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Abstract
Context: The Study to Understand Fall Reduction and Vitamin D in You (STURDY), a randomized trial enrolling older adults with low 
25-hydroxyvitamin D [25(OH)D], demonstrated vitamin D supplementation ≥ 1000 IU/day did not prevent falls compared with 200 IU/day, with 
doses ≥ 2000 IU/day potentially showing safety concerns.
Objective: To examine associations of achieved and change in 25(OH)D concentrations after 3 months of vitamin D supplementation with fall 
risk.
Design: Observational analysis of trial data.
Setting: General community.
Participants: A total of 637 adults aged ≥ 70 with baseline 25(OH)D concentrations 10 to 29  ng/mL and elevated fall risk. Three-month 
on-treatment absolute 25(OH)D; absolute and relative changes from baseline.
Main Outcome Measures: Incident first fall (primary) and first consequential fall (injury or sought medical care) up to 24 months. Cox models 
were adjusted for sociodemographics, season, Short Physical Performance Battery, and body mass index.
Results: At baseline, mean (SD) age was 77.1 (5.4) years and 25(OH)D was 22.1 (5.1) ng/mL; 43.0% were women and 21.5% non-White. A total 
of 395 participants experienced ≥ 1 fall; 294 experienced ≥ 1 consequential fall. There was no association between absolute achieved 25(OH)D 
and incident first fall (30-39 vs < 30 ng/mL hazard ratio [HR], 0.93; 95% CI, 0.74-1.16; ≥40 vs < 30 ng/mL HR, 1.09; 95% CI, 0.82-1.46; adjusted 
overall P = 0.67), nor absolute or relative change in 25(OH)D. For incident consequential first fall, the HR (95% CI) comparing absolute 25(OH)
D ≥ 40 vs < 30 ng/mL was 1.38 (0.99-1.90).
Conclusion: Achieved 25(OH)D concentration after supplementation was not associated with reduction in falls. Risk of consequential falls may 
be increased with achieved concentrations ≥ 40 ng/mL.
Trial Registration: ClinicalTrials.gov: NCT02166333
Key Words: vitamin D, 25-hydroxvitamin D, fall risk
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BMD, bone mineral density; HR, hazard ratio; RCT, randomized controlled trial; SPPB, Short Physical Performance 
Battery; STURDY, Study to Understand Fall Reduction and Vitamin D in You

Falls are common among older adults and are a leading cause 
of morbidity and mortality in this population [1]. According 
to data from the Centers for Disease Control and Prevention, 
more than 1 in 4 US adults aged ≥ 65  years fall each year, 

resulting in more than 2.8 million injuries treated in the emer-
gency department, more than 800 000 hospitalizations, and 
more than 27 000 deaths annually [2]. Therefore, strategies to 
prevent falls are of critical public health importance.
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Vitamin D is a fat-soluble vitamin necessary for the main-
tenance of bone mineral density (BMD) [3, 4]. Achieving op-
timal serum concentrations of 25-hydroxyvitamin D [25(OH)
D], the storage form of vitamin D, may be important for the 
prevention of falls. Proposed mechanisms of vitamin D and re-
duction of falls include maintenance of serum calcium levels, 
regulation of immune and inflammatory response, preserva-
tion of BMD, neuromuscular control and coordination, and 
muscle function, which together may improve balance and 
gait speed [5-7]. Indeed, several prospective observational 
studies have linked low baseline 25(OH)D concentrations 
with increased fall risk [8-10].

Nevertheless, randomized controlled trials (RCTs) 
evaluating the efficacy of vitamin D supplementation on risk 
of falls have been inconsistent, with some trials suggested that 
vitamin D supplementation of 800 to 1000 IU/day may re-
duce falls risk [11-13], whereas other studies suggested no 
benefit [14-16], and yet other trials testing relatively high 
doses of vitamin D documented an increased risk of falls [17-
19]. Furthermore, there had also been heterogeneity across 
these trials in regard to whether 25(OH)D concentrations 
were even measured at baseline, at follow-up, or both [20].

In this context, the National Institute on Aging funded the 
STURDY (Study to Understand Fall Reduction and Vitamin 
D in You) trial, which tested the hypothesis that daily high-
dose vitamin D supplementation would reduce the rate of 
falls among older adults with elevated falls risk and serum 
25(OH)D concentrations of 10 to 29 ng/mL [5, 6]. The main 
STURDY trial results have recently been published [21]. The 
principal trial finding was that vitamin D3 supplementa-
tion ≥ 1000 IU/day did not prevent falls compared with 200 
IU/day. In addition, several analyses raised safety concerns 
about vitamin D3 doses ≥ 1000 IU/day [21, 22].

Still, prior studies have suggested that the benefit of vitamin 
D supplementation may depend on not only baseline 25(OH)
D concentrations but also achieved 25(OH)D concentration 
while supplementing [11]. Few studies have examined the re-
lationship of falls risk with achieved or change in 25(OH)D 
concentrations from vitamin D supplementation. Therefore, 
in this prespecified observational analysis of the STURDY 
trial, we examined the association of achieved 25(OH)D con-
centrations with incident fall rates irrespective of treatment 
assignment. We hypothesized that the risk of falls would be 
lower among those with absolute achieved 25(OH)D con-
centrations of ≥ 30 ng/mL (the threshold of vitamin D status 
deemed to be adequate by the Endocrine Society [23]), com-
pared with those whose concentrations remained < 30 ng/mL 
after 3 months of supplementation. In exploratory analyses, 
we hypothesized that those with greater absolute and relative 
change in 25(OH)D, compared with those with less change, 
would also have reduced falls risk.

Materials and Methods
Setting
The STURDY trial design and methods and main results have 
been published [5, 6, 21]. Briefly, STURDY was a double-
masked, 2-stage, Bayesian, response-adaptive RCT designed 
to select the best dose of vitamin D supplementation for fall 
prevention from 3 candidate high vitamin D doses (dose-
finding stage) and, if a best dose was selected, potentially con-
firm the efficacy of that dose for falls prevention compared 

with the control dose (confirmatory stage). A Johns Hopkins 
University institutional review board approved the protocol, 
and a data and safety monitoring board approved the protocol 
and monitored the trial. Each participant provided written in-
formed consent.

Beginning on October 30, 2015, participants were ran-
domized to 1 of 4 doses of vitamin D3 supplements: 200 IU/
day (control), 1000 IU/day, 2000 IU/day, and 4000 IU/day 
and followed for incident falls for up to 2 years. During the 
dose-finding stage, the 1000 IU/day dose was found to be 
the dose associated with the lowest rate of falls among the 
3 noncontrol doses and was selected as the best noncontrol 
dose. Enrolled participants who had been randomized to 
2000 IU/day or 4000 IU/day were then switched to 1000 IU/
day, and new enrollees were randomized 1:1 to 1000 IU/day 
or control (200 IU/day). In February 2019, after enrollment 
of 688 participants, the data and safety monitoring board re-
commended terminating the trial early for futility, after condi-
tional power analysis indicated the trial had sufficient power 
to address its primary objective. Follow-up ended on May 
31, 2019.

Study participants
Participants were recruited at 2 field centers in Maryland 
(the ProHealth Center located in west Baltimore and the 
George W Comstock Center in Hagerstown in Washington 
County), both at approximately 39 °C latitude. Eligible par-
ticipants were community-dwelling adults aged ≥ 70  years 
with serum 25(OH)D concentrations of 10 to 29 ng/mL at 
baseline and elevated fall risk. Elevated fall risk was deter-
mined by self-report of 1 of the following: an injurious fall 
in the past year, 2 or more falls in the past year regardless 
of injury, fear of falling because of balance or walking prob-
lems, difficulty maintaining balance, or use of an assistive 
device when walking. Exclusion criteria included cognitive 
impairment (Mini-Mental State Examination score < 24); 
hypercalcemia (serum calcium levels > 10.5  mg/dL); kidney, 
bladder, or ureteral stone (1 recent or ≥ 2 lifetime); or use 
of personal supplements of vitamin D > 1000 IU/day or of 
calcium > 1200 mg/day.

Serum 25(OH)D assessment
Blood samples were collected in the nonfasting state through 
standard venipuncture technique at baseline and 3, 12, and 
24  months after randomization. Serum concentrations of 
25(OH)D3 and 25(OH)D2 were measured at the University 
of Maryland School of Medicine’s Clinical Core Research 
Laboratory (Baltimore, MD) using liquid chromatography-
mass spectrometry calibrated to meet guidelines set for 
the National Institute of Standards and Technology [24]. 
Measurements from this core laboratory are certified by 
the Centers for Disease Control and Prevention Vitamin D 
Standardization-Certification Program. The coefficients of 
variation for 25(OH)D3 and 25(OH)D2 were 4.4% at a 
concentration of 10  ng/mL and 4.2% at concentrations of 
20 ng/mL; bias was < 1.5%. The lower limit of detection for 
both analytes was 2 ng/mL and the limit of quantitation was 
4 ng/mL. Concentrations of 25(OH)D3 and 25(OH)D2 were 
summed to determine the total 25(OH)D concentration. To 
convert ng/mL to nmol/L, multiply ng/mL by 2.5.

For this analysis, we evaluated 25(OH)D concentrations at 
baseline and 3 months after randomization to 1 of the 4 study 
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doses of vitamin D3 supplements. The 3-month follow-up 
visit was chosen so it would allow sufficient time to reach a 
steady state of serum 25(OH)D concentrations after supple-
mentation, and it maximized the number of individuals who 
had an on-treatment 25(OH)D concentration measured.

Fall Ascertainment
The trial used the World Health Organization definition of a 
fall—any fall, slip, or trip in which the participant lost his or 
her balance and landed on the floor or ground or at a lower 
level [25]. Falls were ascertained via 3 surveillance methods: 
fall calendars that the participants filled out daily and mailed 
monthly, interviews at scheduled clinic and telephone visits, 
and ad hoc telephone interviews (participants were instructed 
to call the clinic if they had a fall and staff called participants 
whose monthly calendar was not received). Falls data were 
collected throughout a participant’s follow-up, even after a 
first fall occurred. For each reported fall, the participant was 
interviewed about details of the fall. A fall was classified as 
“consequential” if the participant reported any injury or if 
medical care was sought. A participant’s first consequential 
fall, if it occurred, might not be the first fall reported by the 
participant; for example, if the first fall reported by the par-
ticipant involved no injury or medical care being sought and 
the participant subsequently reported a fall with injury or 
medical care, then the later reported fall was the participant’s 
first consequential fall.

Participant Characteristics at Entry
Relevant participant characteristics at study entry were ascer-
tained by interviews, questionnaires, physical examination, 
and functional testing. Dietary intake of vitamin D was esti-
mated with the modified Calcium and Vitamin D Frequency 
Questionnaire [26]. Physical function was assessed with the 
Short Physical Performance Battery (SPPB) [27]. The SPPB in-
cludes 3 tests (standing balance, gait speed, chair rises), each 
scored 0 to 4; the SPPB score is calculated as the sum of the 
scores and ranges from 0 to 12, with higher score indicating 
better physical performance [5]. Frailty status was assessed 
using the criteria of Fried et al [28].

Statistical Methods
The primary exposure (independent) variable for this analysis 
was achieved 25(OH)D concentration at 3 months after start 
of supplementation defined as the absolute 25(OH)D concen-
tration at that time and categorized into 3 strata (<30, 30-39, 
≥40  ng/mL). In exploratory analyses, we also examined 
achieved 25(OH)D in 2 other ways. First, absolute change in 
25(OH)D was calculated as follow-up concentration minus 
baseline concentration, and categorized into 3 strata (lowest 
25%, middle 50%, highest 25%). Second, relative change in 
25(OH)D was calculated as (follow-up concentration minus 
baseline concentration)/baseline concentration, and categor-
ized into 3 strata (lowest 25%, middle 50%, highest 25%).

Participant baseline characteristics were examined by 
achieved 25(OH)D concentration (3 categorizations described 
previously) using means and SDs or medians and quartiles for 
continuous variables and frequency and percentage for cat-
egorical variables.

The primary outcome (dependent variable) for this paper 
was time to first fall; secondary outcomes included time 
to first consequential fall, rate of all falls, and rate of all 

consequential falls. Each outcome was evaluated on each of 
the 3 categorizations of achieved 25(OH)D concentration 
(absolute level, absolute change, relative change), resulting in 
12 analyses (3 classifications × 4 outcomes).

A Cox proportional hazards regression model was used 
to compare the time from randomization to first fall for 
each higher achieved 25(OH)D category vs the lowest. Each 
hazard ratio (HR) and its 95% CI were derived from models 
adjusted for baseline covariates of age (continuous), race/eth-
nicity (other vs non-Hispanic White), sex (male vs female), 
education (more than high school vs high school or less), SPPB 
score (continuous), enrollment site location (Hagerstown 
vs Baltimore), body mass index (continuous), and month of 
randomization as proxy for season (11 indicator variables). 
Participants who did not fall were censored at their date of 
last observation or 2 years after randomization.

Negative binomial regression models were used to compare 
cumulative fall rate for each higher achieved 25(OH)D cat-
egory vs the lowest; each model included an offset term for the 
participant’s observation time and adjusted for the covariates 
described previously. For these cumulative fall analyses, each 
participant’s observation time was their duration from ran-
domization to date of last contact in the trial, and fall counts 
were top-coded at the value equal to the 99th percentile of the 
nonzero fall counts to reduce the influence of outliers.

Because our exposure categories used the serum 25(OH)
D concentration at 3 months and our analyses included all 
falls observed from randomization through end of follow-up, 
we repeated all analyses of fall outcomes after excluding falls 
occurring in the first 90 days after randomization.

We used the Benjamini-Hochberg procedure to control 
the false discovery rate to below 1 of 12 (1/12 = 0.08), the 
number of overall analyses presented in this paper [29]. 
The unadjusted or nominal 2-sided overall P value and the 
Benjamini-Hochberg adjusted overall P value are shown for 
each analysis. An adjusted P value is statistically significant 
if < 0.08. Unadjusted or nominal P values are shown for each 
higher achieved 25(OH)D category vs the lowest.

All analyses were conducted in SAS version 9.4 (Cary, NC), 
Stata version 15 (College Station, TX), or R-v4.0.3 (https://
www.r-project.org/).

Results
Of the 688 participants enrolled in STURDY, 637 (92.6%) 
completed a 3-month follow-up visit at which serum 25(OH)
D was measured and thus were included in these analyses. 
Median observation time from randomization to end of 
follow-up for these 637 participants was 22.5 months (quar-
tile 25 [Q25], Q75: 13.4, 24.1). A total of 395 participants 
experienced ≥ 1 fall and 294 experienced ≥ 1 consequential 
fall. A total of 1409 falls occurred during follow-up.

Achieved Serum 25(OH)D after 3 Months of 
Supplementation
Box plots of absolute serum 25(OH)D concentration over 
time in Fig. 1 show that median 25(OH)D rose from 23 ng/
mL at randomization to 30  ng/mL at 3  months, followed 
by maintenance of that level at 12 and 24 months (31 and 
32 ng/mL, respectively). No participant had 25(OH)D con-
centration < 11 or > 98 ng/mL at any measurement time after 
randomization.

https://www.r-project.org/
https://www.r-project.org/
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Histograms of the absolute change and relative change in 
25(OH)D from baseline to 3 months are shown in Fig. 2A 
and 2B, respectively. Median absolute change at 3  months 
was 7 ng/mL and median relative change was 33%. Notably, 
58 participants had a decrease in 25(OH)D concentration at 
3 months; 27 participants had no change.

After categorization of absolute 25(OH)D concentration 
at 3  months into 3 strata of < 30  ng/mL, 30 to 39  ng/mL, 
and ≥ 40 ng/mL and categorization of the 3-month absolute 
changes into the 3 ordered strata of lower 25%, middle 50%, 
and upper 25% (-9 to 2 ng/mL, 3-14 ng/mL, and 15-66 ng/
mL, respectively), and similarly for the 3-month relative 
changes (-36% to 10%, 11%-70%, and 71%-455%, respect-
ively), 380 individuals (59.7%) were in a stratum of the same 
order by all 3 categorizations, 28 (4.4%) were never in the 
same stratum, and 229 (35.9%) had 2 categorizations being 
concordant but not all 3.

Participant Characteristics at Study Entry
Baseline participant characteristics by achieved 25(OH)
D concentrations, across each of the 3 categorizations of 
achieved level, are shown in Table 1. Overall, 43.0% of parti-
cipants were female, 17.4% were Black race, and 3.8% were 
of other minority race/ethnicity. The mean age at baseline was 
77.1 (SD 5.4) years and mean 25(OH)D concentration was 
22.1 (SD 5.1) ng/mL

Achieved Serum 25(OH)D by Randomized Dose
Table 2 shows the distribution of participants in each ran-
domized dose group across the 3 strata of each definition of 
achieved 25(OH)D at 3 months. The percentage of partici-
pants in the lowest stratum of achieved 25(OH)D decreased 
as dose increased and the percentage of participants in the 
highest stratum of achieved 25(OH)D increased as dose in-
creased, regardless of definition of achieved 25(OH)D.

Fall Outcomes by Achieved 25(OH)D
The fall outcomes by categories of achieved 25(OH)D at 
3 months are shown in Table 3 for all 3 definitions of achieved 
25(OH)D. Incident first fall rates per 100 person-years were 
78.2, 67.4, and 81.8, respectively for the 3 strata defined by 
absolute 25(OH)D concentration. The HRs (95% CI) for 

incident first fall were 0.93 (0.74-1.16) and 1.09 (0.82-1.46) 
for absolute achieved concentrations of 30 to 39 and ≥ 40 ng/
mL, respectively, each vs < 30  ng/mL. These HRs were not 
statistically different (unadjusted overall P = 0.55; adjusted 
overall P = 0.67). Similarly, there was no difference in time 
to first fall among the 3 strata when achieved 25(OH)D at 
3 months was defined as absolute change, nor when defined 
as relative change.

There was no difference in time to first consequential fall 
among the 3 strata for any definition of achieved 25(OH)
D. However, although the test of overall difference between 
strata defined by absolute concentration was not significant 
(unadjusted overall P = 0.15; adjusted overall P = 0.60), the 
adjusted HR for ≥ 40 vs < 30 ng/mL was 1.38 (95% CI, 0.99-
1.99, P = 0.05). This HR was the most extreme observed (no 
observed HR was smaller than 0.75).

No difference in rates of all falls was seen when achieved 
25(OH)D was defined as absolute level or relative change. 
The rates of all falls did not differ statistically across strata 
defined by absolute change in 25(OH)D after adjustment for 

Figure 1. Serum 25(OH)D concentration over time. Box plots of serum 
25(OH)D concentration (ng/mL) before random assignment to vitamin 
D supplementation of 200, 1000, 2000, or 4000 IU/day and 3, 12, and 
24 months later. To convert 25(OH)D ng/mL to nmol/L, multiply ng/mL 
by 2.5.

Figure 2. Change in serum 25(OH)D concentration after 3 months of 
vitamin D supplementation. (A) Histogram of absolute change in serum 
25(OH)D concentration in 637 participants 3 months after randomization 
to the vitamin D study pill (dose 200, 1000, 2000, or 4000 IU/day). 
Absolute change in serum 25(OH)D was calculated as concentration at 
3 months minus concentration at baseline. Changes were sorted into 
bins of width 5 ng/mL. To convert 25(OH)D ng/ml to nmol/L multiply the 
ng/ml by 2.5. (B) Histogram of relative (%) change in serum 25(OH)D in 
637 participants 3 months after randomization to the vitamin D study pill 
(dose 200, 1000, 2000, or 4000 IU/day). Relative change in serum 25(OH)
D was calculated as (concentration at 3 months minus concentration at 
baseline) divided by concentration at baseline. Fifty-eight participants 
had a percent decrease (3% to 36%), 27 participants had no change, and 
552 participants had a percent increase in serum 25(OH)D at 3 months 
relative to baseline. The x-axis uses a log scale.
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multiple comparisons (unadjusted overall P = 0.05; adjusted 
overall P = 0.60). For the middle 50% of absolute change in 
concentration vs lower 25%, the rate ratio (95% CI) was 
0.75 (0.58-0.96), and for the upper 25% vs lower 25%, the 
rate ratio (95% CI) was 0.93 (0.69-1.26).

The rates of all consequential falls were not statistically dif-
ferent between strata regardless of whether strata were de-
fined by absolute 25(OH)D level, absolute change 25(OH)D, 
or relative change in 25(OH)D. After multiple comparisons 
adjustment, there was no association between any fall out-
come and absolute 25(OH)D, nor absolute or relative change 
in 25(OH)D when falls occurring in the first 90 days after 
randomization were excluded from analysis (data not shown).

Discussion
In this observational analysis of the STURDY trial, we found 
no evidence for association of achieved concentration of 
25(OH)D with risk of incident or cumulative falls, nor for 
incident or cumulative consequential falls. This finding was 
evident regardless of how we defined achieved concentra-
tion (absolute level at 3 months, absolute change, or relative 
change). Notably, there was no apparent higher risk of falls 
for those at the lowest achieved concentrations of 25(OH)D.

Although no statistically significant associations were found 
after adjustment for multiple comparisons, 1 analysis hints at 
possible increased risk of consequential falls with achieved 
concentrations of ≥ 40 ng/mL compared with achieved con-
centrations of < 30  ng/mL, and another analysis suggests a 
possible reduction in total (all) falls for the middle 50% of ab-
solute change in 25(OH)D compared with the bottom quar-
tile of change.

The present findings are consistent with the main trial re-
sults, which found no benefit of falls prevention with vitamin 
D3 supplementation of ≥ 1000 IU/day and a suggestion of 
harm, with first serious fall and first fall with hospitaliza-
tion occurring more frequently, with higher doses of supple-
mentation ≥ 2000 IU/day compared with 200 IU/day [21]. 
Because higher doses of supplementation would be expected 
to achieve higher serum concentrations of 25(OH)D, our 
findings suggestive of more consequential falls with higher 

achieved serum 25(OH)D concentrations would align with 
concerns raised from STURDY [21, 22] and other trials [17-
19] that high-dose vitamin D supplementation is potentially 
harmful.

In aggregate, these data should prompt public health of-
ficials to reconsider their advice regarding the maximal tol-
erable vitamin D threshold, which is currently set at 4000 
IU/day per the National Academy of Medicine (formerly the 
Institute of Medicine) [30]. In contrast, it should be noted 
that the VITAL trial did not demonstrate any harm with sup-
plementation doses of 2000 IU/day for outcomes of cardio-
vascular disease or cancer, nor was hypercalcemia seen [31]. 
The National Academy of Medicine states that the recom-
mended daily allowance of vitamin D intake for adults aged 
19 to 70 years is 600 IU and for adults aged > 70 years old 
is 800 IU for the purposes of optimizing bone health and 
overall health [30]. However, a considerable proportion of 
US adults use vitamin D supplementation in excess of these 
recommended allowances. Between 1999 and 2014, the pro-
portion of US adults using vitamin D supplements > 1000 IU/
day increased more than 60-fold (from 0.3% to 18.2%) and 
those using vitamin D supplements > 4000 IU/day increased 
by over 30-fold (from 0.1% to 3.2%) [32].

In light of the growing evidence showing lack of benefit 
with vitamin D supplementation [16] or potential for harm 
[17-19, 33, 34] for musculoskeletal outcomes, in 2018 the 
US Preventive Services Task Force reversed its recommenda-
tions from 2012, which had previously advised vitamin D 
supplementation for falls prevention in older adults [35], and 
it currently does not recommend vitamin D supplementa-
tion for falls prevention in older persons without osteopor-
osis or vitamin D deficiency [1]. Additionally, an updated US 
Preventive Services Task Force recommendation found insuf-
ficient evidence to balance the benefits vs harms of screening 
for vitamin D deficiency among asymptomatic adults [36, 37].

Furthermore, although vitamin D supplementation has 
been advised to treat deficiency or insufficiency across guide-
lines, there has been ongoing controversy about what ac-
tually constitutes an “adequate” 25(OH)D concentration 
[38]. The Endocrine Society has defined 25(OH)D concen-
trations < 20  ng/mL as deficient, with 20 to 29.9  ng/mL 

Table 2. Distribution of participants in each randomized dose group across strata of achieved serum 25(OH)D concentration

 200 IU/d  
(N = 314) 

1000 IU/d  
(N = 195) 

2000 IU/d  
(N = 64) 

4000 IU/d  
(N = 64) 

Level at 3 mo, ng/mL     

 ≤ 29 214 (68.2%) 67 (34.4%) 15 (23.4%) 3 (4.7%)

 30-39 96 (30.6%) 101 (51.8%) 33 (51.6%) 12 (18.8%)

 > 40 4 (1.3%) 27 (13.8%) 16 (25.0%) 49 (76.6%)

Absolute change from BL to 3 mo (FU-BL, ng/mL)     

 Lower 25%: -9 to 2 119 (37.9%) 22 (11.3%) 5 (7.8%) 1 (1.6%)

 Middle 50%: 3-14 179 (57.0%) 129 (66.2%) 33 (51.6%) 9 (14.1%)

 Upper 25%: 15-66 16 (5.1%) 44 (22.6%) 26 (40.6%) 54 (84.4%)

Relative change from BL to 3 months ((FU-BL)/BL, (%))     

 Lower 25%: -36 to 10 127 (40.4%) 26 (13.3%) 5 (7.8%) 1 (1.6%)

 Middle 50%: 11-70 152 (48.4%) 125 (64.1%) 32 (50.0%) 11 (17.2%)

 Upper 75%: 71-455 35 (11.1%) 44 (22.6%) 27 (42.2%) 52 (81.3%)

To convert 25(OH)D ng/ml to nmol/L, multiply ng/mL by 2.5.
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BL, baseline; FU, follow-up.
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considered insufficient, and ≥ 30  ng/mL considered optimal 
[23]. In contrast, the National Academy of Medicine considers 
serum 25(OH)D concentrations < 12 ng/mL as deficient, with 
12 to 20 ng/mL at risk for inadequacy, >20 to 50 ng/mL con-
sidered adequate for bone health and overall health for most 
Americans, and concentrations > 50 ng/mL at potential risk 
for adverse events [30]. At 3 months after randomization in 
STURDY, no participant had achieved concentration < 12 ng/
mL and only 30 people had achieved levels > 50  ng/mL, 
limiting our ability to examine fall outcomes for these ex-
treme categories of achieved 25(OH)D concentrations. Our 
highest category of absolute 25(OH)D at 3 months ranged 
from 40 to 92 ng/mL, and our findings align with this concern 
for harm at elevated serum 25(OH)D concentrations.

Both low and high concentrations of 25(OH)D may be ad-
verse for health. Indeed, a U-shaped relationship of vitamin 
D supplement doses with fracture risk has been suggested 
[39]. For the outcome of all falls, a reduction in fall risk seen 
with middle 50% of achieved 25(OH)D concentration but 
not with highest achieved levels also supports the concept 
that higher concentrations are not necessarily better for mus-
culoskeletal health. Prior other studies have also suggested 
a U-shaped relationship of serum 25(OH)D concentrations 
with mortality, cardiovascular diseases, and cancer, with both 
low and high 25(OH)D concentrations being associated with 
adverse events [40-43].

Prior meta-analyses have generally focused on comparing 
doses of vitamin D supplementation with fall risk [16]. 
However, there is variable response to an achieved 25(OH)
D concentration for a given vitamin D supplementation dose 
based on age, bioavailability, obesity status, racial factors, 
and genetic polymorphisms related to vitamin D metabolism 
[44, 45]. Thus, we undertook these analyses because we an-
ticipated the purported benefit of vitamin D supplementation 
may depend on achieved blood concentration and not the 
dose per se. In a 2009 meta-analysis incorporating 8 RCTs, 
supplemental vitamin D in the dose range of 700 to 1000 IU/
day reduced the risk of falls by 19%, but falls were not re-
duced unless a blood concentration of at least 24 ng/mL was 
achieved [11]. However, in this present analysis, we did not 
confirm any benefit for falls reduction with higher achieved 
25(OH)D concentrations or see an increased risk of falls at 
lower concentrations.

Rather, we found a suggestion for harm of consequential 
falls with higher achieved concentrations ≥ 40  ng/mL even 
after adjusting for potential confounding factors. The mech-
anisms underlying this association are uncertain. One possi-
bility is that individuals with higher 25(OH)D concentrations 
may be healthier and more active, and thus engaging in more 
at-risk outdoor activities where they may be more likely to 
be injured by a fall; however, our analyses were adjusted for 
baseline functional status (SPPB score). On the other hand, 
it may be that high-dose vitamin D supplementation (and 
thus, high achieved 25(OH)D concentrations) actually cause 
bone resorption, placing these individuals at increased vul-
nerability of a fracture with their fall. In an RCT of healthy 
adults without osteoporosis, high-dose vitamin D supple-
mentation ≥ 4000 IU/day (compared to 400 IU/day) actually 
decreased BMD rather than increased it [34]. High serum con-
centrations of 25(OH)D have been associated with increased 
concentrations of 1,25-dihydroxyvitamin D (calcitriol), the 
active form of vitamin D. Although activated vitamin D is gen-
erally thought to promote bone mineralization by decreasing 

PTH through negative feedback mechanisms, overstimulation 
of the calcitriol pathway may actually lead to bone resorption. 
Calcitriol increases blood calcium levels mostly by increasing 
uptake of calcium from intestines, but it also can promote re-
lease of calcium from bones by stimulating osteoclasts, which 
break down bone tissue [46, 47]. Although high-dose vitamin 
D can lead to hypercalcemia, there were no safety concerns 
of hypercalcemia during the STURDY trial, even with higher 
doses of vitamin D supplementation [21].

Our findings should be considered in the context of sev-
eral limitations. First, individuals with severe vitamin D 
deficiency—25(OH)D concentrations < 10  ng/mL—were 
excluded from the trial and thus we cannot make inference 
about whether a relative change in 25(OH)D concentrations 
might be beneficial for falls prevention in this at-risk popula-
tion. However, only 23 individuals were excluded because of 
a baseline level < 10 ng/mL. Second, this is an observational 
analysis, and as such, we cannot make any causal inferences. 
Although we adjusted for a number of potential confounders 
including functional status (SPPB), there may be residual 
confounding of achieved serum 25(OH)D concentrations by 
health status. Generally, low 25(OH)D concentrations are in-
dicative of a poorer health status [48-50], where we could 
presume that individuals with low achieved 25(OH)D might 
be at greater falls risk from poorer underlying health and less 
outdoor physical activity. But rather, we found an opposite 
trend with 25(OH)D concentrations ≥ 40 ng/mL being asso-
ciated with a possible greater risk of consequential fall and no 
evidence of higher fall risk at lower levels of achieved 25(OH)
D. Third, the study findings were limited to a population of 
adults aged 70 years or older, at risk of falling, with low base-
line 25(OH)D concentrations, and thus results cannot be 
extrapolated to other populations such as younger individ-
uals and those who are not at elevated fall risk. Fourth, the 
follow-up period of the study was relatively short with ap-
proximate follow-up of 24 months; however, the number of 
falls was large, thereby providing substantial statistical power. 
Finally, there were multiple analyses. Hence, our findings of 
a possible increased risk of consequential falls with absolute 
concentrations of ≥ 40 ng/mL, and another analysis of a pos-
sible reduction in total (all) falls for the middle 50% of abso-
lute change in 25(OH)D might be the result of type 1 errors.

In conclusion, this observational analysis of the STURDY 
RCT did not find any association of achieved 25(OH)D con-
centrations after 3 months on supplementation with reduc-
tion in falls. A potential for harm of consequential falls with 
achieved concentrations ≥ 40  ng/mL cannot be excluded. 
These findings from observational analyses of the STURDY 
trial, in conjunction with primary trial results, support 
reevaluation of the upper tolerable dose of vitamin D intake.
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