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Background: Although recent studies comparing various dosages and intervals of vitamin D supplementation have been published, 
it is yet to be elucidated whether there is an appropriate dose or interval to provide benefit regarding fracture risk. We aimed to assess 
the published evidence available to date regarding the putative beneficial effects of vitamin D supplements on fractures and falls ac-
cording to various dosages and intervals. 
Methods: We performed a meta-analysis of randomized controlled studies reporting associations between vitamin D supplementa-
tion and the risks of fractures and falls in PubMed, EMBASE, and Cochrane library. Studies with supplements of ergocalciferol or 
calcitriol, those with a number of event ≤10, or those with a follow-up duration of less than 6 months were also excluded. 
Results: Thirty-two studies were included in the final analysis. Vitamin D supplementation with daily dose of 800 to 1,000 mg was 
associated with lower risks of osteoporotic fracture and fall (pooled relative risk [RR], 0.87; 95% confidence interval [CI], 0.78 to 
0.97 and RR, 0.91; 95% CI, 0.85 to 0.98), while studies with <800 or >1,000 mg/day did not. Also, among intervals, daily adminis-
tration of vitamin D was associated with the reduced risk of falls, while intermittent dose was not. Also, patients with vitamin D defi-
ciency showed a significant risk reduction of falls after vitamin D supplementation. 
Conclusion: Daily vitamin D dose of 800 to 1,000 IU was the most probable way to reduce the fracture and fall risk. Further studies 
designed with various regimens and targeted vitamin D levels are required to elucidate the benefits of vitamin D supplements.
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INTRODUCTION

Vitamin D has been known to be vital to musculoskeletal health 

since it promotes mineralization of osteoid tissue and supports 
calcium homeostasis and muscle function [1-3]. In previous 
studies, vitamin D deficiency was associated with low bone 
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mineral density and increased fracture risk in longitudinal stud-
ies [4,5]. Vitamin D deficiency was also associated with de-
creased muscle mass and strength, supporting the potential ben-
efits of vitamin D supplementation [2,4]. However, the optimal 
ways to administer vitamin D supplementation to prevent frac-
tures have been debated until recently [6,7]. 

Contrary to expectations, the effect of vitamin D supplemen-
tation on fracture or fall risk was inconsistent or neutral, espe-
cially in the community-dwelling population [6]. In current 
guidelines, 800 IU/day of vitamin D with calcium supplementa-
tion has been recommended in older adults with vitamin D defi-
ciency or those who are institutionalized [8,9]. Nonetheless, in a 
recent meta-analysis, treatment with vitamin D did not affect 
the incidence of fractures or falls among asymptomatic, com-
munity-dwelling populations with low vitamin D levels [6]. 
However, given that physicians have various options for vita-
min D supplements in various doses, intervals, and oral/inject-
able forms, it is yet to be elucidated whether there is an appro-
priate dose or interval to benefit fracture risk. Subsequently, in a 
recent year, studies with various dosages and intervals have 
been published to address this question [7,10]. Since the dosage 
and interval of vitamin D supplementation are essential in as-
sessing the effects on musculoskeletal outcomes, updated guid-
ance on the optimal doses and dosing schedules for preventing 
fractures and falls is needed.

Therefore, the meta-analysis aimed to assess the published 
evidence available to date regarding the putative beneficial ef-
fects of vitamin D supplements on fractures and falls according 
to various dosages and intervals.

METHODS

Search strategy and study protocol
We searched PubMed, Embase, and Cochrane Library databas-
es using keywords related to vitamin D supplementation with 
cholecalciferol, fractures, falls, and a randomized controlled 
study published until March 30, 2021. Peer Review of Electron-
ic Search Strategies to design a structural search strategy were 
done (Supplemental Methods) [11]. Also, a manual search was 
conducted using study identifiers or references from previous 
studies. The systematic review was performed according to the 
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [12] and meta-analyses of ob-
servational studies in epidemiology [13]. The PRISMA check-
list is available from Supplemental Table S1 [14], and the proto-
col for this systematic review was registered in the International 

Prospective Register of Systematic Reviews (PROSPERO ID 
246065).

Study selection and data extraction
The studies were selected using the PRISMA flow diagram [12]. 
After removing duplicates, the titles and abstracts were screened 
to identify eligible studies for full-text review. Studies with ≤10 
patients with fractures or falls were excluded because the calcu-
lations of mean and standard deviations (SDs) were considered 
unreliable in these studies. Studies comparing vitamin D supple-
ments with placebo or vitamin D supplements of dose <400 IU/
day were selected. The authors were contacted to provide orga-
nized results when data were not presented according to fracture 
or fall status. Studies using ergocalciferol or calcitriol or those 
with a follow-up duration of less than 6 months were also ex-
cluded. We collected article information from each study, in-
cluding the authors’ details, study design, location, intervention, 
follow-up period, and study outcome. In addition, patient char-
acteristics were collected, including sex, age, and study settings 
(community-based or institutionalized). In the subgroup analy-
sis, studies were categorized according to a daily vitamin D 
dose of <800, 800 to 1,000, and >1,000 IU/day. In addition, ac-
cording to the administration intervals, studies were categorized 
into daily and intermittent administration.

Statistical considerations and assessment of bias
Forest plots with a random-effects model were used to explore 
the baseline characteristics and impact of each variable on the 
critical outcome. I2 statistics were used to assess the heteroge-
neity [15]. The pooled relative risks (RRs) were calculated for 
fractures or falls. The 95% confidence intervals (CIs) were cal-
culated for each pooled value and are presented in square brack-
ets throughout the manuscript. 

The process of study screening, data extraction, and assess-
ment of quality and risk of bias were performed by two inde-
pendent reviewers (S.H.K. and H.N.J.). Quality assessment was 
performed using the Cochrane Collaboration tool for assessing 
risk of bias. This scale contains several items (two items on se-
lection bias, performance bias, detection bias, attrition bias, re-
porting bias, and other biases). Each item was judged as ‘low 
risk,’ high risk,’ or ‘unclear risk’ of bias. Inconsistent ratings be-
tween the two investigators were reached through discussion 
[16]. Egger’s regression tests were performed to assess publica-
tion bias [17]. 

Analyses were performed for the outcomes of all osteoporotic 
fractures, hip fractures, and falls in the overall population and in 
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subgroups according to the dose and interval. The effects of vi-
tamin D supplementation on the outcomes were assessed sepa-
rately according to the dose and interval categories: <800, 800 
to 1,000, >1,000 IU/day for dose, and daily, intermittent admin-
istration for an interval. Sensitivity analyses were performed 
among studies without any restrictions in patient selection to re-
duce the heterogeneity of the results. All statistical analyses 
were performed using Stata version 16 (Stata statistical soft-
ware: Release 16, StataCorp., College Station, TX, USA). 

RESULTS

Study characteristics
The initial search yielded 3,861 studies, which were narrowed 
down to 2,254 studies after duplicate removal. After screening, 
1,970 studies were removed, and 284 articles were assessed us-
ing a full-text review. After removing 251 non-relevant studies, 
our systematic review included 32 studies (Fig. 1). The com-
plete list and characteristics of the included studies are listed in 
Table 1 [7,10,18-47].

The 32 studies included 104,363 patients, with a median of 
3,162 patients per study (range, 46 to 36,282). The studies were 
conducted in Europe (n=18), North America (n=10), Austral-
asia (n=3), and Asia (n=1). Among them, 16 and 20 studies re-
ported fractures and falls as outcomes, and 10 reported hip frac-
tures. The median daily dose of cholecalciferol was 800 IU/day, 
and eight studies reported <800 IU/day, 15 studies reported 800 
to 1,000 IU/day, and nine studies reported >1,000 IU/day. Re-
garding the interval, 26 studies reported daily administration, 
while six reported intermittent cholecalciferol administration. 
The median follow-up duration was 24 months (range, 9 to 
120), and the median age was 72 years (range, 53 to 85). Most 
studies included women (32 [96.9%] studies), with 75% of par-
ticipants (range, 15% to 100%) (Table 1).

Effect of vitamin D supplementation on risk of fractures 
and falls
Among the 32 studies, 16, 10, and 20 studies reported the risk 
of osteoporotic, hip fracture, and fall as outcomes. In terms of 
fractures, of 67,570 participants, 7,107 and 1,663 suffered os-

Records identified through 
database searching (n=3,848) 

(Pubmed [n=680], EMBASE [n=1,090],
Cochrane [n=2,078])

Records after duplicates removed
(n=2,254)

Records screened
(n=2,254)

Records excluded
(n=1,970)

Full-text articles excluded, with reasons 
(n=252) 
Not studied in adults (n=3) 
Improper comparison or control (n=41) 
Falls or fractures were not reported (n=100) 
Number of events were fewer than 10 (n=6) 
Not original articles (n=38) 
Not English articles (n=11) 
Grey articles (n=34) 
Follow-up duration less than 6 months 

(n=18)

Full-text articles assessed
for eligibility (n=284)

Studies included in qualitative synthesis
(n=32)

Studies included in quantitative synthesis 
(n=32 [n=16 for fracture, 
n=20 for fall outcomes])

Additional records identified 
through other sources

(n=13)

Fig. 1. Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) diagram of study selection.
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Table 1. Study Characteristics of Randomized Controlled Trials Reporting Effects of Vitamin D Treatment on Risk of Fractures and Falls

Source Location No. of 
participants Interventions

FU 
duration, 

mo

Age, 
yr

Women, 
%

Outcomes 
reported

No. of 
events

Appel et al. (2021) [7] US 688 1,000, 2,000, or 4,000 IU of vitamin D3 per 
day for dose-finding stage

1,000 IU/day for confirmatory stage

24 77.2 43.6 Fall 365

Bischoff-Ferrari et al. 
(2020) [25]

Switzerland 2,157 2×2×2 factorial design
2,000 IU/day of vitamin D3 and calcium 

supplement 500 mg/day, 1 g/day of  
omega-3s, and a strength-training exercise 
program; vitamin D3 and omega-3s;  
vitamin D3 and exercise; vitamin D3 
alone; omega-3s and exercise; omega-3s 
alone; exercise alone; or placebo

36 74.9 61.7 Fracture 256

LeBoff et al. (2020) [10] US 25,871 2×2 factorial design
2,000 IU/day of vitamin D3 and calcium 

supplements and/or omega-3s 1 g/day or 
respective placebos

63.6 67.1 51 Fall 2,329

Khaw et al. (2017) [26] New 
Zealand

5,110 Initial oral dose of 200,000 IU vitamin D3 
followed by monthly 100,000 IU vitamin 
D3 or equivalent placebo 

41 65.9 42 Fracture
Fall

2,638

Levis et al. (2017) [27] US 130 4,000 IU per day of vitamin D3 or placebo 9 72.4 0 Fall 19

Hin et al. (2017) [28] UK 305 4,000, 2,000 IU per day of vitamin D3 or 
placebo

12 71 49 Fall 48

Imaoka et al. (2016) [29] Japan 91 900 IU/day of vitamin D or placebo 9 82 75.8 Fall 15

Cangussu et al. (2016) [30] Brazil 160 1,000 IU/day of vitamin D3 or placebo 12 59 100 Fall 56

Baron et al. (2015) [23] US 2,259 Partial 2×2 factorial design
1,000 IU per day of vitamin D3, 1,200 mg/

day of calcium carbonate, both, or neither 

60 58 15 Fracture 119

Uusi-Rasi et al. (2015) [31] Finland 409 Placebo without exercise, vitamin D3 (800 
IU/day) without exercise, placebo and  
exercise, and vitamin D3 (800 IU/day) 
and exercise

24 74 100 Fall 26

Hansen et al. (2015) [32] US 230 Daily white and twice monthly yellow  
placebo, daily 800 IU vitamin D3 and 
twice monthly yellow placebo, and daily 
white placebo and twice monthly 50,000 
IU vitamin D3 (n=79)

12 61 100 Fall 45

Wood et al. (2014) [33] UK 305 400 or 1,000 IU per daily of vitamin D3 or 
placebo

12 63.8 100 Fall 58

Prentice et al. (2013) [34] US 36,282 1,000 mg elemental calcium carbonate plus 
400 IU of vitamin D3 daily or placebo

86 65 100 Fracture 4,260

Witham et al. (2013) [35] UK 159 100,000 IU of oral cholecalciferol every  
3 months or placebo 

12 77 50 Fall 82

Glendenning et al. (2012) 
[36]

Australia 686 150,000 IU every 3 months of oral  
cholecalciferol or placebo

9 76 100 Fall 191

Salovaara et al. (2010) [24] Finland 3,195 800 IU of cholecalciferol and 1,000 mg of 
calcium carbonate or control without  
placebo

36 67 100 Fracture 172

Sanders et al. (2010) [19] Australia 137 500,000 IU of oral cholecalciferol annually 
or placebo

60 76 100 Fracture
Fall

306
1,606

(Continued to the next page)
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Table 1. Continued

Source Location No. of 
participants Interventions

FU 
duration, 

mo

Age, 
yr

Women, 
%

Outcomes 
reported

No. of 
events

Karkkainen et al. (2010) 
[37]

Finland 3,139 800 IU of cholecalciferol and 1,000 mg of 
calcium carbonate or control without  
placebo

36 67 100 Fall 1,645

Pfeifer et al. (2009) [38] Germany 242 1,000 mg of calcium or 1,000 mg of  
calcium plus 800 IU of vitamin D3 per 
day

12 77 100 Fall 124

Bischoff-Ferrari et al. 
(2006) [39]

US 445 700 IU of vitamin D3 plus 500 mg of  
calcium citrate per day or placebo

36 71 55 Fall 170

Porthouse et al. (2005) [40] UK 3,314 Daily oral supplementation using 1,000 mg 
calcium with 800 IU cholecaliferol or 
control without placebo

25 77 100 Fracture 103

Grant et al. (2005) [41] UK 5,292 800 IU daily oral vitamin D3, 1,000 mg  
calcium, oral vitamin D3 plus calcium 
(1,000 mg per day), or placebo

24 77 100 Fracture
Fall

408
415

Larsen et al. (2005) [42] Denmark 9,605 1,000 mg of calcium carbonate and 400 IU 
of vitamin D3 daily or control

42 74 60.1 Fall 913

Trivedi et al. (2003) [22] UK 2,686 100,000 IU oral vitamin D3 or matching 
placebo every 4 months

60 74 24.1 Fracture
Fall

268
515

Chapuy et al. (2002) [21] France 583 800 IU of vitamin D3 plus 1,200 mg  
calcium carbonate or placebo 

24 85 100 Fracture
Fall

105

Meyer et al. (2002) [43] Norway 1,144 Ordinary cod liver oil (400 IU of vitamin 
D3) or cod liver oil where vitamin D was 
removed

24 85 75 Fracture 145

Pfeifer et al. (2000) [18] Germany 148 1,200 mg of calcium carbonate or 1,200 mg 
of elemental calcium and 800 IU of  
vitamin D3

12 74 100 Fracture
Fall

9
35

Peacock et al. (2000) [44] US 438 750 mg calcium citrate plus 600 IU of  
vitamin D3 or placebo 

48 75 71.7 Fracture 56

Komulainen et al. (1998) 
[45]

Finland 464 300 IU/day of vitamin D3 or placebo 120 53 100 Fracture 27

Dawson-Hughes et al. 
(1997) [46]

US 389 500 mg of calcium plus 700 IU of vitamin 
D3 per day or placebo

36 71 54.7 Fracture 37

Lips et al. (1996) [47] Belgium 2,578 Vitamin D3, 400 IU in one tablet daily, or 
placebo

42 80 74.3 Fracture 267

Chapuy et al. (1994) [20] France 3,270 1–2 g calcium daily in the form of  
tricalcium phosphate, together with 800 
IU cholecalciferol or placebo

18 72 100 Fracture 563

IU, international unit.

teoporotic and hip fractures, respectively. A meta-analysis of 16 
studies revealed that vitamin D supplementation was not associ-
ated with a risk of osteoporotic fracture (pooled RR, 0.95; 95% 
CI, 0.86 to 1.04; I2=56.7%) (Fig. 2A). Although some studies 
published in the late 1990s reported preventive effects of vita-
min D supplementation on the risk of fractures, most studies re-
ported neutral effects, which were statistically insignificant 

overall. In a subgroup analysis, 10 studies reported hip fracture 
as an outcome. The pooled RR was 0.95 (95% CI, 0.81 to 1.10; 
I2=50.6%) (Fig. 2B). In terms of falls, 11,396 patients experi-
enced falls during the follow-up. A meta-analysis of 21 studies 
showed that vitamin D supplementation was associated with a 
reduced risk of falls (pooled RR, 0.91; 95% CI, 0.85 to 0.98; 
I2=70.9%) (Fig. 2C). However, there was substantial evidence 
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Fig. 2. Impacts of vitamin D supplements on the risks of (A) any osteoporotic, (B) hip fracture, and (C) fall. CI, confidence interval.
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Fig. 3. Impacts of vitamin D supplements on the risks of (A) any osteoporotic, (B) hip fracture, and (C) fall according to daily dosages. CI, 
confidence interval.

Overall, DL (I 2=56.7%, P=0.003)
Heterogeneity between groups: P=0.065

Subgroup, DL (I 2=44.1%, P=0.181)
K. M. Sanders et al. (2010)
H. A. Bischoff-Ferrari et al. (2020)

Subgroup, DL (I 2=23.5%, P=0.242)
A. M. Grant et al. (2005)
M. C. Chapuy et al. (2002)
Baron JA et al. (2015)
K. Salovaara et al. (2010)
D. P. Trivedi et al. (2003)
M. C. Chapuy et al. (1994)
J. Porthouse et al. (2005)
Pfiefer M et al. (2000)

Subgroup, DL (I 2=61.7%, P=0.023)
M. Peacock et al. (2000)
P. Lips et al. (1996)
R. L. Prentice et al. (2013)
H. E. Meyer et al. (2002)
M. H. Komulainen et al. (1998)
B. Dawson-Hughes et al. (1997)

Study (year)

0.95 (0.86, 1.04)

1.14 (0.93, 1.40)
1.26 (1.02, 1.56)
1.02 (0.81, 1.28)

0.87 (0.78, 0.97)
1.07 (0.90, 1.28)
0.99 (0.68, 1.43)
0.86 (0.60, 1.22)
0.84 (0.63, 1.13)
0.80 (0.63, 1.00)
0.79 (0.69, 0.92)
0.74 (0.50, 1.11)
0.50 (0.13, 1.92)

0.97 (0.80, 1.18)
1.49 (0.93, 2.39)
1.19 (0.95, 1.50)
0.97 (0.92, 1.03)
0.90 (0.66, 1.22)
0.59 (0.28, 1.23)
0.46 (0.23, 0.90)

(95% CI)
Risk ratio

100.00

16.56
8.62
7.94

48.97
9.76
4.59
4.89
6.17
7.98

11.10
4.00
0.48

34.47
3.17
8.01

14.23
5.86
1.48
1.73

Weight
%

.125 1 8

>1000 IU/day

800-1000 IU/day

<800 IU/day

Overall, DL (I2=50.6%, P=0.033)

Heterogeneity between groups: P=0.218

Subgroup, DL (I2= 0.0%, P=0. )

K. T. Khaw et al. (2017)

Subgroup, DL (I2=56.5%, P=0.042)

A. M. Grant et al. (2005)

M. C. Chapuy et al. (2002)

K. Salovaara et al. (2010)

D. P. Trivedi et al. (2003)

M. C. Chapuy et al. (1994)

J. Porthouse et al. (2005)

Subgroup, DL (I2=20.1%, P=0.286)

P. Lips et al. (1996)

R. L. Prentice et al. (2013)

H. E. Meyer et al. (2002)

Study (year)

0.95 (0.81, 1.10)

1.14 (0.92, 1.43)

1.14 (0.92, 1.43)

0.84 (0.64, 1.10)

1.04 (0.86, 1.26)

0.63 (0.37, 1.09)

2.03 (0.37, 11.06)

1.10 (0.60, 2.04)
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0.98 (0.81, 1.19)
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K. E. Hansen et al. (2015)
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Fig. 4. Impacts of vitamin D supplements on the risks of (A) any osteoporotic, (B) hip fracture, and (C) fall according to intervals. CI, confi-
dence interval.
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for heterogeneity in previous analyses, mainly due to different 
magnitudes of risk and follow-up duration across studies.

Effects according to the daily dose of vitamin D 
supplementation
Subgroup analyses according to the daily dose of vitamin D 
supplementation were performed to improve the heterogeneity 
and determine the impact of dosage. The daily dose of 800 to 
1,000 IU/day of vitamin D supplement was associated with a 
decreased fracture risk with a pooled RR of 0.87 (95% CI, 0.78 
to 0.97; I2=23.5%), while vitamin D doses <800 and >1,000 
IU/day were not associated with fracture risks (<800 IU/day: 
pooled RR, 0.97, 95% CI, 0.80 to 1.18; I2=61.7%; >1,000 IU/
day: pooled RR, 1.14; 95% CI, 0.93 to 1.41; I2=44.1%) (Fig. 
3A). In a subgroup analysis of hip fractures, vitamin D doses 
<800 and 800–1,000 IU/day were not significantly associated 
with the risk of hip fracture (<800 IU/day: pooled RR, 0.98; 
95% CI, 0.81 to 1.19; I2=20.1%; 800–1,000 IU/day: pooled 
RR, 0.84; 95% CI, 0.64 to 1.10; I2=56.5%) (Fig. 3B). 

Regarding falls, both <800 and 800–1,000 IU/day of vitamin 
D supplements showed a protective effect on the risk of falls 
(pooled RR, 0.89; 95% CI, 0.80 to 1.00; I2=0% and pooled RR, 
0.81; 95% CI, 0.70 to 0.92; I2 =69.8%) (Fig. 3C). Besides, 
>1,000 IU/day of vitamin D supplements was not associated 
with the risk of falls.

Effects according to administration intervals of vitamin D 
supplementation
Subgroup analyses were performed according to the intervals of 

vitamin D supplementation to determine the impact of the gap 
between administration. Subgroups were divided into two 
groups: daily and intermittent administration. The interval of 
administration was not significantly associated with the risk of 
osteoporotic fractures (daily: pooled RR, 0.94; 95% CI, 0.85 to 
1.03; I2=49.0%; intermittent: pooled RR, 1.00; 95% CI, 0.64 to 
1.58; I2=88.2%) (Fig. 4A). Intervals were not significantly as-
sociated with the risk of hip fractures also (Fig. 4B). However, 
daily administration of vitamin D supplementation was signifi-
cantly associated with a reduced risk of falls (daily: pooled RR, 
0.85; 95% CI, 0.76 to 0.95; I2=70.9%; intermittent: pooled RR, 
1.01; 95% CI, 0.94 to 1.09; I2=52.1%) (Fig. 4C).

Effects according to calcium supplements and patient 
characteristics 
In a subgroup analysis regarding calcium supplementation, 
studies of calcium/vitamin D supplementation were associated 
with a significant risk reduction of falls, while risks of any os-
teoporotic fractures and hip fractures were not. (Fig. 5). Also, 
among studies with baseline vitamin D levels (n=23), vitamin 
D supplements were significantly related to reduced risks of 
falls in patients with vitamin D deficiency at their baseline. 

Additionally, according to calcium supplementation, a sub-
group analysis within the 800 to 1,000 IU/day group was done 
(Fig. 6). About fracture risk, studies with calcium/vitamin D 
supplementation showed significant risk reduction within 800-
1,000 IU/day (pooled RR, 0.88; 95% CI, 0.78 to 1.00). On the 
other hand, the risk of fall was significantly reduced in both 
types of studies with both vitamin D only and calcium/vitamin 

Vitamin D only, DL (I 2 = 44.7%, P=0.041)

With calcium supplements, DL (I 2 =79.3%, P=0.008)

Subgroup category

0.92 (0.83, 1.01)

1.06 (0.80, 1.41)

(95% CI)
Risk ratio

75.40

24.60

Weight
%

.125 8

Baseline vitamin D ≤20 ng/mL, DL (I 2 =53.2%, P=0.073) 1.05 (0.87, 1.27) 55.95
Baseline vitamin D >20 ng/mL, DL (I 2 =0.0%, P=0.535) 1.09 (0.96, 1.24) 44.05

Vitamin D only, DL (I 2 =44.7%, P=0.041)

With calcium supplements, DL (I 2=0.0%, P=0.955)

0.87 (0.72, 1.04)

1.16 (0.96, 1.39)

69.26

30.74

Baseline vitamin D ≤20 ng/mL, DL (I 2 =0.0%, P=0.512) 1.16 (0.93, 1.44) 34.93
Baseline vitamin D >20 ng/mL, DL (I 2 =47.1%, P=0.151) 0.99 (0.76, 1.31) 65.07

Vitamin D only, DL (I 2 =71.8%, P=0.002)

With calcium supplements, DL (I 2 =70.8%, P<0.001)

0.92 (0.83, 1.02)

0.90 (0.81, 1.00)

45.63

54.37

Baseline vitamin D ≤20 ng/mL, DL (I 2 =76.6%, P< 0.001) 0.78 (0.67, 0.89) 22.06
Baseline vitamin D >20 ng/mL, DL (I 2 =59.6%, P=0.030)

0.93 (0.85, 1.02) 77.94

Any osteoporotic fracture

Hip fracture

Fall

Fig. 5. Impacts of vitamin D supplements on the risks of any osteoporotic, hip fracture, and fall according to combined calcium supplemen-
tation and baseline vitamin D level. CI, confidence interval.
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D supplementation (vitamin D only: RR, 0.80; 95% CI, 0.65 to 
0.97; calcium/vitamin D supplementation: RR, 0.81; 95% CI, 
0.65 to 0.99). Also, in subgroup analysis according to institu-
tionalized state, there was a significant reduction in the risk of 
falls in community-dwelling patients, while study numbers were 
insufficient to determine for institutionalized patients (Fig. 7).

In meta-regression analysis, baseline vitamin D level, age, 
percentage of women among study participants, and follow-up 

duration were insignificantly correlated with risk of any osteo-
porotic fracture (Supplemental Fig. S1), hip fracture (Supple-
mental Fig. S2), and fall (Supplemental Fig. S3).

Assessment of study quality and publication bias 
Most studies at least partly met the quality standards of each 
area, while others did not. Among the 32 studies, five did not 
blind the participants and personnel, three did not adequately 

Fig. 6. Impacts of 800 to 1,000 IU/day of vitamin D supplements on the risks of (A) osteoporotic fracture and (B) fall according to combined 
calcium supplementation. CI, confidence interval.

Fig. 7. Impacts of vitamin D supplements on the risks of (A) osteoporotic fracture and (B) fall according to institutionalized and community-
dwelling populations. CI, confidence interval.
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0.64 (0.49, 0.83)

0.61 (0.31, 1.19)

0.80 (0.65, 0.97)

1.00 (0.49, 2.05)

0.97 (0.83, 1.13)

0.88 (0.57, 1.36)

0.73 (0.64, 0.85)

0.67 (0.28, 1.57)

0.51 (0.32, 0.81)

(95% CI)
Risk ratio

100.00

49.04

19.31

14.42

11.80

3.52

50.96

3.11

16.08

6.66

16.58

2.29

6.24

Weight
%

.25 1 4
NOTE: Weights and between-subgroup heterogeneity test are from random-effects model

Overall, DL (I
2
=23.5%, P=0.242)

Heterogeneity between groups: P=0.445

Subgroup, DL (I 2=29.5%, P=0.203)

A. M. Grant et al. (2005)

M. C. Chapuy et al. (2002)

Baron JA et al. (2015)

K. Salovaara et al. (2010)

M. C. Chapuy et al. (1994)

J. Porthouse et al. (2005)

Pfiefer M et al. (2000)

Calcium with vitamin D

Subgroup, DL (I
2
=100.0%, P= .)

D. P. Trivedi et al. (2003)

Vitamin D only

Study (year)

0.87 (0.78, 0.97)

0.88 (0.78, 1.00)

1.07 (0.90, 1.28)

0.99 (0.68, 1.43)

0.86 (0.60, 1.22)

0.84 (0.63, 1.13)

0.79 (0.69, 0.92)

0.74 (0.50, 1.11)

0.50 (0.13, 1.92)

0.80 (0.63, 1.00)

0.80 (0.63, 1.00)

(95% CI)
Risk ratio

100.00

83.98

22.18

7.52

8.15

11.05

28.08

6.35

0.64

16.02

16.02

Weight
%

.125 1 8
NOTE: Weights and between-subgroup heterogeneity test are from random-effects model

Overall, DL (I2=72.2%, P=0.000)
Heterogeneity between groups: P=0.477

Subgroup, DL (I2=73.4%, P=0.000)
D. P. Trivedi et al. (2003)
E. R. Larsen et al. (2005)
M. S. LeBoff et al. (2020)
K. M. Sanders et al. (2010)
P. Glendenning et al. (2012)
K. Uusi-Rasi et al. (2015)
K. T. Khaw et al. (2017)
M. K. Karkkainen et al. (2010)
K. E. Hansen et al. (2015)
A. D. Wood et al. (2014)
H. A. Bischoff-Ferrari et al. (2006)
A. M. Grant et al. (2005)
M. D. Witham et al. (2013)
L. J. Appel et al. (2021)
Levis S et al. (2017)
M. Pfeifer et al. (2009)
Pfiefer M et al. (2000)
L. M. Cangussu et al. (2016)
Community-dwelling

Subgroup, DL (I2=100.0%, P= .)
M. Imaoka et al. (2016)
Institutionalized

Subgroup category

0.91 (0.85, 0.97)

0.91 (0.85, 0.98)
0.97 (0.83, 1.13)
0.90 (0.80, 1.02)
1.07 (0.99, 1.15)
1.08 (1.03, 1.14)
1.08 (0.85, 1.38)
1.00 (0.49, 2.05)
0.99 (0.94, 1.04)
0.98 (0.92, 1.05)
0.92 (0.56, 1.51)
0.88 (0.57, 1.36)
0.85 (0.67, 1.08)
0.84 (0.69, 1.02)
0.77 (0.57, 1.05)
0.73 (0.64, 0.85)
0.71 (0.30, 1.64)
0.64 (0.49, 0.83)
0.61 (0.31, 1.19)
0.51 (0.32, 0.81)

0.67 (0.28, 1.57)
0.67 (0.28, 1.57)

(95% CI)
Risk ratio

100.00

99.37
7.44
8.65

10.27
11.01
4.90
0.88

11.00
10.61
1.73
2.11
4.98
6.18
3.62
7.86
0.65
4.51
1.01
1.95

0.63
0.63

Weight
%

.25 1 4

Overall, DL (I 2=56.7%, P=0.003)

Heterogeneity between groups: P=0.602

Subgroup, DL (I2=55.5%, P=0.008)

M. Peacock et al. (2000)

K. M. Sanders et al. (2010)

P. Lips et al. (1996)
A. M. Grant et al. (2005)

H. A. Bischoff-Ferrari et al. (2020)

H. E. Meyer et al. (2002)

Baron JA et al. (2015)
K. Salovaara et al. (2010)

D. P. Trivedi et al. (2003)

J. Porthouse et al. (2005)

M. H. Komulainen et al. (1998)
Pfiefer M et al. (2000)

B. Dawson-Hughes et al. (1997)

Community-dwelling

Subgroup, DL (I 2=69.3%, P=0.038)

M. C. Chapuy et al. (2002)

R. L. Prentice et al. (2013)

M. C. Chapuy et al. (1994)
Institutionalized

Subgroup category

0.95 (0.86, 1.04)

0.95 (0.84, 1.09)

1.49 (0.93, 2.39)

1.26 (1.02, 1.56)

1.19 (0.95, 1.50)
1.07 (0.90, 1.28)

1.02 (0.81, 1.28)

0.90 (0.66, 1.22)

0.86 (0.60, 1.22)
0.84 (0.63, 1.13)

0.80 (0.63, 1.00)

0.74 (0.50, 1.11)

0.59 (0.28, 1.23)
0.50 (0.13, 1.92)

0.46 (0.23, 0.90)

0.90 (0.77, 1.06)

0.99 (0.68, 1.43)

0.97 (0.92, 1.03)

0.79 (0.69, 0.92)

(95% CI)

Risk ratio

100.00

70.08

3.17

8.62

8.01
9.76

7.94

5.86

4.89
6.17

7.98

4.00

1.48
0.48

1.73

29.92

4.59

14.23

11.10

Weight

%

.125 1 8
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blind the outcome assessment, and five received funds from 
pharmaceuticals, which may cause reporting bias (Supplemental 
Fig. S4). Overall, there were concerns with quality in the four 
studies. Regarding publication bias, none of the studies showed 
significant publication bias in assessing risks of any osteoporot-
ic, hip fractures, and falls (Supplemental Fig. S5). 

 
DISCUSSION

The present meta-analysis included up-to-date randomized con-
trolled trials (RCTs) with more than 100,000 patients to summa-
rize the effect of vitamin D supplements on the risk of fractures 
and falls, according to different dosages and intervals. The anal-
ysis showed that vitamin D supplementation was associated 
with the reduced risk of fall, but not with fracture. However, vi-
tamin D dose of 800 to 1,000 IU/day was associated with a 13% 
and 19% lower risk of fractures and falls, respectively. Also, 
daily administration of vitamin D was associated with decreased 
risk of falls, while intermittent administration was not. In pa-
tients with vitamin D deficiency, vitamin D supplementation 
showed a substantially reduced risk of falls. Correlations of par-
ticipants’ age, sex, baseline vitamin D level, and follow-up du-
ration with the risk of any osteoporotic, hip, and fall were all in-
significant.

Consistent with previous meta-analyses [48], vitamin D sup-
plementation showed a significant association with the risk of 
falls. It was also in agreement with a meta-analysis by Murad et 
al. [49] that vitamin D with calcium supplementation was relat-
ed to the fall lowering effect. However, Bolland et al. [50] and 
US Preventive Services Task Force recommendation reported 
an insignificant association between vitamin D supplementation 
and fall [50-52]. The discrepancy among studies could be main-
ly due to the heterogeneity of study characteristics, such as vari-
ous ways of vitamin D administration, insufficient number of 
participants, and short follow-up duration. From our analysis, 
including only studies with sufficient follow-up duration and 
event numbers, vitamin D3 could help reduce fall events. One 
of the feasible reasons for the effect of vitamin D on fall preven-
tion is that vitamin D supplementation may help affect muscle 
strength, which could reduce body sway [18,53]. 

Regarding fracture outcome, it was also consistent with previ-
ous studies that vitamin D supplementation was not associated 
with the risk of fractures [6,48,54]. However, it has been sug-
gested that some studies with negative results may not have 
enough events or follow-up duration to observe a meaningful 
difference [18,48]. In a recent meta-analysis, only a subgroup of 

follow-up duration >12 months showed a significant protective 
effect of vitamin D supplements on fracture risk [48], implying 
that the studies with enough follow-up duration can yield sig-
nificant results. Also, there are some RCTs assessing very high 
annual doses of vitamin D that showed an increased risk of frac-
tures and falls in participants who received vitamin D [19,55]. 
Various designs and administration methods of vitamin D may 
confuse and attenuate the final result, even though we excluded 
studies with short duration and small event numbers [6,48,54]. 
In addition, fragility fractures are complex events that many 
factors contribute simultaneously, such as physical activity, bal-
ancing ability, and especially, bone density [56,57]. Therefore, 
although efforts were made to include selected studies, vitamin 
D supplementation alone may not result in a significant differ-
ence in fracture outcome.

To overcome the pitfalls of heterogeneity and find the best 
way to replace vitamin D, subgroup analyses according to dif-
ferent dosages were performed. Vitamin D supplements of 800 
to 1,000 IU/day reduced the risk of osteoporotic fractures and 
falls with low heterogeneity. These results are consistent with 
previous findings that a moderate dose of vitamin D supple-
ments may help reduce fracture and fall risk [20-22,58]. It is no-
table that many previous studies involving vitamin D supple-
ments of 800 to 1,000 IU/day are based on the institutionalized 
population [20,21]. However, only a few studies were based on 
institutionalized patients in this analysis [20,21], mainly because 
most previous studies had a short follow-up duration and a small 
number of participants, making the main population of the study 
community-dwelling. Therefore, the result implies that commu-
nity-dwelling patients may also benefit from taking vitamin D. 
Interestingly, subgroup analysis of the calculated daily dose 
>1,000 IU showed a trend of increased risk of fractures and 
falls, although it was insignificant. A recent study by Bolland et 
al. [50] showed similar results, along with other meta-analyses 
[59,60], that intermittent vitamin D supplements raised fall risks. 
Although the reasons are not clear, intermittent supplements are 
usually given in high doses that are suspected to be the cause of 
increased fractures and falls. Some studies suggested the U-
shaped association between vitamin D and risk of fractures and 
falls, which could be mediated via the vitamin D receptor in the 
central nervous system [59,60]. Also, as the half-life of 25-hy-
droxyvitamin D (25(OH)D) is approximately 15 days, monthly 
or yearly intervals are likely to cause fluctuations that may lead 
to toxic levels of 25(OH)D in the blood [19,22,60]. To summa-
rize, a moderate dose of 800 to 1,000 IU and daily administra-
tion of vitamin D can be beneficial in preventing osteoporotic 
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fractures and falls in the general population.
In addition, patients who had vitamin D deficiency at their 

baseline could benefit from vitamin D supplements, which 
showed a 22% reduction in the risk of fall in our data. The re-
sults could be partly explained by previous studies that vitamin 
D supplementation improved functional outcomes, such as low-
er limb strength and balance in elderly patients with vitamin D 
deficiency [61]. Besides, in association analysis, vitamin D lev-
el, calcium supplementation, age, the proportion of women, and 
follow-up duration were not associated with the risk of fractures 
or falls. However, it could be due to the high heterogeneity of 
included studies in the association analysis. Especially, baseline 
vitamin D levels were presented in only nine studies, which 
may mislead the result of linear association, unlike subgroup 
analysis. More studies are needed to conclude that age and ad-
ditional calcium supplementation affect the risk of fractures and 
falls during vitamin D supplementation. 

Overall, the key to the success of trials of vitamin D supple-
ments could be the study design to achieve targeted 25(OH)D 
levels in the selected population. As there is a strong correlation 
between baseline vitamin D level and bone mineral density 
[4,5], muscle mass, and function [2], the inconsistent results in 
the RCTs can be largely influenced by subject selection and vi-
tamin D concentration at the baseline. Also, 25(OH)D levels 
reached with the fixed doses can vary greatly. Further trials with 
a design targeting optimal levels with flexible dosages in a se-
lected population are required. 

This study has several strengths. As there was a need for inte-
grated updated meta-analysis due to recently published RCTs 
[7,10,25], our analysis has its strength in integrating the recent 
results until March 2021. Also, the study confirmed previous 
knowledge and revealed some novel findings. We found a sig-
nificantly decreased risk of fractures and falls with vitamin D 
supplements of 800 to 1,000 IU/day. Also, as intervals of vita-
min D supplementation were separately analyzed, the results 
from subgroup analyses may help determine the dosage and in-
tervals of vitamin D supplementation in clinical practice. The 
updated meta-analysis differs from previous meta-analyses 
[50,54] in that it excluded RCTs with short follow-up durations 
(i.e., <6 months) or those including few fracture events (i.e., 
<10 events) to minimize the risks of bias. Also, studies regard-
ing ergocalciferol were not included in the analysis to reduce 
the heterogeneity of studies.

This study also has some limitations. First, only a few studies 
selected for the review were conducted on institutionalized pa-
tients due to the limitation of follow-up duration and number of 

events. However, it may help reduce the heterogeneity of analy-
sis that studies focusing on specific clinical conditions to evalu-
ate the treatment of vitamin D deficiency to improve the disease 
or symptoms were excluded from the analysis. Most of the stud-
ies were mainly on community-dwelling populations. Second, 
residual heterogeneity was observed in some subgroup analy-
ses. The residual extent of heterogeneity may be partially ex-
plained by differences in age distribution, underlying diseases, 
or nutritional status among the studies. 

Our meta-analyses summarized the effects of vitamin D sup-
plements at different dosages and intervals on the risk of frac-
tures and falls. Among the various administration methods, only 
a daily dose of 800 to 1,000 IU may reduce the risk of osteopo-
rotic fractures and falls. We also identified that a daily interval 
of vitamin D supplementation could help reduce the risk of 
falls. Also, vitamin D deficient patients were more likely to ben-
efit from vitamin D supplementation by reducing the risk of 
falls. To summarize, consistent with previous recommendations, 
a daily vitamin D dose of 800 to 1,000 IU was the most proba-
ble way to reduce the fracture and fall risk. As it is not possible 
that one regimen suits all, further studies with various regimens 
targeting vitamin D levels are required to elucidate the benefits 
of vitamin D supplements.
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