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Abstract 

Background: Low serum 25-hydroxyvitamin D [25(OH)D] level is associated with a greater risk of frailty, but the 
effects of daily vitamin D supplementation on frailty are uncertain. This secondary analysis aimed to examine the 
effects of vitamin D supplementation on frailty using data from the Study To Understand Fall Reduction and Vitamin D 
in You (STURDY).

Methods: The STURDY trial, a two-stage Bayesian, response-adaptive, randomized controlled trial, enrolled 688 
community-dwelling adults aged ≥ 70 years with a low serum 25(OH)D level (10–29 ng/mL) and elevated fall risk. 
Participants were initially randomized to 200 IU/d (control dose; n = 339) or a higher dose (1000 IU/d, 2000 IU/d, or 
4000 IU/d; n = 349) of vitamin D3. Once the 1000 IU/d was selected as the best higher dose, other higher dose groups 
were reassigned to the 1000 IU/d group and new enrollees were randomized 1:1 to 1000 IU/d or control group. Data 
were collected at baseline, 3, 12, and 24 months. Frailty phenotype was based on number of the following conditions: 
unintentional weight loss, exhaustion, slowness, low activity, and weakness (≥ 3 conditions as frail, 1 or 2 as pre-frail, 
and 0 as robust). Cox proportional hazard models estimated the risk of developing frailty, or improving or worsen-
ing frailty status at follow-up. All models were adjusted for demographics, health conditions, and further stratified by 
baseline serum 25(OH)D level (insufficiency (20–29 ng/mL) vs. deficiency (10–19 ng/mL)).

Results: Among 687 participants (mean age 77.1 ± 5.4, 44% women) with frailty assessment at baseline, 208 (30%) 
were robust, 402 (59%) were pre-frail, and 77 (11%) were frail. Overall, there was no significant difference in risk of 
frailty outcomes comparing the pooled higher doses (PHD; ≥ 1000 IU/d) vs. 200 IU/d. When comparing each higher 
dose vs. 200 IU/d, the 2000 IU/d group had nearly double the risk of worsening frailty status (HR = 1.89, 95% CI: 
1.13–3.16), while the 4000 IU/d group had a lower risk of developing frailty (HR = 0.22, 95% CI: 0.05–0.97). There were 
no significant associations between vitamin D doses and frailty status in the analyses stratified by baseline serum 
25(OH)D level.

Conclusions: High dose vitamin D supplementation did not prevent frailty. Significant subgroup findings might be 
the results of type 1 error.

Trial registration: ClinicalTrials.gov: NCT02 166333.
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Introduction
Frailty, as a phenotype of age-associated vulnerabil-
ity, has been identified as a clinical state/syndrome of 
decreased reserve and resistance to stressors [1, 2]. This 
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compromised state is attributable to age-related declines 
across multiple physiologic systems that may be clini-
cally recognizable through five key clinical signs and 
symptoms: unintentional weight loss, muscle weakness, 
exhaustion, slow gait speed, and low physical activity [1, 
2]. Frailty is more prevalent in older age and is associated 
with adverse health outcomes including falls, disability, 
hospitalization, and mortality [3–5]. Identifying effec-
tive interventions to reduce the risk of frailty may also 
decrease the risk of these adverse health outcomes and 
help maintain functional independence.

Previous clinical trials and observational studies sug-
gest that vitamin D supplementation may improve mus-
cle strength and mobility, with effects that are stronger 
among adults aged ≥65  years or those with vitamin D 
deficiency [6–10]. A number of prospective cohort stud-
ies have demonstrated an association between low serum 
25-hydroxyvitamin D (25(OH)D) levels and incident 
frailty [11–14]; however, it is unknown that whether vita-
min D supplementation is effective at reducing risk of 
frailty in older adults [15].

In this secondary analysis of data from the STURDY 
(Study To Understand Fall Reduction and Vitamin D in 
You) clinical trial, we examined the effects of vitamin D 
supplementation on frailty status in community-dwell-
ing older adults aged 70 and older. The primary aim of 
the STURDY trial was to examine whether high-dose 
vitamin D supplementation would reduce the risk for 
falls [16]. Although the primary trial findings indicated 
that vitamin D supplementation did not prevent falls, 
the effects of vitamin D supplementation on the risk of 
frailty in the STURDY cohort have not been previously 
reported. We hypothesized that participants randomized 
to higher doses of supplemental vitamin D (≥ 1000 IU/d) 
would have a lower risk of incident frailty over 24 months 
of follow-up compared to the control dose (200 IU/d).

Methods
The STURDY trial was a two-stage, Bayesian response-
adaptive dose-finding and seamless confirmatory rand-
omized trial. The rationale and design of STURDY and 
the primary outcome results have been published [16, 
17]. Briefly, the study recruited community-dwelling 
older persons with low serum 25(OH)D and high risk 
for falls. Participants were initially randomized to daily 
doses of a single pill containing either 200  IU (con-
trol), 1000  IU, 2000  IU, or 4000  IU of vitamin D3. At 
the end of the dose-finding stage, the 1000  IU/d dose 
was selected as the best higher dose. Other higher dose 
groups (2000 IU/d and 4000 IU/d) were then switched to 
the best dose group, and new enrollees were randomized 
1:1 to 1000  IU/d or control group. The data and safety 
monitoring board (DSMB) recommended termination of 

the trial on 2/8/2019 after review of trial data indicated 
sufficient power to address the primary research ques-
tion of vitamin  D3supplementation and falls. Randomiza-
tion ended on 2/11/2019, and data collection ended on 
5/31/2019. The trial protocol was approved by the Johns 
Hopkins University institutional review board and pub-
lished in the appendix of the main results paper [16]. 
Written informed consent was obtained from all partici-
pants. All methods were performed in accordance with 
the relevant guidelines and regulations.

Participants
Community-dwelling older adults aged ≥ 70  years with 
elevated fall risk and serum 25(OH)D level of 10–29 ng/
mL were eligible to participate in the trial. Elevated fall 
risk was defined by self-report of at least one of the fol-
lowing: ≥ 1 injurious fall or ≥ 2 falls in the past year 
regardless of injury, fear of falling due to balance or 
walking problems, difficulty maintaining balance, or use 
of an assistive device when walking. Major exclusion 
criteria included cognitive impairment and use of per-
sonal vitamin D supplement > 1000  IU/day or calcium 
supplements > 1200 mg/d.

Treatment
Eligible participants were randomized to four chole-
calciferol (vitamin D3) dose groups: 200  IU/d (control), 
1000  IU/d, 2000  IU/d, or 4000  IU/d. The rationale and 
safety for these four vitamin D3 dose levels are explained 
elsewhere [16, 17]. All pills containing different doses had 
identical appearance and were manufactured by Con-
tinental Vitamin Company (Vernon, CA). Duration of 
pill-taking and follow-up was 2 years or end of the trial, 
whichever came first.

Randomization
Randomization of participants began on 10/30/2015. The 
assignment probability to the 200  IU/d group was 0.50 
throughout the trial. For higher dose non-control groups 
(1000  IU/d, 2000  IU/d, and 4000  IU/d), each group had 
equal probability of assignment (0.1667) at the start of 
the trial. During the dose-finding stage, the probabili-
ties of assignment to non-control doses were adjusted 
at pre-specified times, beginning after the  100th partici-
pant randomized to a non-control dose group achieved 
6 months of follow-up. The first adaptation of randomi-
zation probabilities occurred on 08/02/2017. The dose-
finding stage ended on 3/23/2018 and the 1000 IU/d dose 
was selected as the best non-control dose, as the lowest 
fall rates were observed in the 1000 IU/d group. After the 
dose-finding stage, other higher dose groups (2000 IU/d 
and 4000  IU/d) were switched to the best dose group 
(1000  IU/d) and new enrollees were randomized 1:1 to 
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1000  IU/d or control group. The randomization pro-
cess ended on 02/11/2019 and data collection ended 
on 05/31/2019. Study personnel and participants were 
masked to randomized dose, occurrence of adaptations, 
and the transition from dose-finding to confirmatory 
stage.

Assessments
Participants had clinic visits at baseline and 3, 12, and 
24 months after randomization. At each visit, study per-
sonnel collected physical measurements including all 
components of the frailty phenotype and assessed medi-
cal events, compliance with supplements, and occurrence 
of falls.

Frailty phenotype
Frailty phenotype was defined as having three or more of 
the following conditions: weight loss (body mass index 
(BMI) < 18.5  kg/m2 or > 5% body weight unintentionally 
lost in the past year), exhaustion (self-reported tired-
ness or weakness), slowness (slow 4-m gait speed based 
on sex- and height-adjusted criteria), low physical activ-
ity (sex-adjusted low physical activity energy expendi-
ture per week), and weakness (sex- and BMI-adjusted 
low grip strength) [18]. Participants without any criteria 
were classified as robust and those with one or two cri-
teria were classified as pre-frail. Frailty was determined 
as missing if 3 or more of the 5 components were not 
assessed.

Covariates
Age, sex, race/ethnicity, education years, and mari-
tal status were self-reported. BMI was calculated from 
measured weight and height (kg/m2). Participants were 
asked whether a physician ever told them they had any 
of the following medical conditions: heart disease, high 
cholesterol, high blood pressure, cancer, stroke, periph-
eral vascular disease, chronic obstructive pulmonary dis-
ease, diabetes, kidney disease, liver disease, connective 
tissue disease, arthritis, Parkinson’s disease, and multi-
ple sclerosis. The number of comorbidities was summa-
rized. History of falls in the past year (fall or no fall) was 
included as a covariate.

Statistical analysis
Sociodemographic characteristics, health conditions, 
fall history, and frailty status at baseline were compared 
across vitamin D dose groups. Frequency (percentage) of 
frailty status at baseline, 3, 12, and 24 months were tab-
ulated by vitamin D dose groups. The number and pro-
portion of participants with improvement, no change, or 
worsening in frailty status from baseline to each follow-
up visit were calculated by vitamin D treatment groups.

Separate Cox proportional hazard models were used 
to compare the time from randomization to: 1) incident 
frailty (from robust or pre-frail to frail), 2) improve-
ment in frailty (from frail to pre-frail or robust, or from 
pre-frail to robust), and 3) worsening of frailty (from 
robust to pre-frail or frail, or from pre-frail to frail) 
over follow-up by vitamin D groups. For the analysis 
with improving frailty status as the outcome, partici-
pants who were robust at baseline were excluded. Simi-
larly, for the analysis of developing frailty or worsening 
frailty status, participants who were frail at baseline 
were excluded. Additional exploratory analyses were 
conducted to examine the time to develop each frailty 
component using Cox proportional hazard models. For 
analyses in which a frailty component was the outcome, 
participants who were impaired in the particular frailty 
component at baseline were excluded. All multivariable 
models were adjusted for age, sex, race, BMI, comor-
bidities, baseline serum 25(OH)D level, and fall history. 
Given evidence that serum 25(OH)D level may mod-
erate the association [6], we further stratified the Cox 
proportional hazards models by baseline serum 25(OH)
D level (20–29  ng/mL defined as vitamin D insuffi-
ciency vs 10–19 ng/mL defined as vitamin D deficiency 
[19]), adjusting for other covariates.

Generalized estimating equations (GEE) models were 
used to examine the changes in odds of frailty over 
time by treatment group. Pre-frail and robust partici-
pants were collapsed to the non-frail group for the GEE 
models. Baseline frailty status was adjusted for, and an 
interaction term for time*treatment was included in the 
model. Multivariable models were adjusted for demo-
graphic and health characteristics. The GEE models 
were additionally stratified by baseline serum 25(OH)D 
level.

Consistent with the trial’s design that the confirma-
tory phase was of principal interest, the primary com-
parison was between the pooled higher doses (PHD; 
combined 1000 IU/d, 2000 IU/d, and 4000 IU/d) group 
and the 200  IU/d group; this comparison allowed use 
of data from all randomized participants regardless of 
dose assignment. Sensitivity analyses were conducted 
to compare participants randomized to 1000 IU/d ver-
sus 200 IU/d group (labeled ‘Pure’ analysis). Using data 
from the burn-in cohort of the dose-finding stage, we 
compared each higher dose group to 200  IU/d group. 
The burn-in cohort from the dose-finding phase is an 
unbiased population for comparison of each higher 
dose versus control because these participants were 
randomized prior to the first adaptation of the rand-
omization probabilities. These sensitivity analyses were 
considered exploratory analyses following the primary 
analysis.
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Two-sided tests with a significance level of 0.05 were 
used. All analyses were conducted in SAS software ver-
sion 9.4 (SAS Institute, Inc., Cary, NC).

Results
The primary STURDY population consisted of 688 par-
ticipants including 349 in the PHD group and 339 in the 
200  IU/d dose group. In the burn-in cohort, 406 par-
ticipants were randomized in each of three higher doses 
(n = 67) or the control dose (n = 205). A total of 687 par-
ticipants had complete frailty assessment at baseline. The 
sample characteristics are displayed in Table 1 and a flow 

chart of the analytic sample is presented in Supplemen-
tary Fig. 1.

At baseline, 208 (30.3%) were robust, 402 (58.5%) were 
pre-frail, and 77 (11.2%) were frail (Table 1. The percent-
age of participants with each frailty status at follow-up 
visits are shown in Fig.  1 (PHD vs. control in Fig.  1A; 
pure 1000 IU/d vs. control in Fig. 1B) and Supplementary 
Table 1.

Cox proportional hazard models showed no significant 
difference in risk of incident frailty (n = 580), improv-
ing frailty status (n = 449), or worsening frailty status 
(n = 580) comparing the PHD to the control dose (Fig. 2; 
Supplementary Table 2. However, for the analysis of the 

Table 1 Baseline characteristics by vitamin D treatment groups

a Pooled Higher Doses denotes the combined 1000, 2000, and 4000 IU/d groups
b The four vitamin D groups were compared among participants in the burn-in cohort. The burn-in cohort from the dose-finding phase is an unbiased population for 
comparison of each higher dose versus control because these participants were randomized prior to the first adaptation of the randomization probabilities
c Race was self-reported by the participant from a list of 5 categories (American Indian or Alaska Native, Asian, Black or African American, Native Hawaiian or other 
Pacific Islander, White); more than one race could be reported by a participant
d The range of serum vitamin D level eligible for STURDY (10–29 ng/mL) includes levels termed deficient (< 20 ng/mL) or insufficient (20–29 ng/mL) by the Endocrine 
Society and overlaps with levels termed deficient (< 12 ng/mL), inadequate (12-19 ng/mL), or adequate (≥ 20) by the Institute of Medicine
e Chronic conditions included cardiovascular disease, hypertension, stroke, chronic lung disease, diabetes, kidney disease, liver disease, arthritis, Parkinson’s disease, 
and multiple sclerosis
f Frailty phenotype was defined as having three or more of the following condition: weight loss, exhaustion, slowness, low physical activity, and weakness

IU/d International units per day. SD Standard deviation. BMI Body mass index

All (N = 687) Primary Analysis Population
(N = 687)

Burn-in cohort (n = 405)b

Control (200 IU/d)
(n = 339)

Pooled Higher 
Doses (PHD)a 
(n = 348)

200 IU/d
(n = 205)

1000 IU/d
(n = 66)

2000 IU/d
(n = 67)

4000 IU/d
(n = 67)

Age (years), mean ± SD 77.1 ± 5.4 77.1 ± 5.4 77.2 ± 5.4 77.7 ± 5.6 76.4 ± 4.4 77.3 ± 4.6 79.1 ± 5.9

Sex, no. (%)

 Male 388 (56.5) 198 (58.4) 190 (54.6) 88 (42.9) 28 (42.4) 29 (43.3) 27 (40.3)

 Female 299 (43.5) 141 (41.6) 158 (45.4) 117 (57.1) 38 (57.6) 38 (56.7) 40 (59.7)

Race, no. (%)c

 White 542 (79.7) 276 (82.4) 266 (77.1) 171 (83.4) 48 (72.7) 50 (75.8) 56 (83.6)

 Black 124 (18.2) 55 (16.4) 69 (20.0) 32 (15.6) 13 (19.7) 15 (22.7) 10 (14.9)

 Other 23 (3.4) 7 (2.1) 16 (4.6) 4 (2.0) 5 (7.6) 2 (3.0) 1 (1.5)

BMI (kg/m2), mean ± SD 30.5 ± 6.0 30.4 ± 6.3 30.6 ± 5.6 30.2 ± 6.3 31.5 ± 5.7 30.7 ± 6.4 30.3 ± 6.2

Serum vitamin D (ng/mL)d

 10 to 19, no. (%) 200 (29.1) 100 (29.5) 100 (28.7) 69 (33.7) 15 (22.7) 25 (37.3) 22 (32.8)

 20 to 29, no. (%) 487 (70.9) 239 (70.5) 248 (71.3) 136 (66.3) 51 (77.3) 42 (62.7) 45 (67.2)

Taking a personal vitamin D supplement
 No. (%) 255 (37.1) 124 (36.6) 131 (37.6) 76 (37.1) 26 (39.4) 26 (38.8) 21 (31.3)

 Median (IQR), IU/d 700 (600) 800 (586) 700 (600) 800 (586) 750 (500) 800 (500) 571 (400)

Fell ≥ 1 time in prior year, no. (%) 449 (65.4) 221 (65.2) 228 (65.5) 135 (65.9) 42 (63.6) 43 (64.2) 45 (67.2)

Number of chronic conditionse, 
mean ± SD

2.0 ± 1.2 1.9 ± 1.2 2.1 ± 1.2 2.0 ± 1.2 2.2 ± 1.3 2.1 ± 1.3 1.9 ± 1.2

Frailty statusf, no. (%)

 Robust 208 (30.3) 105 (31.0) 103 (29.6) 60 (29.3) 19 (28.8) 25 (37.3) 23 (34.3)

 Pre-frail 402 (58.5) 206 (60.8) 196 (56.3) 123 (60.0) 40 (60.6) 36 (53.7) 33 (49.3)

 Frail 77 (11.2) 28 (8.2) 49 (14.1) 22 (10.7) 7 (10.6) 6 (9.0) 11 (16.4)
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dose-finding stage comparing each higher dose to the 
control dose in the burn-in cohort, the 2000  IU/d dose 
group had nearly double the risk of worsening frailty 
status (hazard ratio (HR) = 1.89, 95% CI: 1.13–3.16, 
p = 0.015), while the 4000  IU/d dose had a lower risk 
of developing frailty during follow up (HR = 0.22, 95% 
CI: 0.05–0.97, p = 0.045) compared to the control dose 
(Supplementary Table 2. There were no significant asso-
ciations between vitamin D doses and frailty status when 
stratifying by baseline serum 25(OH)D level (Supplemen-
tary Table 2).

GEE models showed no significant association between 
vitamin D treatment and frailty (Supplementary Table 3) 
in the primary PHD analysis (Model A; n = 656) and pure 

1000 IU/d sensitivity analysis (Model B; n = 526). Analy-
ses stratified by baseline serum 25(OH)D level showed no 
significant time by treatment interaction in the vitamin 
D deficient (10–19 ng/mL) group or the vitamin D insuf-
ficient (20–29  ng/mL) group (Supplementary Table  3, 
Model A and B).

When examining the five frailty components indi-
vidually at baseline, 34 (5.1%) participants had weight 
loss, 77 (11.4%) had exhaustion, 184 (26.9%) had slow 
gait speed, 90 (13.1%) had low activity, and 392 (57.8%) 
had weakness. The frequency distribution of each frailty 
component by treatment group at each visit are shown 
in Supplementary Table 4. Over up to 24 months of fol-
low up, Cox proportional hazards models showed no 

Fig. 1 Percentage of participants with each frailty status at baseline and follow-up visits. A Pooled higher dose (PHD) vs. 200 IU/d. B Pure 1000 IU/d 
vs. 200 IU/d. PHD = Pooled higher doses (combined 1000 IU/d, 2000 IU/d, and 4000 IU/d). IU/d = International units per day
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significant differences in risk of developing weight loss, 
exhaustion, low activity, or weakness between the PHD 
group and the control dose (Supplementary Table  5. 
Analyses stratified by baseline serum 25(OH)D level 
showed that, among participants with vitamin D insuf-
ficiency at baseline, the PHD group and pure 1000 IU/d 
group had a greater risk of developing slow gait speed 
compared to the control group (HR = 1.58, 95% CI: 1.01–
2.47, p = 0.045; HR = 1.82, 95% CI: 1.10–3.02, p = 0.020, 
respectively). For four dose comparison in the burn-in 
cohort, participants with baseline vitamin D insufficiency 
in the 2000  IU/d group had a greater risk of slowness 
over time (HR = 2.24, 95% CI: 1.02–4.93, p = 0.045; Sup-
plementary Table 5.

Discussion
Our principal finding is that among older persons with 
low serum vitamin D level and at high risk for falling, 
high-dose vitamin D supplementation did not prevent 
frailty. This finding is consistent with the main STURDY 
findings which documented that vitamin D supplementa-
tion did not prevent falls or attenuate gait speed decline 
[16]. Although some analyses suggest that the 4000 IU/d 
dose might have beneficial effects on preventing frailty, 
this finding might be the results of a type 1 error.

To the best of our knowledge, our study is the first 
to examine the effects of high doses of vitamin D 

supplementation on frailty status using a randomized 
controlled trial approach. Previous studies were obser-
vational studies and only focused on the association 
between serum 25(OH)D levels and risk of frailty, not 
whether vitamin D supplementation can alter the risk of 
frailty over time [11, 13, 14, 20, 21]. For example, Buta 
and colleagues found that older women with < 10  ng/
mL serum 25(OH)D level in the Women’s Health and 
Aging Study II had a three-fold increased risk of devel-
oping frailty over a mean period of 8.5 years, compared 
to those with ≥ 30 ng/mL of serum vitamin D level [13]. 
Only Bolzetta and colleagues have explored the associa-
tion between low-dose daily vitamin D supplementation 
(≤ 600 IU/d) and risk of frailty over 8 years of follow up 
using observational data from the Osteoarthritis Ini-
tiative (OAI) database, with no significant associations 
found [15]. As observational studies, their findings are 
subject to residual confounding and biases.

There are several potential mechanisms that may 
underly the relationship between vitamin D and frailty. 
Muscle function may be one of the pathways linking 
vitamin D to frailty [22, 23]. A number of clinical tri-
als have found that older adults undergoing vitamin D3 
treatment, particularly with daily doses of 800 to1000IU, 
had increased lower extremity muscle strength [8, 9, 23, 
24]. Another potential pathway from vitamin D to frailty 
might be fatigue [25, 26]. Although there was insufficient 
evidence pointing to the beneficial effects of vitamin D 

Fig. 2 Hazard ratios (HRs) of developing frailty, improving frailty status, and worsening frailty status by vitamin D treatment groups in the 
confirmatory stage and dose-finding stage. The two sets of analyses comparing PHD vs. 200 IU/d and pure 1000 IU/d vs. 200 IU/d were conducted 
from the confirmatory stage. The four vitamin D treatment groups were compared among participants in the burn-in cohort from the dose-finding 
stage. This is an unbiased population for comparison of each higher dose versus control because these participants were randomized prior to the 
first adaptation of the randomization probabilities. PHD = pooled higher doses (combined 1000 IU/d, 2000 IU/d, and 4000 IU/d). IU/d = international 
units per day



Page 7 of 9Cai et al. BMC Geriatrics          (2022) 22:312  

supplementation on preventing tiredness or fatigue in 
general populations [25–27], a randomized controlled 
trial (RCT) found that vitamin D treatment significantly 
reduced the risk of fatigue in adults with vitamin D defi-
ciency [28]. However, we did not find similar significant 
associations between 1000  IU/d dose of vitamin D sup-
plementation and frailty or its individual criteria among 
those with vitamin D deficiency. It is possible that vita-
min D deficiency is a symptom of a state of physiologic 
dysregulation requiring more than supplementation 
to correct [29]. In addition, the small number of par-
ticipants with vitamin D deficiency at baseline makes it 
difficult to disentangle the association between serum 
vitamin D and frailty and its individual criteria.

Several studies have raised the concern of the poten-
tial harmful effects of high vitamin D doses. Consistent 
with the STURDY main findings, where greater fall rates 
and fall-related factures were noted in the 2000  IU/d 
dose group [16, 30], our data showed an unfavorable 
effect of 2000 IU/d dose on risk of worsening frailty sta-
tus. Some evidence suggests a U-shaped relationship 
between serum 25(OH)D level and risk of adverse health 
outcomes such as cardiovascular diseases [31–34]. A 
clinical trial reported decreased lower extremity muscle 
strength among community-dwelling postmenopausal 
women with low serum 25(OH)D level (< 50 nmol/L) tak-
ing 2800 IU/d of vitamin D3 supplementation compared 
to placebo [35]. Our study only recruited participants 
with low serum 25(OH)D level (< 30 ng/mL) at baseline. 
The main reasons for low vitamin D levels could be low 
dietary intake of vitamin D or lack of exposure to natural 
sunlight [29]. Other factors such as health conditions that 
affect absorption or metabolism of vitamin D or certain 
medication use may also contribute to this diminished 
state [29]. Further, these participants represent a group of 
older persons with low functioning and high risk for falls, 
who may likely remain at high risk of negative health out-
comes regardless of vitamin D supplementation [36, 37].

Strengths of this study include high adherence and low 
attrition rates, a target older population with low serum 
25(OH)D levels and high risk of falls, and enrollment of 
a diverse population. Our study also has several limita-
tions. First, STURDY participants were allowed to take 
up to 1000 IU/d of supplemental vitamin D. However, all 
had low serum vitamin D levels at enrollment. Second, 
the target population is older adults with high risk for 
falls and low serum vitamin D levels; thus, the study find-
ings may not be generalizable to other populations. Third, 
the control group received 200 IU/d of vitamin D rather 
than a placebo pill. Although this dose was selected to 
achieve ≥ 800  IU average total daily intake of vitamin 
D [16], it is uncertain whether 200  IU/d may influence 
frailty status compared to no supplementation. Fourth, 

fewer participants were assigned to the 2000  IU/d and 
4000  IU/d groups due to the response-adaptive design, 
which may lead to reduced power to detect effects of 
these high doses of vitamin D supplementation on frailty 
status. Lastly, the RCT was not designed to assess frailty 
as an outcome. For some analyses (e.g., Cox proportional 
hazards models), small subsets of the original cohort 
were excluded based on frailty status at baseline. Thus, 
some results of this secondary data analysis should be 
considered with potential bias. In addition, we may not 
have sufficient power to detect statistically significant dif-
ferences in HRs in sensitivity analyses and analyses with 
frailty components as the outcome. We also interpreted 
significant results with caution as these findings might be 
the results of type I error, given the small number of par-
ticipants in each group and the small number of incident 
cases over follow up in the sensitivity analyses.

Conclusions
Our study did not demonstrate a beneficial effect of vita-
min D supplementation on frailty status. Although some 
analyses showed a reduced risk of frailty in the 4000 IU/d 
group, such results might be the result of type 1 error. 
Hence, replication of our findings is warranted.

Abbreviations
25(OH)D: 25-Hydroxyvitamin D; STURDY: Study To Understand Fall Reduction 
and Vitamin D in You; IU/d: International units per day; PHD: Pooled higher 
doses; CI: Confidence interval; HR: Hazard ratio; GEE: Generalized estimating 
equations.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12877- 022- 02888-w.

Additional file 1 

Additional file 2  

Additional file 3 

Additional file 4  

Additional file 5 

Additional file 6  

Acknowledgements
We thank all the participants of STURDY for their participation in the study.

Authors’ contributions
Dr. Cai had full access to all data and take responsibility for the integrity of the 
data and accuracy of the data analyses. Study concept and design: Cai, Appel, 
Schrack, Wanigatunga. Acquisition of data: Mitchell. Analyses and interpreta-
tion of data: Cai, Schrack, Wanigatunga, Mitchell, Urbanek, Miller, Juraschek, 
Michos, Kalyani, Roth, Appel. Critical revision of the manuscript: Cai, Schrack, 
Wanigatunga, Mitchell, Urbanek, Miller, Juraschek, Michos, Kalyani, Roth, 
Appel. All authors have read and approved the manuscript.

Funding
STURDY was funded by the National Institute on Aging (U01AG047837) with 
support from the Office of Dietary Supplements, the Mid-Atlantic Nutrition 

https://doi.org/10.1186/s12877-022-02888-w
https://doi.org/10.1186/s12877-022-02888-w


Page 8 of 9Cai et al. BMC Geriatrics          (2022) 22:312 

Obesity Research Center (P30DK072488), and the Johns Hopkins Institute for 
Clinical and Translation Research (UL1TR003098). This work was also supported 
by the Johns Hopkins University Claude D. Pepper Older Americans Independ-
ence Center funded by the National Institute Aging (P30AG021334).

Availability of data and materials
The datasets generated and/or analyzed during the current study are not pub-
licly available due to ethical reasons but are available from the corresponding 
author on reasonable request.

Declarations

Ethics approval and consent to participate
The STURDY trial protocol was approved by the Johns Hopkins University 
institutional review board. Written informed consent was obtained from all 
participants. All methods were performed in accordance with the relevant 
guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
The authors do not have completing interests to declare.

Author details
1 Department of Epidemiology, Johns Hopkins Bloomberg School of Public 
Health, Baltimore, MD, USA. 2 Department of Community and Health Systems, 
University of Pittsburgh School of Nursing, Pittsburgh, PA, USA. 3 Center On 
Aging and Health, Johns Hopkins University, Baltimore, MD, USA. 4 Welch 
Center for Prevention, Epidemiology, and Clinical Research, Johns Hopkins 
University and Medical Institutions, Baltimore, MD, USA. 5 Division of Geriatric 
Medicine and Gerontology, Johns Hopkins School of Medicine, Baltimore, MD, 
USA. 6 Division of General Internal Medicine, Johns Hopkins School of Medi-
cine, Baltimore, MD, USA. 7 Division of General Medicine, Beth Israel Deaconess 
Medical Center, Harvard Medical School, Boston, MA, USA. 8 Division of Car-
diology, Johns Hopkins School of Medicine, Baltimore, MD, USA. 9 Division 
of Endocrinology, Johns Hopkins School of Medicine, Diabetes, & Metabolism, 
Baltimore, MD, USA. 

Received: 13 October 2021   Accepted: 22 February 2022

References
 1. Fried LP, Cohen AA, Xue Q-L, Walston J, Bandeen-Roche K, Varadhan R. 

The physical frailty syndrome as a transition from homeostatic symphony 
to cacophony. Nat Aging. 2021;1(1):36–46. https:// doi. org/ 10. 1038/ 
s43587- 020- 00017-z.

 2. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence 
for a phenotype. Journals Gerontol Ser A-Biological Sci Med Sci. 
2001;56A(3):M146–56. https:// doi. org/ 10. 1093/ gerona/ 56.3. M146.

 3. Bandeen-Roche K, Seplaki CL, Huang J, et al. Frailty in older adults: a 
nationally representative profile in the United States. Journals Gerontol 
- Ser A Biol Sci Med Sci. 2015;70(11):1427–34. https:// doi. org/ 10. 1093/ 
gerona/ glv133.

 4. Gregorevic KJ, Hubbard RE, Lim WK, Katz B. The clinical frailty scale pre-
dicts functional decline and mortality when used by junior medical staff: 
a prospective cohort study. BMC Geriatr. 2016;16:117. https:// doi. org/ 10. 
1186/ s12877- 016- 0292-4.

 5. Ensrud KE, Ewing SK, Taylor BC, et al. Frailty and risk of falls, fracture, and 
mortality in older women: the Study of Osteoporotic Fractures. Journals 
Gerontol Ser A. 2007;62(7):744–51. https:// doi. org/ 10. 1093/ gerona/ 62.7. 
744.

 6. Stockton KA, Mengersen K, Paratz JD, Kandiah D, Bennell KL. Effect of 
vitamin D supplementation on muscle strength: a systematic review 
and meta-analysis. Osteoporos Int. 2011;22(3):859–71. https:// doi. org/ 10. 
1007/ s00198- 010- 1407-y.

 7. Rosendahl-Riise H, Spielau U, Ranhoff AH, Gudbrandsen OA, Dierkes J. 
Vitamin D supplementation and its influence on muscle strength and 

mobility in community-dwelling older persons: a systematic review and 
meta-analysis. J Hum Nutr Diet. 2017;30(1):3–15. https:// doi. org/ 10. 1111/ 
jhn. 12394.

 8. Muir SW, Montero-Odasso M. Effect of Vitamin D Supplementation on 
Muscle Strength, Gait and Balance in Older Adults: A Systematic Review 
and Meta-Analysis. J Am Geriatr Soc. 2011;59(12):2291–300. https:// doi. 
org/ 10. 1111/j. 1532- 5415. 2011. 03733.x.

 9. Beaudart C, Buckinx F, Rabenda V, et al. 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 Endo-
crinol Metab. 2014;99(11):4336–45. https:// doi. org/ 10. 1210/ jc. 2014- 1742.

 10. Zhu K, Austin N, Devine A, Bruce D, Prince RL. A randomized controlled 
trial of the effects of vitamin D on muscle strength and mobility in older 
women with vitamin D insufficiency. J Am Geriatr Soc. 2010;58(11):2063–
8. https:// doi. org/ 10. 1111/j. 1532- 5415. 2010. 03142.x.

 11. Ensrud KE, Blackwell TL, Cauley JA, et al. Circulating 25-hydroxyvitamin D 
levels and frailty in older men: the Osteoporotic Fractures in Men study. 
J Am Geriatr Soc. 2011;59(1):101–6. https:// doi. org/ 10. 1111/j. 1532- 5415. 
2010. 03201.x.

 12. Ju SY, Lee JY, Kim DH. Low 25-hydroxyvitamin D levels and the risk of 
frailty syndrome: a systematic review and dose-response meta-analysis. 
BMC Geriatr. 2018;18(1):1–11. https:// doi. org/ 10. 1186/ s12877- 018- 0904-2.

 13. Buta B, Choudhury PP, Xue Q-L, et al. The association of vitamin D defi-
ciency and incident frailty in older women: the role of cardiometabolic 
diseases. J Am Geriatr Soc. 2017;65(3):619–24. https:// doi. org/ 10. 1111/ jgs. 
14677.

 14. Wong YYE, McCaul KA, Yeap BB, Hankey GJ, Flicker L. Low vitamin D 
status is an independent predictor of increased frailty and all-cause 
mortality in older men: the Health in Men Study. J Clin Endocrinol Metab. 
2013;98(9):3821–8. https:// doi. org/ 10. 1210/ jc. 2013- 1702.

 15. Bolzetta F, Stubbs B, Noale M, et al. Low-dose vitamin D supplementation 
and incident frailty in older people: an eight year longitudinal study. Exp 
Gerontol. 2017;2018(101):1–6. https:// doi. org/ 10. 1016/j. exger. 2017. 11. 
007.

 16. Appel LJ, Michos ED, Mitchell CM, et al. The effects of four doses 
of vitamin D supplements on falls in older adults. Ann Intern Med. 
2020;174(2):145–56. https:// doi. org/ 10. 7326/ M20- 3812.

 17. Michos ED, Mitchell CM, Miller ER III, et al. Rationale and design of the 
Study To Understand Fall Reduction and Vitamin D in You (STURDY): A 
randomized clinical trial of Vitamin D supplement doses for the preven-
tion of falls in older adults. Contemp Clin Trials. 2018;73:111–22. https:// 
doi. org/ 10. 1016/j. cct. 2018. 08. 004.

 18. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for 
a phenotype. J Gerontol A Biol Sci Med Sci. 2001;56(3):M146–56. https:// 
doi. org/ 10. 1093/ gerona/ 56.3. m146.

 19. Holick MF. Vitamin D deficiency. N Engl J Med. 2007;357(3):266–81. 
https:// doi. org/ 10. 1056/ NEJMr a0705 53.

 20. Wilhelm-Leen ER, Hall YN, DeBoer IH, Chertow GM. Vitamin D deficiency 
and frailty in older Americans. J Intern Med. 2010;268(2):171–80. https:// 
doi. org/ 10. 1111/j. 1365- 2796. 2010. 02248.x.

 21. Vaes AMM, Brouwer-Brolsma EM, Toussaint N, et al. The association 
between 25-hydroxyvitamin D concentration, physical performance and 
frailty status in older adults. Eur J Nutr. 2019;58(3):1173–81. https:// doi. 
org/ 10. 1007/ s00394- 018- 1634-0.

 22. Pfeifer M, Begerow B, Minne HW. Vitamin D and muscle function. Osteo-
poros Int. 2002;13(3):187–94. https:// doi. org/ 10. 1007/ s0019 80200 012.

 23. Rejnmark L. Effects of vitamin D on muscle function and performance: a 
review of evidence from randomized controlled trials. Ther Adv Chronic 
Dis. 2010;2(1):25–37. https:// doi. org/ 10. 1177/ 20406 22310 381934.

 24. Pfeifer M, Begerow B, Minne HW, 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(2):315–22. https:// doi. org/ 10. 1007/ 
s00198- 008- 0662-7.

 25. Gowda U, Mutowo MP, Smith BJ, Wluka AE, Renzaho AMN. Vitamin D 
supplementation to reduce depression in adults: Meta-analysis of rand-
omized controlled trials. Nutrition. 2015;31(3):421–9. https:// doi. org/ 10. 
1016/j. nut. 2014. 06. 017.

 26. Shaffer JA, Edmondson D, Wasson LT, et al. Vitamin D supplementation 
for depressive symptoms: a systematic review and meta-analysis of 

https://doi.org/10.1038/s43587-020-00017-z
https://doi.org/10.1038/s43587-020-00017-z
https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.1093/gerona/glv133
https://doi.org/10.1093/gerona/glv133
https://doi.org/10.1186/s12877-016-0292-4
https://doi.org/10.1186/s12877-016-0292-4
https://doi.org/10.1093/gerona/62.7.744
https://doi.org/10.1093/gerona/62.7.744
https://doi.org/10.1007/s00198-010-1407-y
https://doi.org/10.1007/s00198-010-1407-y
https://doi.org/10.1111/jhn.12394
https://doi.org/10.1111/jhn.12394
https://doi.org/10.1111/j.1532-5415.2011.03733.x
https://doi.org/10.1111/j.1532-5415.2011.03733.x
https://doi.org/10.1210/jc.2014-1742
https://doi.org/10.1111/j.1532-5415.2010.03142.x
https://doi.org/10.1111/j.1532-5415.2010.03201.x
https://doi.org/10.1111/j.1532-5415.2010.03201.x
https://doi.org/10.1186/s12877-018-0904-2
https://doi.org/10.1111/jgs.14677
https://doi.org/10.1111/jgs.14677
https://doi.org/10.1210/jc.2013-1702
https://doi.org/10.1016/j.exger.2017.11.007
https://doi.org/10.1016/j.exger.2017.11.007
https://doi.org/10.7326/M20-3812
https://doi.org/10.1016/j.cct.2018.08.004
https://doi.org/10.1016/j.cct.2018.08.004
https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.1056/NEJMra070553
https://doi.org/10.1111/j.1365-2796.2010.02248.x
https://doi.org/10.1111/j.1365-2796.2010.02248.x
https://doi.org/10.1007/s00394-018-1634-0
https://doi.org/10.1007/s00394-018-1634-0
https://doi.org/10.1007/s001980200012
https://doi.org/10.1177/2040622310381934
https://doi.org/10.1007/s00198-008-0662-7
https://doi.org/10.1007/s00198-008-0662-7
https://doi.org/10.1016/j.nut.2014.06.017
https://doi.org/10.1016/j.nut.2014.06.017


Page 9 of 9Cai et al. BMC Geriatrics          (2022) 22:312  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

randomized controlled trials. Psychosom Med. 2014;76(3):190–6. https:// 
doi. org/ 10. 1097/ PSY. 00000 00000 000044.

 27. Havdahl A, Mitchell R, Paternoster L, Davey SG. Investigating causality in 
the association between vitamin D status and self-reported tiredness. Sci 
Rep. 2019;9(1):2880. https:// doi. org/ 10. 1038/ s41598- 019- 39359-z.

 28. Nowak A, Boesch L, Andres E, et al. Effect of vitamin D3 on self-perceived 
fatigue: a double-blind randomized placebo-controlled trial. Medicine. 
2016;95(52). https:// journ als. lww. com/ md- journ al/ Fullt ext/ 2016/ 12300/ 
Effect_ of_ vitam in_ D3_ on_ self_ perce ived_ fatig ue__A. 2. aspx.

 29. Holick MF, Binkley NC, Bischoff-Ferrari HA, et al. Evaluation, treatment, and 
prevention of vitamin D deficiency: an Endocrine Society Clinical Practice 
Guideline. J Clin Endocrinol Metab. 2011;96(7):1911–30. https:// doi. org/ 
10. 1210/ jc. 2011- 0385.

 30. Wanigatunga AA, Sternberg AL, Blackford AL, et al. The effects of vitamin 
D supplementation on types of falls. J Am Geriatr Soc. 2021;n/a(n/a). 
https:// doi. org/ 10. 1111/ jgs. 17290

 31. Grant WB, Karras SN, Bischoff-Ferrari HA, et al. Do studies reporting ’U’-
shaped serum 25-hydroxyvitamin D-health outcome relationships reflect 
adverse effects? Dermatoendocrinol. 2016;8(1):e1187349–e1187349. 
https:// doi. org/ 10. 1080/ 19381 980. 2016. 11873 49.

 32. Davis CD. Vitamin D and health: can too much be harmful? Am J Lifestyle 
Med. 2009;3(5):407–8. https:// doi. org/ 10. 1177/ 15598 27609 338154.

 33. Melamed ML, Michos ED, Post W, Astor B. 25-Hydroxyvitamin D levels 
and the risk of mortality in the general population. Arch Intern Med. 
2008;168(15):1629–37. https:// doi. org/ 10. 1001/ archi nte. 168. 15. 1629.

 34. Wang TJ, Pencina MJ, Booth SL, et al. Vitamin D deficiency and risk of 
cardiovascular disease. Circulation. 2008;117(4):503–11. https:// doi. org/ 
10. 1161/ CIRCU LATIO NAHA. 107. 706127.

 35. Bislev LS, Langagergaard Rødbro L, Rolighed L, Sikjaer T, Rejnmark L. 
Effects of vitamin D3 supplementation on muscle strength, mass, and 
physical performance in women with vitamin D insufficiency: a rand-
omized placebo-controlled trial. Calcif Tissue Int. 2018;103(5):483–93. 
https:// doi. org/ 10. 1007/ s00223- 018- 0443-z.

 36. Zhou J, Huang P, Liu P, et al. Association of vitamin D deficiency and 
frailty: a systematic review and meta-analysis. Maturitas. 2016;94:70–6. 
https:// doi. org/ 10. 1016/j. matur itas. 2016. 09. 003.

 37. Houston DK, Cesari M, Ferrucci L, et al. Association between vitamin D 
status and physical performance: the InCHIANTI study. J Gerontol A Biol 
Sci Med Sci. 2007;62(4):440–6. https:// doi. org/ 10. 1093/ gerona/ 62.4. 440.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1097/PSY.0000000000000044
https://doi.org/10.1097/PSY.0000000000000044
https://doi.org/10.1038/s41598-019-39359-z
https://journals.lww.com/md-journal/Fulltext/2016/12300/Effect_of_vitamin_D3_on_self_perceived_fatigue__A.2.aspx
https://journals.lww.com/md-journal/Fulltext/2016/12300/Effect_of_vitamin_D3_on_self_perceived_fatigue__A.2.aspx
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1111/jgs.17290
https://doi.org/10.1080/19381980.2016.1187349
https://doi.org/10.1177/1559827609338154
https://doi.org/10.1001/archinte.168.15.1629
https://doi.org/10.1161/CIRCULATIONAHA.107.706127
https://doi.org/10.1161/CIRCULATIONAHA.107.706127
https://doi.org/10.1007/s00223-018-0443-z
https://doi.org/10.1016/j.maturitas.2016.09.003
https://doi.org/10.1093/gerona/62.4.440

	The effects of vitamin D supplementation on frailty in older adults at risk for falls
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 
	Trial registration: 

	Introduction
	Methods
	Participants
	Treatment
	Randomization
	Assessments
	Frailty phenotype
	Covariates
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


