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Abstract

Background:  Studies of the relationship between vitamin D and physical functioning have had inconsistent results.
Methods:  Physical functioning measures were collected for up to 2 years during a 2-stage, Bayesian, response-adaptive, randomized trial of 
4 doses of vitamin D3 supplementation (200 [control], 1 000, 2 000, and 4 000 IU/day) to prevent falls. Two community-based research units 
enrolled adults aged ≥70 years, with elevated fall risk and serum 25-hydroxyvitamin D level of 10–29 ng/mL. The Pooled Higher Doses (PHD) 
group (≥1 000 IU/day, n = 349) was compared to the control group (n = 339) on changes in Short Physical Performance Battery (SPPB) score 
and its component tests, Timed Up-and-Go (TUG) test, 6-minute walk distance, and grip strength.
Results:  The trial enrolled 688 participants. Mean age was 77.2 years, 56.4% were male, 79.7% White, and 18.2% Black. While the PHD 
and control groups both lost function over time on most outcomes, the 2 groups did not show differential change overall on any outcome. 
Incidence of transitioning to poor functioning on gait speed, SPPB score, or TUG test did not differ by dose group.
Conclusion:  In older persons with low serum 25-hydroxyvitamin D level and elevated fall risk, high-dose vitamin D supplementation, ≥1 000 
IU/day, did not improve measures of physical function compared to 200 IU/day.
Clinical Trial Registration:  NCT02166333

Keywords:   Physical functioning, Randomized controlled trial, Vitamin D

Declines in mortality over the last half century have led to a greater 
proportion of the population living to old age, resulting in increased 
chronic disease and disability burden and corresponding increases 
in health care utilization and supportive and long-term care needs 
(1). The ability to function independently in the community is a 

goal of older individuals and a critically important public health 
issue. The most recent Medicare Current Beneficiary Survey (2) es-
timated that 15.1% of persons aged 65–74  years and 21.9% of 
those aged 85 years or older reported serious difficulty in carrying 
out 2 or more common activities such as walking, climbing stairs, 
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dressing, or eating, or serious difficulty with cognition, seeing, or 
hearing.

Functional decline and disability in older persons have been at-
tributed to demographic, health behavior, disease-specific, psycho-
social, and biological risk factors (3). Several observational and 
interventional studies have also focused on vitamin D deficiency and 
its role in functional decline (4). There is biological plausibility for 
this association, with multiple biological pathways potentially ex-
plaining how vitamin D influences muscle and resultant mobility loss 
and falls (5). Vitamin D deficiency causes oxidative stress that leads 
to disruption of mitochondrial function and muscle atrophy, poten-
tially working through the vitamin D receptor in muscle cells (6).

Observational studies have generally supported the hypothesis that 
vitamin D deficiency is associated with reduced physical functioning, 
but studies have yielded conflicting results. In a large cohort study 
representative of the older population in the Netherlands, low serum 
25-hydroxyvitamin D [25(OH)D] was associated with poorer scores 
on the Short Physical Performance Battery (SPPB) and its individual 
components (balance, gait speed, chair rise time) and was predictive 
of decline in performance over a 3-year follow-up period (7). Data 
from the English Longitudinal Study on Aging showed that both low 
grip strength and SPPB score were associated with low serum levels of 
25(OH)D (8). However, other studies have not been able to confirm the 
association of low levels of 25(OH)D with weak grip and leg strength 
and low physical performance on measures of balance, gait speed, and 
rising from a chair (9,10). In those studies reporting an association of 
low serum 25(OH)D with reduced physical function, there is the po-
tential for reverse causality, with reduced physical function leading to 
less outdoor activity and therefore less sunlight exposure.

Randomized controlled trials (RCTs) have assessed the effect of 
treating older persons with vitamin D supplements on functioning, 
and these results have also been mixed. In a review of 15 RCTs in 
persons aged 60  years and older assessing multiple strength and 
functional measures, 9 trials did not show benefit of vitamin D sup-
plementation, while 6 showed improvement in mobility or muscle 
strength (11). A  meta-analysis of 7 of these RCTs that measured 
grip strength showed no association with vitamin D supplementa-
tion, whereas a separate meta-analysis of 5 trials that used the Timed 
Up-and-Go (TUG) test (12) showed a small increase (worsening) in 
the TUG time in those receiving vitamin D versus controls (11). 
Many past studies were small and included persons with normal 
serum levels of vitamin D.  A  recent, large RCT, which was not 
limited to persons with low vitamin D, showed no benefit of vitamin 
D3 supplementation for change in SPPB score (13).

In 2014, the National Institute on Aging funded STURDY (Study 
To Understand Fall Reduction and Vitamin D in You), a seamless 
2-stage, Bayesian response-adaptive, randomized trial in community-
dwelling older persons with low serum 25(OH)D and at elevated risk 
of falling (14,15). Pill-taking and follow-up of participants continued 
for 2 years or the end of trial, whichever occurred first. The primary 
outcome results of STURDY have been published (16). Vitamin D 
supplementation ≥1 000 IU/day did not prevent falls compared with 
200 IU/day, with possible safety concerns at higher dosage levels, and 
did not improve gait speed, the prespecified secondary outcome of the 
trial. This report presents the results for additional measures of phys-
ical function and further explores the gait speed outcome.

Method

The trial protocol was approved by a Johns Hopkins University in-
stitutional review board. Written informed consent was provided by 

each participant. A data and safety monitoring board approved the 
protocol and monitored the trial. A description of trial methods has 
been published (14,15). Briefly, during the dose-finding stage, partici-
pants were randomly assigned to receive 200 (control), 1 000, 2 000, 
or 4 000 IU/day of vitamin D3 to identify which of the 3 noncontrol 
doses was most effective (the “best dose”) for preventing falls. After 
the best dose was identified, participants who had been randomly as-
signed to any of the noncontrol doses received the best dose, control 
participants continued receiving 200 IU/day, and new participants 
were randomly assigned 1:1 to the best or control dose.

Participants
Eligible participants were community-dwelling adults, aged 
≥70 years, with elevated fall risk and serum 25(OH)D level 10–29 ng/
mL (14). Elevated fall risk was defined by self-report of an injurious 
fall in the past year, ≥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. Serum 25(OH)D 
level utilized the Endocrine Society definition for deficiency and in-
sufficiency (17). Persons taking ≤1 000 IU/day of vitamin D supple-
ments were allowed to screen for enrollment; if their 25(OH)D level 
while on their personal supplement qualified for enrollment, they 
were allowed to enroll if they agreed to maintain this dose during 
the trial. Participants enrolled at 2 community-based research units 
(Hagerstown, MD and Baltimore, MD), each at ~39° latitude.

Treatment
STURDY studied 4 doses of cholecalciferol (vitamin D3) supple-
ments: 200 IU/day (control), 1 000 IU/day, 2 000 IU/day, and 4 000 
IU/day. The rationale for and safety of these dose levels are explained 
elsewhere (14,16).

Pills for all doses had an identical appearance and were manu-
factured by Continental Vitamin Company (Vernon, CA). Duration 
of pill-taking and follow-up was 2 years or until the end of the trial, 
whichever came first.

Randomization
STURDY began randomizing participants to daily doses of 200 IU/
day (control), 1 000 IU/day, 2 000 IU/day, or 4 000 IU/day of vitamin 
D3 on October 30, 2015 (16). Once 1 000 IU/day was identified on 
March 23, 2018 as the best noncontrol dose for preventing falls, par-
ticipants randomized to 2 000 IU/day or 4 000 IU/day were switched 
to 1 000 IU/day, and new enrollees were randomized 1:1 to 1 000 
IU/day or control. Randomization ended on February 11, 2019 and 
data collection ended on May 31, 2019. Participants and study per-
sonnel were masked to randomized dose, occurrence of adaptations, 
and the end of dose-finding.

Assessments
Functional performance tests included the SPPB (18), TUG test (12), 
6-minute walk (19), and grip strength; each was completed at base-
line and 3, 12, and 24 months after randomization.

Measures obtained from the SPPB include the overall score, the 
total balance stand time, gait speed, and the time to complete 5 chair 
rises. The overall SPPB score (range 0–12) is calculated as the sum 
of the balance, gait speed, and chair rise component subscores, each 
ranging from 0 to 4; higher scores indicate better physical perform-
ance. The total balance stand time is obtained by summing the times 
for the 3 stands comprising the balance subtest. Each balance stand 
requires a different foot position (side-by-side, semitandem, and 
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tandem), and each stand is held as long as possible, up to 10 sec-
onds. Gait speed is obtained from a timed usual-paced 4-m walk. 
The chair rise component consists of the participant, arms folded 
across the chest, rising from a seated position as quickly as possible, 
5 times; the component terminates if 5 chair rises are not completed 
within 60 seconds.

The TUG test is a timed test of standing up from a chair, walking 
at a normal pace for 3 m, turning, returning to the chair, and sitting 
down; the test result is the time in seconds to complete all 5 parts. 
The test is terminated at 60 seconds if not completed by then.

In the 6-minute walk test, the participant is instructed to walk 
back and forth over a 10-m course for 6 minutes and to cover as 
much ground as possible; each end is marked with a cone which the 
participant has to walk around. Distance covered and time on the 
course are recorded.

Grip strength is measured with a hydraulic hand-held dynamom-
eter (JAMAR Technologies, Hatfield, PA); the participant is asked to 
complete 3 squeezes with each hand, with 20 seconds of rest between 
squeezes. The maximum hold for the dominant hand is analyzed if 
available; if the participant is unable to squeeze with the dominant 
hand, the maximum hold for the nondominant hand is analyzed.

Statistical Analysis
Participants’ characteristics at study entry were examined using 
means and standard deviations for continuous variables and fre-
quencies and percentages for categorical variables and were reported 
for each dose group analyzed and overall.

The primary analysis was a comparison of the Pooled Higher 
Doses (PHD) group (1 000, 2 000, and 4 000 IU/day groups) to 
the 200 IU/day group, an approach established in the analysis of 
the primary outcome (16). This comparison included all random-
ized participants regardless of dose assignment and used all available 
measurements of each outcome regardless of the dose used when 
the measure was obtained. In a sensitivity analysis, only those ran-
domized to 1 000 IU/day (best dose) were compared to those ran-
domized to 200 IU/day (control). An exploratory analysis examined 
each individual higher dose group relative to the control group using 
only participants randomized prior to the first adaptation of the ran-
domization probabilities; this group is an unbiased population for 
comparison of each higher dose versus control because treatment 
assignment was not influenced by previously collected outcome data.

Change in each outcome from baseline to each time point was 
assessed in each dose group with a t-test. For each outcome, the 
difference between the PHD and control groups in the change from 
baseline was assessed with a longitudinal, mixed-effects linear re-
gression model with the measure as the outcome and fixed ef-
fects including a single treatment term, 3 time point terms, and 3 
treatment-by-time interaction terms, as well as a random intercept 
for participant. This model uses all available measures, including 
measures from participants with only a baseline measure. Difference 
between groups in change from baseline in an outcome was assessed 
overall with a 3-degree-of-freedom test of the combined 3 treatment-
by-time interaction terms and at each time point with a 1-degree-of-
freedom test of the time-specific treatment-by-time interaction term.

The sensitivity analysis comparing those randomized to 1 000 
versus 200 IU/day and the analysis comparing each higher dose 
group versus control and limiting participants to those random-
ized prior to the first adaptation of the randomization probabilities 
used the same methods as above. In the latter analysis, the treatment 
group was represented with 3 terms and the number of treatment-
by-time interaction terms increased to 9.

Transition to poor functioning was examined in the PHD and 
control groups for 3 physical functioning measures: gait speed, SPPB 
score, and TUG time. Two thresholds defining poor functioning 
were examined for gait speed (0.6 and 0.8 m/s) (20). Thresholds 
defining poor functioning on the SPPB score and TUG were 9 points 
and 12 seconds, respectively (21,22). For each measure analyzed, 
the analysis population was limited to participants whose perform-
ance at baseline on the measure was at least as good as the specified 
threshold, and the odds ratio (OR) for transition to poor functioning 
since baseline in the PHD group versus 200 IU/day groups at each 
testing time, 95% confidence interval (CI) for each OR, and the 
combined treatment-by-time interaction p value were calculated 
from corresponding simultaneous tests of general linear contrasts 
from a mixed-effects logistic regression model including 1 term for 
treatment, 3 terms for time point, 3 treatment-by-time interaction 
terms, and a random intercept for participant. Difference between 
groups in transition to poor functioning was assessed overall with 
a 3-degree-of-freedom test of the combined 3 treatment-by-time 
interaction terms.

Because 9 outcomes were evaluated using up to 4 analysis strat-
egies, we used the Benjamini–Hochberg procedure (23) to control 
the false discovery rate to below 1 out of 9, the maximum number 
of comparisons evaluated with each strategy. Each table displays the 
unadjusted or nominal 2-sided p value for each 3-degree-of-freedom 
interaction test and the Benjamini–Hochberg adjusted p value and 
the false discovery rate (1/9 = 11.1%). An adjusted p is statistically 
significant if less than .11.

All analyses were conducted in SAS 9.4 (SAS Institute, Cary, NC), 
Stata 15 (StataCorp LLC, College Station, TX), or R-v3.6.0 (https://
www.r-project.org/).

Results

Table 1 presents the baseline characteristics of the participants for 
the primary comparison groups, PHD and control, and overall; 
Supplementary Table 1 presents these characteristics for participants 
randomized to 1 000 IU/day and for each dose group in the cohort of 
participants randomized prior to the first adjustment of the random-
ization probabilities. The total study population (688 participants) 
was age 77.2  years on average, 56.4% male, and 18.2% Black. 
Participants showed evidence of functional limitations, with 36.8% 
having an SPPB score below 9, 11.8% having a gait speed below 0.6 
m/s, and 29.6% having a TUG time of 12 or more seconds.

Figure 1 shows box plots of serum 25(OH)D levels at baseline 
and over follow-up in the control and PHD groups; mean level and 
change in serum 25(OH)D over time by treatment group are given in 
Supplementary Table 2. Median serum 25(OH)D level was 23 ng/mL 
for each group at enrollment; by 3 months after randomization to 
study pill, median 25(OH)D level was 34 ng/mL in the PHD group 
versus 27 ng/mL in the control group. This separation between the 
groups was maintained till the end of follow-up.

Primary Comparison Physical Function Analyses
Changes in functional outcome measures from baseline to 3, 12, and 
24 months are shown for the PHD group and the 200 IU/day group 
in Table 2 and Supplementary Table 3. On average, participants in 
both groups declined in functional performance over time, with 
significant within-group declines from baseline appearing in some 
measures at 12 months and in most measures at 24 months. An ex-
ception to this observation is the time required to complete 5 chair 
stands (Table 2); the average change within group was negative for 
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Table 1.  Characteristics of Randomized Participants at Enrollment

Pooled Higher Doses* (N = 349) 200 IU/day (N = 339) All (N = 688)

Age (years), mean ± SD 77.2 ± 5.4 77.2 ± 5.4 77.2 ± 5.4
Male, no. (%) 190 (54.4%) 198 (58.4%) 388 (56.4%)
Race, no. (%)†    
  White 267 (77.2%) 276 (82.4%) 543 (79.7%)
  Black 69 (19.9%) 55 (16.4%) 124 (18.2%)
  Other 16 (4.6%) 7 (2.1%) 23 (3.4%)
  No. missing 3 4 7
Hispanic, Latino, or Spanish ethnicity, no. (%) 5 (1.4%) 3 (0.9%) 8 (1.2%)
  No. missing 1 3 4
Serum 25(OH)D (ng/mL)    
  10–19, no. (%) 100 (28.7%) 100 (29.5%) 200 (29.1%)
  20–29, no. (%) 249 (71.3%) 239 (70.5%) 488 (70.9%)
  Mean ± SD 22.1 ± 4.9 22.1 ± 5.3 22.1 ± 5.1
  Median (Q25, Q75) 23 (19, 26) 23 (18, 27) 23 (19, 26)
Taking a vitamin D supplement, no. (%) 132 (37.8%) 124 (36.6%) 256 (37.2%)
  Median (Q25, Q75) daily dose (IU) 700 (400, 1 000) 800 (414.5, 1 000) 700 (400, 1 000)
Low physical activity‡, no. (%) 43 (12.4%) 47 (13.9%) 90 (13.1%)
  No. missing 2 0 2
SPPB total score§    
  0–8, no. (%) 138 (39.5%) 115 (33.9%) 253 (36.8%)
  9–12, no. (%) 211 (60.5%) 224 (66.1%) 435 (63.2%)
  Mean ± SD 8.6 ± 2.5 8.9 ± 2.3 8.7 ± 2.4
SPPB total balance stand§ time (s)    
  Mean ± SD 26.6 ± 6.2 26.9 ± 6.3 26.8 ± 6.2
  No. missing 0 1 1
SPPB gait speed (m/s)§    
  <0.6 m/s 46 (13.3%) 35 (10.4%) 81 (11.8%)
  ≥0.6 m/s 301 (86.7%) 303 (89.6%) 604 (88.2%)
  Mean ± SD 0.84 ± 0.23 0.89 ± 0.23 0.86 ± 0.24
  No. missing 2 1 3
SPPB chair stand time (s)§    
  Mean ± SD 15.7 ± 6.4 15.2 ± 5.0 15.4 ± 5.7
  No. missing 39 31 70
TUG time (s)‖    
  <12 s 228 (66.1%) 251 (74.9%) 479 (70.4%)
  ≥12 s 117 (33.9%) 84 (25.1%) 201 (29.6%)
  Mean ± SD 12.1 ± 5.9 11.1 ± 4.6 11.6 ± 5.3
  No. missing 4 4 8
6-minute walk¶    
  No. not starting walk 43 28 71
  Those starting walk    
    No. 306 311 617
    Distance (m), mean ± SD 307 ± 89 322 ± 90 315 ± 90
  Those walking 6 minutes    
    No. (% of those starting) 295 (96.4%) 300 (96.5%) 595 (96.4%)
    Distance (m), mean ± SD 313 ± 82 330 ± 81 321 ± 82
Grip strength (kg)#    
  Females, no. in dose group 159 141 300
    Mean ± SD 18.9 ± 5.8 18.1 ± 6.5 18.5 ± 6.2
    No. missing 7 3 10
  Males, no. in dose group 190 198 388
    Mean ± SD 29.2 ± 9.6 30.6 ± 9.0 29.9 ± 9.3
    No. missing 2 4 6

Note: IU/day = international units per day; SD = standard deviation; SPPB = Short Physical Performance Battery; TUG = Timed Up-and-Go test.
*Pooled Higher Doses denotes the combined 1 000, 2 000, and 4 000 IU/day groups.
†More than one race could be reported by a participant; race was self-reported.
‡Physical activity level was considered low if <128 kcal/week (males) or <90 kcal/week (females).
§The SPPB is a 3-part assessment of physical functioning: balance testing, timed 4-m walk, and ability to stand up from a seated position in a chair; each part is 

scored 0–4 and the total SPPB score (range 0–12) is the sum of the 3 subscores. Higher scores indicate better physical function. The total balance stand time (range 
0–30 s) combines the stand durations from the 3 balance tests. Gait speed was calculated as 4 m divided by the duration of the walk in seconds. The chair stand 
test outcome is the time required to complete 5 chair stands and the test is terminated at 60 seconds if not completed by that time.

‖The TUG test is a timed test of standing up from a chair, walking at a normal pace for 3 m, turning, returning to the chair, and sitting down; the test result is 
the time in seconds to complete all 5 parts. The test is terminated at 60 seconds if not completed by that time.

¶The 6-minute walk is a test of endurance; the participant is instructed to walk at maximum pace for 6 minutes and the score is distance covered. Each site used 
a straight-line course 10 m in length; each end was marked with a cone which the participant had to walk around. Total distance walked was recorded for each 
participant who started the walk.

#Grip strength is the maximum of 3 tries with the dominant hand of a hand-held dynamometer; if the dominant hand could not be tested, results for the 
nondominant hand were used.
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both groups at all 3 time points, indicating faster completion of this 
test (better function) in follow-up versus at baseline, albeit by less 
than 2 seconds on average.

The interaction test of difference between the PHD and the 200 
IU/day groups in change from baseline overall was nonsignificant 
for the SPPB score (unadjusted p = .91) and SPPB total balance stand 
time (unadjusted p =  .45; Table 2). The test of difference between 
groups overall was also not significant for SPPB gait speed (un-
adjusted p = .15) and SPPB chair stand time (unadjusted p = .12), des-
pite apparent differences between groups in gait speed at 24 months 
and in chair stand time at 12 months (Table 2).

While the results for the TUG test yielded a difference between 
groups in change from baseline overall that was marginally statistic-
ally significant (unadjusted p = .07), the adjusted p = .45 was greater 
than the specified false discovery rate of 0.11. An apparent group 
difference in TUG time suggestive of improvement was limited to 
3  months. At this time point, the PHD group mean change from 
baseline, −0.2 s ± 2.6, while not significantly different from 0, was in 
the direction of benefit, whereas the 200 IU/day group mean change 
from baseline (0.3 s ± 4.0), also not significantly different from 0, 
was in the direction of loss of function; this divergence of results gave 
a time-specific unadjusted p  =  .009 for difference between groups 
at 3  months (Table 2). Differences between the PHD and control 
groups in change from baseline overall also were nonsignificant for 
the 6-minute walk distance (all starting the walk, unadjusted p = .75, 
those walking 6 minutes unadjusted p = .82) and grip strength (fe-
males unadjusted p = .72, males unadjusted p = .42; Supplementary 
Table 3). The sensitivity analysis comparing those randomized to  
1 000 IU/day to the 200 IU/day group also did not support a differ-
ence between dose groups in change over time in physical perform-
ance measures (Supplementary Table 4).

Secondary Analyses
Analyses of the cohort of those randomized prior to the first ad-
justment of randomization probabilities by each of the 4 vitamin D 
doses likewise documented no apparent benefit of the higher dose of 
vitamin D supplements (Supplementary Table 5). While the overall 
unadjusted p value for difference between dose groups in change in 
gait speed was .05, the adjusted p was .36, higher than the speci-
fied false discovery rate of .11, and the time-specific comparisons for 

each higher dose group versus the 200 IU/day group did not suggest 
consistent benefit in gait speed for any group over another.

Incidence of transitioning to poor functioning in gait speed, SPPB, 
and TUG time in the PHD and 200 IU/day groups is shown in Figure 2.  
For the gait speed threshold of 0.6 m/s, the incidence of dropping 
below the threshold was greater in the PHD group versus control at 
3, 12, and 24 months, but the overall difference between groups was 
not significant (unadjusted p = .09, adjusted p = .18, above the false 
discovery rate of 0.11). For the gait speed threshold of 0.8 m/s, the 
incidence of dropping below the threshold was higher in the PHD 
group than the 200 IU/day group at Months 3 and 12 but lower at 
24 months. The statistically significant interaction for the SPPB score 
across the 3 time points (unadjusted p = .02, adjusted p = .08, below 
the false discovery rate of 0.11) was a result of higher incidence of 
decline in the PHD group at 3 and 12 months (OR [95% CI] for de-
cline 1.29 [0.54–3.04] and 2.13 [0.86–5.27], respectively) and lower 
incidence of decline at 24 months (OR 0.51 [0.18–1.49]). The inci-
dence of crossing the TUG threshold was nearly the same for both 
the PHD and control groups at each time point.

Discussion

Previous inconsistent results of both observational studies and clin-
ical trials examining the impact of vitamin D on physical functioning 
and disability justified a large trial of an at-risk population to test 
whether vitamin D supplementation could reduce fall risk and pre-
serve physical function. As previously reported (16), falls occurred 
at similar frequencies in those treated with 1 000 IU/day compared 
to 200 IU/day and change in gait speed did not differ overall in the 
PHD group versus 200 IU/day group. Our principal finding from 
additional analyses reported in this article is that there is no con-
sistent evidence of any effect—benefit or harm—of vitamin D sup-
plementation on physical function in a population of older adults at 
elevated risk of falls and with low serum levels of 25(OH)D.

Over the course of up to 24 months, there was no evidence of 
an overall difference in change in function between those receiving  
1 000 IU/day or more (PHD group) and those receiving 200 IU/day 
in any of the outcomes examined. Sensitivity and exploratory ana-
lyses showed no consistent trends toward the benefit of any group 
over another, neither overall nor time-specific, in any of the physical 
function outcomes examined. A further test of the effect of vitamin 
D on transitioning across a critical threshold for gait speed, SPPB, 
and TUG (Figure 2) also did not show any evidence of a benefit in 
those taking 1 000 IU/day or higher versus 200 IU/day.

Many RCTs have assessed the possible benefit of vitamin D for 
strength and mobility, but comparing and aggregating results of 
these RCTs are difficult due to different inclusion criteria, treat-
ment regimens, outcome measures, and follow-up times. In the 
review of 15 RCTs by Rosendahl-Riise et  al. (11), almost all had 
a duration of 6 months or less, 7 added calcium to the vitamin D 
supplementation, and the meta-analysis was limited by the number 
of studies that used identical outcomes, only 7 included handgrip 
strength and only 5 included TUG. No beneficial effect was seen 
in either of those meta-analyses. A more recent meta-analysis using 
19 studies also found no benefit for TUG and a small but insignifi-
cant improvement for grip strength (24). In subgroup analyses in 
that study, however, a significant effect was seen for grip strength 
with a higher dose of vitamin D (>1 000 IU/day), longer duration of 
the intervention, and lower baseline serum vitamin D level (<30 ng/
mL). Another meta-analysis examined the effect of vitamin D on grip 
strength and found no effect in 17 RCTs with over 5 000 people (25).  

Figure 1.  Box plots of serum 25(OH)D at entry and 3, 12, and 24  months 
after randomization in the primary analysis population. Pooled Higher Doses 
denotes the combined 1 000, 2 000, and 4 000 IU/day groups.
version is available within the online issue.
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In 2 studies in that review of persons with severe vitamin D deficiency  
(<10 ng/mL), supplementation did show a significant effect on grip 
strength. A  meta-analysis published in 2021 of 54 RCTs that ad-
dressed multiple physical function outcomes demonstrated that 
vitamin D supplementation was actually associated with poorer per-
formance on knee extension strength, TUG test time, and the SPPB 
test (26). In a study of women with documented low 25(OH)D who 
were treated with supplemental vitamin D or placebo, there was no 
benefit of 2 800 IU/day of 25(OH)D versus placebo for grip strength, 
knee flexion strength, or TUG test, with a small but significant un-
favorable effect seen for some outcome measures (27). Finally, an 
aggregation of 3 studies that used the TUG as an outcome showed a 
small but significant improvement in time to complete the test com-
pared to controls (28). A recent, large multicountry European study 
did not measure TUG but found no benefit of vitamin D for SPPB 
score (13).

Adding the present study to previous RCTs, the predominant ef-
fect of vitamin D supplements on physical function remains null, 
although some studies and analyses show potential benefit. In 
STURDY, we found no difference between dose groups in change 
in gait speed overall, but saw a statistically significant benefit for 

gait speed at 24 months in the PHD group compared to 200 IU/day 
but not earlier, while other studies of shorter duration showed no 
benefit. It is possible that a long intervention, not attempted in most 
previous studies, is necessary to see benefit; however, with few other 
physical function outcomes showing improvement in our study at 
any time point, our findings do not support that a very long interven-
tion will have a beneficial impact. Our examination of the effect of 
supplemental vitamin D on transitioning across a critical threshold 
for gait speed, SPPB, and TUG did not show any evidence of a benefit 
in those taking 1 000 IU/day or higher versus 200 IU/day.

The chief strengths of this study are enrollment of a vul-
nerable population, including only persons with low serum  
25(OH)D who were at elevated risk of falling; the dose-finding stage 
that tested 3 doses; the assessment of multiple, well-validated func-
tional endpoints with extensive usage in older populations; the mul-
tiple assessments with follow-up time extending to 24 months; and 
high rates of follow-up. If vitamin D supplementation had a strong 
effect on physical functioning in this population, this study was well 
designed to observe that effect.

The trial also has limitations. First, the control group received 200 
IU/day of vitamin D because participants had low 25(OH)D levels 
at baseline; whether this small dose affected physical functioning is 
unknown. Second, it is possible that supplementing vitamin D would 
have had benefit for physical functioning if it were given in conjunc-
tion with an exercise program, which was not part of this study. 
For example, in a study of persons with very low 25(OH)D levels 
(≤16 ng/mL), TUG improved more in persons getting a vitamin D 
supplement plus resistance training compared to those receiving only 
vitamin D supplementation, although this outcome was not found 
for strength or SPPB score (29). A meta-analysis of 7 studies showed 
that combining vitamin D supplementation with exercise, compared 
to exercise alone, resulted in improved lower extremity strength but 
no difference in the SPPB or TUG test. (30). Finally, a more sophisti-
cated method of assessing balance using a computerized force plat-
form showed benefit in a trial of vitamin D supplementation (31), an 
effect that could have been missed using just the balance component 
of the SPPB.

In conclusion, this study did not show a benefit of vitamin D 
supplementation ≥1 000 IU/day compared to 200 IU/day for gait 
speed, the prespecified secondary outcome for the overall study, nor 
for multiple additional functional outcomes, consistent with much of 
the published literature.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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Figure 2.  Incident worsening in gait speed (A and B), SPPB score (C), and TUG 
time (D) in the primary analysis population. Each panel shows the percent 
of those with performance at least as good as the specified threshold level 
at baseline who worsen relative to the threshold during follow-up by dose 
(Pooled Higher Doses or 200 IU/day) and the Pooled Higher Doses versus 200 
IU/day odds ratio (OR) of incident worsening by follow-up time. Participants 
whose baseline performance was worse than the specified threshold are 
excluded. The count below each bar is the number of participants in that dose 
group whose performance was at least as good as the threshold at baseline 
and who completed the measurement at the specified time point; the percent 
at the top of each bar is the percent of participants whose performance 
worsened at the specified time point. The Pooled Higher Doses versus 200 IU/
day group OR of incident worsening for each time point is shown above each 
pair of bars with its 95% confidence interval (CI). The interaction p value shown 
on each plot tests whether the ORs differ over time. The Benjamini–Hochberg 
procedure was used to control the false discovery rate to less than 1/9 (1 out 
of the maximum number of overall comparisons in each family of analyses 
comparing dose groups; an adjusted p value is statistically significant if <.11). 
The ORs, 95% CIs, and p value are from a mixed-effects logistic regression 
model with the functional measure as the outcome and fixed effects including 
1 term for treatment, 3 terms for time point, 3 treatment-by-time interaction 
terms, and a random intercept for each participant. Pooled Higher Doses 
denotes the combined 1 000, 2 000, and 4 000 IU/day groups. SPPB = Short 
Physical Performance Battery; TUG = Timed Up-and-Go test; IU = international 
units. Full color version is available within the online issue.
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