D at a therapeutic dose. In the included trials, vitamin D was commonly
combined with protein or exercise. A total of 9 categories of intervention could be found in
the included RCTs, including protein only (P, n = 165), exercise only (E, n = 124), iso-caloric
product only (I, n = 226), usual care without nutritional supplement (1 = 65), P + D (n = 467),
D+En=72),P+En=69),D+E+1(n=73),and P+ D + E (n = 159). The minimum age
in each trial ranged from 60 to 74 years, according to the available information. Female
rate in most trials were higher than 50%, except for the FrOST trial. Most of the included
trials recruited patients with non-deficient of vitamin D at baseline. Further information is
presented in Table 1. Risk of bias is shown in Supplementary Table S1.
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Cochrane Database of Systematic Reviews (k = 5), Cochrane Central
Register of Controlled Trials (k = 204),

Embase (k = 1206), PubMed (k = 572), and Web of Science (k = 693)
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864 duplications were removed

v

1817 records screened

1761 references were excluded:
Gray literature without details: 12
Non-relevant: 880
Not human: 32
Not RCT: 633
Registry: 204

v

SCREENING

56 full-text articles assessed
for eligibility 40 references were excluded:
Combination with medication: 1
» Protocols: 4
Pre-sarcopenia: 33
Not RCT: 2

16 references from 9 RCTs met eligibility criteria,
and all of them were included in the present systematic review

7
)
n
2
% Network meta-analysis was further conducted for functional (6 RCTs)
- and body composite (5 RCTs) outcomes

Figure 1. Flowchart of this synthesis. RCT, randomized clinical trial.
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Table 1. Characteristics of the included randomized controlled trials.

Criteria for Type of Intervention
Author Year Area Age Sarcopenia Sarcopenia Duration
. SBBP 4~9 .

PROVIDE trial 2015-2020 Europe >65 SMI < 37%/28% Primary 13 weeks
Cramer 2016 Europe + America >65 EWGSOP Primary 24 weeks
Kim 2016 Asia (Japan) >70 SMI < 5.67 kg /m? Primary 3 months

Grip strength < 17 kg

Walk speed <1m/s
Rondanelli 2016 Europe (Italy) >65 Relative muscle mass Primary 12 weeks

<7.26/5.5 kg/m?
(M/F)

Bo 2017 Asia (China) 60-85 AWGS Primary 6 months
Takeuchi 2018 Asia (Japan) >65 AWGS Primary 8 weeks
Bjorkman 2019 Europe (Finland) >74 Complicated Primary 12 months

Chang 2020 Asia (Taiwan) >65 EWGSOP Primary 12 weeks
FrOST trial .
(Kemmler) 2018-2020 Europe (Germany) >72 EWGSOP Primary 18 months
Baseline Vitamin D
Author Intervention Sex (M/F) Serum]\)/' itamin Deficiency
PROVIDE trial P + D (vitamin D 1600 IU/day, whey protein 40 g) 64/120 2?51%1;11)/DL4)18 Deficient
. 25(OH)D 49 -
Iso-caloric product 67/129 (nmol/L) Deficient
Cramer P + D (vitamin D3 998 IU/day, protein 40 g) 63/102 Vl(?ggll /2)65 Non-deficient
Protein (protein 28 g with non-therapeutic dose Vitamin D 60 g
vitamin D3) 63/102 (nmol /L) Non-deficient
Kim P + D + E (vitamin D' 800 IU / day, leucine-enriched 0/36 Vitamin D 23.2 Non-deficient
amino acid 3 g) (ng/mL)
P + D (vitamin D 800 [U / day, leucine-enriched amino 0/34 Vitamin D 22.5 Non-deficient
acid 3 g) (ng/mL)
Exercise 0/35 Vitamin D 24.2 Non-deficient
(ng/mL)
No nutritional supplement (with health education only) 0/34 Vlt?rgl?n?L?ZO Non-deficient
Rondanelli P + E (with non-theraPeutlc' dose vitamin D3, essential 29,40 Not reported Not reported
amino acids 32 g)
Exercise (with non-therapeutic dose vitamin D3) 24/37 Not reported Not reported
Bo P + D (vitamin D 1404 IU/day, protein 44 g) 13/17 Vltal(’r‘lg‘ /231‘29 Non-deficient
Iso-caloric product 14/16 Vitamin D3 20.85 Non-deficient
(ng/mL)
Takeuchi P + D (vitamin D 12.5 pug/day, BCAA 10 g) 12/20 Not reported Not reported
No nutritional supplement 13/18 Not reported Not reported
Bjorkman D + E (vitamin D 800 IU/day) 16/56 Not reported Not reported
D +E + I (vitamin D 800 IU/day, iso-caloric product) 27/46 Not reported Not reported
P + D + E (vitamin D 800 IU/day, whey protein 20 g) 22/51 Not reported Not reported
Chang Exercise 6/22 Not reported Not reported
P + D + E (vitamin D3 1600 IU/day, BCAA 6 g) 7/22 Not reported Not reported
FrOST trial P + D + E (vitamin D 2500-5000 IU/week, whey protein 21/0 25(OH)D 21.6 Non-deficient
80 g) (ng/mL)
P + D (vitamin D 2500-5000 IU/week, whey protein 80 g) 22/0 25(((3;)2]})7'5 Deficient

AWGS, Asian Working Group for Sarcopenia; BCAA, Branched-chain amino acids; D, vitamin D; E, exercise; EWGSOP, European Working
Group on Sar-copenia in Older People; E, female; I, iso-caloric product; M, male; P, protein; S, selective androgen receptor modulator; SBBP,

short physical performance battery; SMI, skeletal muscle index.

3.2. Functional Outcomes

The functional outcomes were changes in hand grip strength, gait speed, and time
to chair-stand. Six RCTs presented data on changes in hand grip strength. Only five con-
tributed to a six-node network meta-analysis of changes in hand grip strength
(Figure 2) [16-18,20,22,23]; the other trial was disconnected from the network [28]. The
network involved 1029 sarcopenia cases treated by P only (1 = 165), I only (n = 226), vitamin
DD)+Pn=399),D+En=72),D+E+1(n=73),and P + D + E (n = 94). Pooled
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results (with usual care as the reference) showed that P + D + E (WMD, 3.86; 95% (I,
0.52-7.21) had significantly greater hand grip strength. Although P, P + D, D + E, and
D + E + I did not have statistical significance, the effect sizes of D + E + I (WMD, 4.06; 95%
CIL, —0.03-8.16) and D + E (WMD, 3.86; 95% CI, —0.24-7.97) may reach clinical significance.
No significant difference was found among all of the protein treatments (P + D, D + E,
D +E+1 and P + D + E). The P-score results indicated that interventions involving vitamin
D and exercise were better among the five active treatments (Figure 3). Using design-by-
treatment interaction model, inconsistency was not detected in the network meta-analysis
of hand grip strength (Supplementary Text 52). No serious asymmetry appeared in a
comparison-adjusted funnel plot.

(A) (B)
P Iso None
2 2 i 1 1
P+D E
§ P+D+E L 2 P+D+E
D+E 1 D+E+l
P+D

Figure 2. Network graphs of (A) main functional outcome (changes in hand grip) and (B) main
body compositional outcome (muscle mass). D, vitamin D; E/EXx, exercise; Iso, iso-caloric product;
P, protein.

The second functional outcome was change in gait speed. A total of 3 RCTs formed a
4-node network meta-analysis (Supplementary Figure S1) [16,20,22,23] involving 751 sar-
copenia cases treated with I (n =196), P (n =165), P + D (n =369), and P + D + E (n = 21).
Although no significant difference existed among the four groups (Table 2), the pooled
estimates provided meaningful trends regarding their combination effect. For instance,
protein alone had the least effect size, and P + D + E had the greatest effect size. P-scores
were calculated to analyze changes in gait speed among the four treatment strategies
(Figure 3). P + D + E obtained the highest P-score for improving gait speed (P-score = 0.82),
followed by P + D (P-score = 0.49) and protein (P-score = 0.43). Since there was no loop
in this network, an inconsistency test could not be performed. No serious asymmetry
appeared in a comparison-adjusted funnel plot of changes in gait speed.

The final functional outcome was time to chair-stand. Relevant data were available
only for comparison of usual care with the combination of vitamin D and protein in two
RCTs (n = 324) [16,18]. The pooled result showed that patients after combination treatment
had greater reduction in time to chair-stand test than those with usual care (WMD, —1.32;
95% CI, —1.98 to —0.65). Heterogeneity in the pooled estimate of time to chair-stand was
very low across RCTs (I-square = 0%; p > 0.10; Figure 3).
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(A) Change in hand grip
Treatment P-score (Intervention vs Iso) WMD 95% Cl
Iso 0.06 | 0.00
P+D 0.32 1.21 [-0.53; 2.96]
P 0.32 121 [-1.15;3.57]
D+E 0.74 386  [0.24;7.97]
P+D+E 0.77 [ ] 3.86 [0.52; 7.21]
D+E+| 0.79 4.06 [-0.03; 8.16]
T ] T T T T
4 2 0 2 4 6 8 10
(B) Stand test
Comparison / Study (Head-to-head comparison) WMD 95% CI
Bo et al. 2019 -1.58 [-4.19; 1.03]
Bauer et al. 2015 -1.30  [-1.99;-0.61]
Random-effects ’ -1.32  [-1.98; -0.65]
Heterogeneity: /2=0% p=084 T T T T 1T T 1
5 4 3 2 10 1 2
(C)
Cﬁgﬂg%'r?p 0.79 0.77 0.74 0.32 0.32 -
> & < Q
Q,x o" X X 4 )
X N
'S & Q 4
Pk o) 0.82 0.49 0.43 0.26
<
on" on Q &
irbEe S 0.74 0.46 0.41 0.39
mh‘;"c"l‘:’r:r:’::s 0.79 0.61 0.31 029
':’]’Ssecr'lg'f#gs 0.79 0.60 0.33 0.28
QO < ) A+
Qx on eo(\ < P-scores
Rogy il 0.87 0.37 0.25 B
mass i I l -
on & R 0.50
Change in 0.25
0.00
¢ o &
X R N

4

Figure 3. Forest plots of (A) change in hand grip and (B) time to chair-stand test, and (C) rainbow
plot of P-scores. CI, confidence interval; D, vitamin D; E/EXx, exercise; Iso, iso-caloric product; P,

protein; RSMI, relative skeletal muscle index; WMD, weighted mean difference.

Table 2. League table of network meta-analysis findings. Mean difference (95% confidence interval).

Iso.
0.02
(—0.07,0.10)
0.02
(—0.05,0.09)
0.05
(—0.04,0.14)

Changes in
gait speed

P+D+E

P
0
(—0.04,0.05) P+D
0.03 0.03
(—0.05,0.12) (—0.04,0.10)

Nil
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Table 2. Cont.

NNS
0.04
) (—0.8,0.88) Ex
Appendicular _05 0.54 . Nil
muscle mass (—1.48,0.48) (—0.5,1.58)
—0.24 0.28 ~0.26
(—1.08,0.6) (—0.47,1.03) (—1.3,0.79) P+D+E
0.01 —0.1 —0.01
NNS (—0.23,0.24) (—0.39,0.19) (—0.28,0.26)
0.02 - ~0.11 —0.02
Lower limbs (—0.65,0.68) (—0.39,0.18) (—0.27,0.24) Upper limbs
muscle mass —04 0.42 P+D 0.09 muscle mass
(—1.13,0.33) (—0.39,1.23) (—0.23,0.41)
—0.21 0.23 ~0.19
(—0.87,0.45) (—0.39,0.84) (—0.99,0.61) P+D+E
; —0.17 _ —0.52
SO- (—0.33,—0.01) (—0.71,—0.33)
Ch , 0.03 P B ~0.35
anges m (—1.1,1.15) (—0.45,—0.25) Changes in RSMI
body fat mass
—04 —043 PeD B
(—1.44,0.64) (—0.86,0.00)
- - - P+D+E

D, vitamin D; Ex, exercise; Iso, iso-caloric product; NA, not applicable; NNS, no nutritional supplement; P, protein; RSMI, relative skeletal

muscle index.

3.3. Body Compositional Outcomes

The structural outcomes included: muscle mass, change in RSMI, and change in body
fat mass. Relevant data on muscle mass were available for a four-node network meta-
analysis, including E, P + D, P + D + E, and usual care [19,25]. Pooled estimates did not
show any statistically significant difference in all analyses of muscle mass among the four
groups (Supplementary Figure 52), but groups with vitamin D intervention had higher P-
scores: P + D and P + D + E were ranked highest for appendicular muscle mass, lower-limb
muscle mass, and upper-limb muscle mass (Figure 3). The design-by-treatment model did
not detect inconsistency, and a comparison-adjusted funnel plot appeared to be symmetric
(Figure 4). With regard to change in RSMI, only two RCTs had available data to form a
three-node network model, including iso-caloric product, P + D, and P + D + E [18,22,23].
Pooled estimates showed that P + D + E (WMD, 0.52; 95% CI, 0.33-0.71) and P + D (WMD,
0.17; 95% CI, 0.01-0.33) significantly improved in RSMI compared to the iso-caloric product
(Table 2). Three RCTs reported data on change in body fat mass appropriately [18,20], and
the data could form a three-node consistency model without a loop. The network consisted
of iso-caloric product, protein, and P + D. Pooled estimates showed that no significant
difference among the tree intervention groups, while P + D also had the highest P-score
(0.87). Since there was no loop in the network models of changes in RSMI and body fat
mass, no inconsistency tests could be performed. Funnel plots of the two outcomes are
shown in Supplementary Figures S3 and 54.
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Figure 4. Funnel plots of (A) change in hand grip, (B) change in gait speed, and (C) appendicular
muscle mass.

4. Discussion
4.1. Key Findings

Our review synthesized a total of 9 RCTs and 1420 patients. Network meta-analysis
revealed that combining vitamin D supplementation with exercise and protein supplemen-
tation can increase grip strength. Combination of vitamin D and protein could shorten time
to chair-stand. For gait speed and lower-limb mass, vitamin D supplementation, either
alone or combined with other treatments, showed a trend of beneficial effect, yet it did not
reach statistical significance.

Vitamin D plays an important role in maintaining the physiological function of skele-
tal muscle. Although the specific mechanism for this is still unclear, several possible
hypotheses have been proposed. Studies have demonstrated that vitamin D receptor (VDR)
is found in skeletal muscle cells, and that vitamin D has an extensive effect on muscle
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tissue [31]. By binding with VDR in the nucleus, vitamin D may inhibit the expression of
myostatin, which is an inhibitor of muscle growth [32]. Thus, suppression of myostatin
increases muscle cell proliferation [33]. Vitamin D also plays an important role in calcium
and inorganic phosphate metabolism, both of which are important for muscle contrac-
tility [32]. The positive effects of vitamin D on the muscle have been demonstrated in
previous trials. Several RCTs have reported that vitamin D (alone or in combination ther-
apy) can effectively elevate muscle power and function in elderly people [12,30], whereas
other studies have shown that vitamin D supplementation cannot elevate muscle mass
or increase physical function [34]. Our synthesis echoed the positive effects of vitamin
D on skeletal muscle. In combination with exercise and protein supplementation, it can
significantly improve grip strength. For gait speed and muscle mass, our results showed
a trend toward better treatment effect but did not meet statistical significance. There are
several possible explanations for our results. Firstly, the effect size of vitamin D supplemen-
tation may be small, and our case numbers may not be sufficient to reveal any influence.
Secondly, there is currently no standard therapeutic dose of vitamin D for the treatment
of sarcopenia; we used a common dose of 800 IU as a cut-off value [12]. However, some
enrolled studies did not measure baseline vitamin D levels before intervention. For patients
with normal vitamin D levels, supplementation of vitamin D may have no effect. However,
for patients with severe underlying vitamin D deficiency, a dosage of 800 IU daily may
not be sufficient [35]. According to existing data, a majority of the population has vitamin
D deficiency, especially women and elderly people [36]. Elderly people with vitamin D
deficiency may have concomitant malnutrition [37]; simple vitamin D supplementation
may not obtain satisfactory results.

When vitamin D was added in treatment, we observed a trend of increasing muscle
mass (whole body and lower limbs). Exercise appeared not to have significant effects
for increasing muscle mass, which runs counter to common knowledge. One reason
for this may be that exercise is not easily quantified; there exist many heterogeneities in
exercise treatment, such as duration, intensity, trained or untrained, and training protocol.
Furthermore, elderly people may have poor compliance to exercise treatment. Patients with
sarcopenia may not cooperate with an intense training program, while easier exercise may
not reach the intensity necessary for increasing muscle mass [38]. Our finding is similar to
the results of previous reviews, which have shown no obvious effect of exercise therapy for
increasing muscle mass [39].

4.2. Limitations

Our review has several limitations. Firstly, the number of studies and cases is limited;
more high-quality RCTs are needed to confirm the efficacy of vitamin D supplementation.
Furthermore, the diagnostic criteria for sarcopenia are still changing, and they are different
between races. The studies we analyzed were conducted in different regions, and patients
were diagnosed using different criteria and tools. Since a diagnosis of “pre-sarcopenia” is
not included in the existing guidelines, we excluded all patient groups with this diagnosis.
Therefore, our analysis can explain only the use of vitamin D for treating patients with
sarcopenia, not for preventing sarcopenia. The included trials recruited patients using
various criteria for defining sarcopenia, and the inconsistency across the RCTs might
threat the quality of the current synthesis. All of the articles we included reported results
without differentiating sex. However, baseline and diagnostic cut-off values are different
between male and female. The same effect size represents a different ratio of change in
different sexes and deserves to be discussed separately. Another concern is the form of
vitamin D supplementation. The absorption ratio of vitamin D differs between D2 and
D3 and may also be affected by different dosage forms. Many of the trials in this review
did not precisely indicate the form of vitamin D used in treatment. In other words, the
insufficient information on the dosage of vitamin D and the duration of treatment limit
the understanding of the use of vitamin D for sarcopenia since no further analysis could
be carried out due to the incomplete data in the included RCTs. The final issue must be
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addressed before application of vitamin D in sarcopenia management is that effects of
vitamin D may relate to sun exposure, but this factor might be not controlled well in the
included studies. Appropriate patient education regarding vitamin D supplementation and
sun exposure ought to be taken into consideration in clinical practice and further studies in
the future.

5. Conclusions

Vitamin D supplementation for patients with sarcopenia may significantly improve
grip strength, when combined with exercise and protein supplementation. In addition,
vitamin D supplementation showed a trend toward increasing muscle mass and function,
yet this did not reach statistical significance. Current evidence for supplementation with
vitamin D alone is not strong, while vitamin D in patients with sarcopenia could be a
routine supplementation due to safety and not high cost. This evidence could be applied to
those with mild deficiency and non-deficiency of vitamin D at baseline. Although there is
a great deal of research ongoing regarding pharmacologic treatments for sarcopenia, there
are still no FDA-approved medicines to treat the disease; yet, vitamin D supplementation,
exercise programs, and nutritional treatment show promising results, the effect sizes
are not satisfactory. For greater therapeutic effects, we must give more emphasis to the
development of medications, to be used in conjunction with the aforementioned treatments.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nu13103589/s1, Supplementary Text S1: Search strategy (Primary search strategy), Sup-
plementary Text S2: Inconsistency test of changes in hand grip, Table S1: Risk of bias, Figure S1:
Network plot of gait speed, Figure S2: Network forest plot of muscle mass, Figure S3: Funnel plot of
relative skeletal muscle index, Figure S4: Funnel plot of body fat mass.

Author Contributions: Conceptualization: Y.-N.K. and S.-H.C.; Data curation: S.-H.C.; Formal
analysis: Y.-N.K,; Investigation: S.-H.C.; Methodology: K.-H.C. and Y.-N.K.; Interpretation: K.-H.C.,
C.C. and W.-C.C,; Supervision: K.-H.C., C.C. and W.-C.C; visualization: Y.-N.K.; writing—original
draft: S.-H.C.; writing—review & editing: K.-H.C., C.C.,, W.-C.C. and Y.-N.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Technology of Taiwan, ROC
under Contract No. MOST 110-2622-B-A49-001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analysed during this study are included in this
published article.

Conflicts of Interest: S.-H.C., K.-H.C., C.C.,, W.-C.C., Y.-N.K. declare that they have nothing to
disclose regarding financial or non-financial conflicts of interest with respect to this manuscript.

Abbreviations

CI confidence interval

EWGSOP  European Working Group of Sarcopenia in Older People
RCT randomized controlled trial

RoB risk of bias

RSMI relative skeletal muscle index

SE standard error

WMD weighted mean differences


https://www.mdpi.com/article/10.3390/nu13103589/s1
https://www.mdpi.com/article/10.3390/nu13103589/s1

Nutrients 2021, 13, 3589 13 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Larsson, L.; Degens, H.; Li, M.; Salviati, L.; Lee, Y.I; Thompson, W.; Kirkland, J.L.; Sandri, M. Sarcopenia: Aging-related loss of
muscle mass and function. Physiol. Rev. 2019, 99, 427-511. [CrossRef]

Cruz-Jentoft, A J.; Baeyens, ].P; Bauer, ].M.; Boirie, Y.; Cederholm, T.; Landji, F; Martin, EC.; Michel, ].P; Rolland, Y.; Schneider, SM.; et al.
Sarcopenia: European consensus on definition and diagnosis: Report of the european working group on sarcopenia in older
people. Age Ageing 2010, 39, 412-423. [CrossRef] [PubMed]

Chen, L.-K,; Liu, L.-K.; Woo, J.; Assantachai, P; Auyeung, T.-W.; Bahyah, K.S.; Chou, M.Y,; Chen, L.Y.; Hsu, P--S.; Krairit, O.; et al.
Sarcopenia in asia: Consensus report of the asian working group for sarcopenia. |. Am. Med. Dir. Assoc. 2014, 15, 95-101.
[CrossRef] [PubMed]

Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyere, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A ; et al.
Sarcopenia: Revised european consensus on definition and diagnosis. Age Ageing 2019, 48, 16-31. [CrossRef]

Lips, P; van Schoor, N.M. The effect of vitamin d on bone and osteoporosis. Best Pract. Res. Clin. Endocrinol. Metab. 2011, 25,
585-591. [CrossRef]

Girgis, C.M.; Clifton-Bligh, R.J.; Mokbel, N.; Cheng, K.; Gunton, J.E. Vitamin d signaling regulates proliferation, differentiation,
and myotube size in c2c12 skeletal muscle cells. Endocrinology 2014, 155, 347-357. [CrossRef]

Barker, T.; Henriksen, V.T.; Martins, T.B.; Hill, H.R.; Kjeldsberg, C.R.; Schneider, E.D.; Dixon, B.M.; Weaver, L.K. Higher serum
25-hydroxyvitamin d concentrations associate with a faster recovery of skeletal muscle strength after muscular injury. Nutrients
2013, 5, 1253-1275. [CrossRef]

Houston, D.K.; Cesari, M.; Ferrucci, L.; Cherubini, A.; Maggio, D.; Bartali, B.; Johnson, M.A.; Schwartz, G.G.; Kritchevsky, S.B.
Association between vitamin d status and physical performance: The inchianti study. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2007,
62, 440-446. [CrossRef]

Gerdhem, P; Ringsberg, K.A.; Obrant, K.J.; Akesson, K. Association between 25-hydroxy vitamin d levels, physical activity,
muscle strength and fractures in the prospective population-based opra study of elderly women. Osteoporos. Int. 2005, 16,
1425-1431. [CrossRef]

Tomlinson, P.B.; Joseph, C.; Angioi, M. Effects of vitamin d supplementation on upper and lower body muscle strength levels in
healthy individuals. A systematic review with meta-analysis. J. Sci. Med. Sport 2015, 18, 575-580. [CrossRef]

Beaudart, C.; Buckinx, F.; Rabenda, V.; Gillain, S.; Cavalier, E.; Slomian, J.; Petermans, J.; Reginster, J.Y.; Bruyere, O. The effects of
vitamin d on skeletal muscle strength, muscle mass, and muscle power: A systematic review and meta-analysis of randomized
controlled trials. J. Clin. Endocrinol. Metab. 2014, 99, 4336-4345. [CrossRef]

Pfeifer, M.; Begerow, B.; Minne, H.W.; Suppan, K.; Fahrleitner-Pammer, A.; Dobnig, H. Effects of a long-term vitamin d and
calcium supplementation on falls and parameters of muscle function in community-dwelling older individuals. Osteoporos. Int.
2009, 20, 315-322. [CrossRef]

Sterne, ].A.; Savovi¢, J.; Page, ML].; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H-Y,; Corbett, M.S.; Eldridge, S.M.; et al.
Rob 2: A revised tool for assessing risk of bias in randomised trials. BMJ 2019, 366, 14898. [CrossRef]

Nikolakopoulou, A.; Higgins, J.P.; Papakonstantinou, T.; Chaimani, A.; Del Giovane, C.; Egger, M.; Salanti, G. Cinema: An
approach for assessing confidence in the results of a network meta-analysis. PLoS Med. 2020, 17, e1003082. [CrossRef]

Bauer, ].M.; Mikusov4, L.; Verlaan, S.; Bautmans, I; Brandt, K.; Donini, L.M.; Maggio, M.; Mets, T.; Wijers, S.L.].; Garthoff, ] A.; et al.
Safety and tolerability of 6-month supplementation with a vitamin d, calcium and leucine-enriched whey protein medical
nutrition drink in sarcopenic older adults. Aging Clin. Exp. Res. 2020, 32, 1501-1514. [CrossRef] [PubMed]

Bauer, ].M.; Verlaan, S.; Bautmans, I.; Brandt, K.; Donini, L.M.; Maggio, M.; McMurdo, M.E.; Mets, T.; Seal, C.; Wijers, S.L.; et al.
Effects of a vitamin d and leucine-enriched whey protein nutritional supplement on measures of sarcopenia in older adults,
the provide study: A randomized, double-blind, placebo-controlled trial. J. Am. Med. Dir. Assoc. 2015, 16, 740-747. [CrossRef]
[PubMed]

Bjorkman, M.P,; Suominen, M.H.; Kautiainen, H.; Jyvékorpi, S.K.; Finne-Soveri, H.U.; Strandberg, T.E.; Pitkald, K.H.; Tilvis, R.S.
Effect of protein supplementation on physical performance in older people with sarcopenia—A randomized controlled trial. |.
Am. Med. Dir. Assoc. 2020, 21, 226-232.e1. [CrossRef] [PubMed]

Bo, Y.C,; Liu, C.E; Ji, Z,; Yang, RH.; An, Q.Q.; Zhang, X.Y.; You, J.; Duan, D.D.; Sun, Y.F; Zhu, Y.W.; et al. A high whey protein,
vitamin d and e supplement preserves muscle mass, strength, and quality of life in sarcopenic older adults: A double-blind
randomized controlled trial. Clin. Nutr. 2019, 38, 159-164. [CrossRef]

Chang, K.-V,; Wu, W.-T.; Huang, K.-C.; Han, D.-S. Effectiveness of early versus delayed exercise and nutritional intervention on
segmental body composition of sarcopenic elders—A randomized controlled trial. Clin. Nutr. 2020, 40, 1052-1059. [CrossRef]
Cramer, J.T.; Cruz-Jentoft, A.J.; Landi, F; Hickson, M.; Zamboni, M.; Pereira, S.L.; Hustead, D.S.; Mustad, V.A. Impacts of
high-protein oral nutritional supplements among malnourished men and women with sarcopenia: A multicenter, randomized,
double-blinded, controlled trial. J. Am. Med. Dir. Assoc. 2016, 17, 1044-1055. [CrossRef]

Hill, T.R.; Verlaan, S.; Biesheuvel, E.; Eastell, R.; Bauer, ]. M.; Bautmans, I.; Brandt, K.; Donini, L.M.; Maggio, M.; Mets, T; et al. A
vitamin d, calcium and leucine-enriched whey protein nutritional supplement improves measures of bone health in sarcopenic
non-malnourished older adults: The provide study. Calcif. Tissue Int. 2019, 105, 383-391. [CrossRef]


http://doi.org/10.1152/physrev.00061.2017
http://doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
http://doi.org/10.1016/j.jamda.2013.11.025
http://www.ncbi.nlm.nih.gov/pubmed/24461239
http://doi.org/10.1093/ageing/afy169
http://doi.org/10.1016/j.beem.2011.05.002
http://doi.org/10.1210/en.2013-1205
http://doi.org/10.3390/nu5041253
http://doi.org/10.1093/gerona/62.4.440
http://doi.org/10.1007/s00198-005-1860-1
http://doi.org/10.1016/j.jsams.2014.07.022
http://doi.org/10.1210/jc.2014-1742
http://doi.org/10.1007/s00198-008-0662-7
http://doi.org/10.1136/bmj.l4898
http://doi.org/10.1371/journal.pmed.1003082
http://doi.org/10.1007/s40520-020-01519-x
http://www.ncbi.nlm.nih.gov/pubmed/32162241
http://doi.org/10.1016/j.jamda.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26170041
http://doi.org/10.1016/j.jamda.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31734121
http://doi.org/10.1016/j.clnu.2017.12.020
http://doi.org/10.1016/j.clnu.2020.06.037
http://doi.org/10.1016/j.jamda.2016.08.009
http://doi.org/10.1007/s00223-019-00581-6

Nutrients 2021, 13, 3589 14 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.
36.
37.
38.

39.

Kemmler, W.; Kohl, M.; Frohlich, M.; Jakob, F.; Engelke, K.; von Stengel, S.; Schoene, D. Effects of high-intensity resistance training
on osteopenia and sarcopenia parameters in older men with osteosarcopenia-one-year results of the randomized controlled
franconian osteopenia and sarcopenia trial (frost). J. Bone Miner. Res. 2020, 35, 1634-1644. [CrossRef]

Kemmler, W.; Kohl, M.; Jakob, E; Engelke, K.; von Stengel, S. Effects of high intensity dynamic resistance exercise and whey
protein supplements on osteosarcopenia in older men with low bone and muscle mass. Final results of the randomized controlled
frost study. Nutrients 2020, 12, 2341. [CrossRef]

Kemmler, W.; Weineck, M.; Kohl, M.; von Stengel, S.; Giessing, J.; Frohlich, M.; Schoene, D. High intensity resistance exercise
training to improve body composition and strength in older men with osteosarcopenia. Results of the randomized controlled
franconian osteopenia and sarcopenia trial (frost). Front. Sports Act. Living 2020, 2, 4. [CrossRef] [PubMed]

Kim, H.; Kim, M.; Kojima, N.; Fujino, K.; Hosoi, E.; Kobayashi, H.; Somekawa, S.; Niki, Y.; Yamashiro, Y.; Yoshida, H. Exercise and
nutritional supplementation on community-dwelling elderly Japanese women with sarcopenic obesity: A randomized controlled
trial. J. Am. Med. Dir. Assoc. 2016, 17, 1011-1019. [CrossRef] [PubMed]

Liberman, K.; Njemini, R.; Luiking, Y.; Forti, L.N.; Verlaan, S.; Bauer, ] M.; Memelink, R.; Brandt, K.; Donini, L.M.; Maggio, M.; et al.
Thirteen weeks of supplementation of vitamin d and leucine-enriched whey protein nutritional supplement attenuates chronic
low-grade inflammation in sarcopenic older adults: The provide study. Aging Clin. Exp. Res. 2019, 31, 845-854. [CrossRef]
[PubMed]

Lichtenberg, T.; von Stengel, S.; Sieber, C.; Kemmler, W. The favorable effects of a high-intensity resistance training on sarcopenia
in older community-dwelling men with osteosarcopenia: The randomized controlled frost study. Clin. Interv. Aging 2019, 14,
2173-2186. [CrossRef] [PubMed]

Rondanelli, M.; Klersy, C.; Terracol, G.; Talluri, J.; Maugeri, R.; Guido, D.; Faliva, M.A; Solerte, B.S.; Fioravanti, M.; Lukaski, H.; et al. Whey
protein, amino acids, and vitamin d supplementation with physical activity increases fat-free mass and strength, functionality,
and quality of life and decreases inflammation in sarcopenic elderly. Am. J. Clin. Nutr. 2016, 103, 830-840. [CrossRef] [PubMed]
Takeuchi, I.; Yoshimura, Y.; Shimazu, S.; Jeong, S.; Yamaga, M.; Koga, H. Effects of branched-chain amino acids and vitamin d
supplementation on physical function, muscle mass and strength, and nutritional status in sarcopenic older adults undergoing
hospital-based rehabilitation: A multicenter randomized controlled trial. Geriatr. Gerontol. Int. 2019, 19, 12-17. [CrossRef]
Verlaan, S.; Maier, A.B.; Bauer, ].M.; Bautmans, I.; Brandt, K.; Donini, L.M.; Maggio, M.; McMurdo, M.E.T.; Mets, T.; Seal, C.; et al.
Sufficient levels of 25-hydroxyvitamin d and protein intake required to increase muscle mass in sarcopenic older adults—The
provide study. Clin. Nutr. 2018, 37, 551-557. [CrossRef]

Dzik, K.P,; Kaczor, J.J. Mechanisms of vitamin d on skeletal muscle function: Oxidative stress, energy metabolism and anabolic
state. Eur. J. Appl. Physiol. 2019, 119, 825-839. [CrossRef]

Ceglia, L.; Harris, S.S. Vitamin d and its role in skeletal muscle. Calcif. Tissue Int. 2013, 92, 151-162. [CrossRef]

Koundourakis, N.E.; Avgoustinaki, P.D.; Malliaraki, N.; Margioris, A.N. Muscular effects of vitamin d in young athletes and
non-athletes and in the elderly. Hormones 2016, 15, 471-488. [CrossRef]

Uusi-Rasi, K.; Patil, R.; Karinkanta, S.; Kannus, P,; Tokola, K.; Lamberg-Allardt, C.; Sievanen, H. Exercise and vitamin d in fall
prevention among older women: A randomized clinical trial. JAMA Intern. Med. 2015, 175, 703-711. [CrossRef] [PubMed]
Holick, MLF. Vitamin d deficiency. N. Engl. ]. Med. 2007, 357, 266-281. [CrossRef] [PubMed]

Prentice, A. Vitamin d deficiency: A global perspective. Nutr. Rev. 2008, 66, S153-5164. [CrossRef] [PubMed]

Kennel, K.A.; Drake, M.T.; Hurley, D.L. Vitamin d deficiency in adults: When to test and how to treat. Mayo Clin. Proc. 2010, 85,
752-758. [CrossRef] [PubMed]

Onambele-Pearson, G.L.; Breen, L.; Stewart, C.E. Influence of exercise intensity in older persons with unchanged habitual
nutritional intake: Skeletal muscle and endocrine adaptations. Age 2010, 32, 139-153. [CrossRef] [PubMed]

Hsu, K.-J; Liao, C.-D.; Tsai, M.-W.; Chen, C.-N. Effects of exercise and nutritional intervention on body composition, metabolic
health, and physical performance in adults with sarcopenic obesity: A meta-analysis. Nutrients 2019, 11, 2163. [CrossRef]


http://doi.org/10.1002/jbmr.4027
http://doi.org/10.3390/nu12082341
http://doi.org/10.3389/fspor.2020.00004
http://www.ncbi.nlm.nih.gov/pubmed/33344999
http://doi.org/10.1016/j.jamda.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27544583
http://doi.org/10.1007/s40520-019-01208-4
http://www.ncbi.nlm.nih.gov/pubmed/31049877
http://doi.org/10.2147/CIA.S225618
http://www.ncbi.nlm.nih.gov/pubmed/31908428
http://doi.org/10.3945/ajcn.115.113357
http://www.ncbi.nlm.nih.gov/pubmed/26864356
http://doi.org/10.1111/ggi.13547
http://doi.org/10.1016/j.clnu.2017.01.005
http://doi.org/10.1007/s00421-019-04104-x
http://doi.org/10.1007/s00223-012-9645-y
http://doi.org/10.14310/horm.2002.1705
http://doi.org/10.1001/jamainternmed.2015.0225
http://www.ncbi.nlm.nih.gov/pubmed/25799402
http://doi.org/10.1056/NEJMra070553
http://www.ncbi.nlm.nih.gov/pubmed/17634462
http://doi.org/10.1111/j.1753-4887.2008.00100.x
http://www.ncbi.nlm.nih.gov/pubmed/18844843
http://doi.org/10.4065/mcp.2010.0138
http://www.ncbi.nlm.nih.gov/pubmed/20675513
http://doi.org/10.1007/s11357-010-9141-0
http://www.ncbi.nlm.nih.gov/pubmed/20407838
http://doi.org/10.3390/nu11092163

	Introduction 
	Methods 
	Data Sources and Evidence Selection 
	Data Extraction 
	Quality Evaluation 
	Data Synthesis and Analysis 

	Results 
	Characteristics and Quality of Included Studies 
	Functional Outcomes 
	Body Compositional Outcomes 

	Discussion 
	Key Findings 
	Limitations 

	Conclusions 
	References

