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A B S T R A C T

Three recently-completed, large clinical trials in the U.S, New Zealand, and Australia, referred to herein as the
‘mega-trials’, were conducted to determine the impact of supplemental vitamin D on a variety of outcomes
including falls and fractures. The trials were similar in design and collectively included over 50,000 generally
vitamin D replete, older men and women. The mega-trials established that vitamin D supplementation with the
equivalent of 2000 to 3300 IU/d of vitamin D3 had no favorable effect on risk of falls or fractures. This review
focuses on specific design elements of the trials and how they likely influenced these trial findings. While these
trials were in progress, evidence emerged that circulating 25-hydroxyvitamin D levels have a U-shaped associ-
ation with risk of falling, raising concern about a potential untoward effect of high dose supplementation. There
is compelling evidence that in older, vitamin D- and calcium-insufficient nursing home residents, the combi-
nation of vitamin D and calcium in modest replacement doses dramatically reduces the risk of hip and other
fractures. Community-dwelling older adults in many populous countries around the globe have widespread
vitamin D and calcium insufficiency. It is time to follow the evidence trail and determine the effect of vitamin D
and calcium replacement on their risk of falls and fractures.

1. Introduction

The long-awaited vitamin D supplementation mega-trial results have
now been published. These trials have contributed evidence related to
the potential value of supplemental vitamin D in reducing falls and
fractures. The objective of this review is to consider what these trials
have and have not answered in the longstanding question of the role of
vitamin D in bone and muscle health. The specific objectives are: 1) to
review the impact of vitamin D supplementation on risk of falls and
fractures in the 3 mega-trials, 2) to discuss the strengths and limitations
of the mega-trial designs with respect to fall and fracture assessments
and outcomes, 3) to consider how the mega-trials extend knowledge
beyond that attained from earlier randomized controlled trials, and 4) to
consider next steps in assessing the role of vitamin D in minimizing falls
and fractures. The VITAL study [1] will be used as the main example and
supporting information will be cited from two other mega-trials, the
VIDA [2] and D-Health studies [3]. The terms deficient, insufficient, and
replete used herein refer to the National Academy of Medicine defini-
tions: <12 ng/ml (<30 nmol/L) – deficient, 12–20 ng/ml - insufficient,
and ≥20 ng/ml – sufficient [4]. This is not a systematic or comprehen-
sive review of the published literature, but rather an analysis of how

specific design features of the mega-trials influenced their outcomes. It
also considers the available evidence that might productively guide our
next research efforts.

2. Summary of the mega-trial findings related to fractures and
falls

VITAL This was a randomized, placebo-controlled trial carried out in
the United States in 25,871 men and postmenopausal women, mean age
67 yrs. Participants were treated with 2000 IU of vitamin D3 vs placebo
and 1 g of omega-3 fatty acids vs placebo, in a two-by-two factorial
design, for a mean of 5.3 years. An ancillary study to VITAL was per-
formed to assess the effect of supplementation on falls and fractures [1].
The mean 25(OH)D level at baseline in this study was 30.2 ng/ml.
Fractures were initially reported on the annual questionnaires. With
participant consent, they were then verified by medical record reviews.
There was no significant effect of supplementation with vitamin D on
total fractures (HR 0.98 [95%CI 0.89, 1.08] or hip fractures (HR 1.01
[0.70, 1.47]).

Falls were assessed by an annual mail-out questionnaire [5]. The two
designated fall–related outcomes were having: 1) two or more falls and
2) falls resulting in a doctor or hospital visit. Over the 5.3 year treatment
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period, the odds ratio of having 2 ormore falls did not differ significantly
in the vitamin D and no vitamin D groups (OR= 0.97 [0.90, 1.05]) in the
group as a whole or in subsets with baseline 25(OH)D levels <12 ng/ml,
12–20 ng/ml, or ≥20 ng/ml. Similarly, the odds ratio of injurious falls
resulting in either a doctor or hospital visit did not differ in the two
treatment groups.

VIDA The VIDA study was a randomized, placebo-controlled trial
conducted in New Zealand in 5108 men and postmenopausal women,
mean age ~65 years [2]. Participants were treated monthly with 100,
000 IU of D3 (preceded by a single 200,000 IU dose) vs placebo for 3.3
yrs. The mean 25(OH)D level at baseline was 25.2 ng/ml. Non-vertebral
fractures were counted based on hospital discharge records containing a
primary or secondary diagnostic code for a non-vertebral fracture.
Non-vertebral fractures were identified in 292 participants. The effect of
vitamin D supplementation on non-vertebral fracture risk was not sig-
nificant (HR 1.19 [95%CI 0.94, 1.50]).

Participants who fell were identified through a national govern-
mental insurance organization that covers medical costs from injury;
hence only injurious falls were counted. Vitamin D treatment had no
significant impact on risk of an injurious fall (HR 0.99 [0.92, 1.07]).

D-Health This was a randomized, placebo-controlled trial carried out
in a large group of randomly selected men and postmenopausal women
in Australia, aged 60–84 years [3]. Participants were treated monthly
with 60,000 IU of vitamin D3 or placebo for an average of 5.1 years.
Baseline 25(OH)D levels were not reported but the intra-trial mean
predicted 25(OH)D level was 30.8 ng/ml in the placebo group and 46.0
ng/ml in the vitamin D group. Fractures were identified through linkage
to two administrative databases, one containing hospital admission data
and the other data on public and private medical services both inside
and outside of hospitals. The 20,326 participants with linkage to these
administrative datasets were included in the analysis. Vitamin D sup-
plementation had no significant effect of fracture risk overall (HR 0.94
[0.84, 1.06]) or on hip fracture risk (HR 1.11 [0.86, 1.45]). Similarly,
supplementation had no significant effect on major fractures (spine,
radius, humerus, and hip) or on non-vertebral fractures.

A subset of 6000 participants were randomly selected for assessment
of risk of falling [6]. Participants who reported falling in the month prior
to the annual survey (by mail out questionnaire) were counted as fallers.
A subset of 2400 of the 6000 participants also completed fall diaries.
Vitamin D supplementation had no effect on falling in the last month
(OR 1.02 [0.95, 1.10]). Analysis of fall diary data produced consistent
results. There was no significant association between predicted 25(OH)
D levels and risk of falling.

In the three mega-trials, there were no significant differences in falls
or fractures based on gender, age, or BMI subgroups, with the single
exception that falls differed by BMI subgroup in D-Health (see section
3.5 below for details) [6].

In summary, these three mega-trials, conducted concurrently in a

total of more than 50,000 participants, demonstrated that supplemen-
tation with the equivalent of 2000 to 3300 IU of vitamin D3 daily did not
alter risk of falls or fractures in vitamin D-replete older adults.

3. The strengths and limitations of the mega-trial designs with
respect to fall and fracture outcomes

Importantly, the mega-trials had primary outcomes unrelated to falls
or fractures. The primary outcomes of the VITAL trial were cardiovas-
cular disease and cancer; ancillary studies supported the assessment of
falls and fractures. The primary outcome of the VIDA trial was cardio-
vascular disease; falls and fractures were secondary endpoints. The
primary outcome of the D-Health trial was all-cause mortality; falls and
fractures were tertiary endpoints. These trials demonstrated that
vitamin D supplementation had no significant effect on their primary
endpoints, incident cancer [7], cardiovascular disease [7,8], or all-cause
mortality [9]. The trials were well designed and are considered to have a
high level of internal and external validity related to their primary
outcomes. With respect to musculoskeletal endpoints; however, they
lacked such validity in several respects.

3.1. The mega-trials testing vitamin D alone did not build on important
evidence that vitamin D in combination with calcium may reduce fracture
risk

The scientific landscape when the mega-trials were designed was
dominated by the landmark Chapuy trial [10]. This randomized,
placebo-controlled trial was carried out in 3270 French female nursing
home residents, mean age 84.6 years. At baseline, the participants were
insufficient in vitamin D [mean 25(OH)D level = 16 ng/ml] and in
calcium intake (mean intake 511 mg/d, or less than half of the recom-
mended intake). Participants were randomly assigned to treatment for
18 months with modest daily doses of 800 IU of vitamin D3 plus 1.2 g of
calcium or with double placebo. Treatment resulted in a 43 % reduction
in risk of hip fracture and a 32 % reduction in other non-vertebral
fractures. Falls were not reported. The contributions of the individual
components of the treatment, vitamin D and calcium, are not known.

Following the Chapuy report, several randomized, placebo-
controlled clinical trials were designed to determine the effect of
vitamin D plus calcium on bone mineral density (BMD) and/or fracture
risk in community-dwelling older adults. In one, the Boston STOP IT
trial, 389 men and women age 65 years and older were treated for 3
years with 700 IU of vitamin D3 plus 500 mg of calcium [11]. The
baseline mean 25(OH)D level was 33 ng/ml in the men and 26 ng/ml in
the women, and calcium intake was about 700 mg per day. In this
relatively small trial, the supplemented group, when compared with
placebo, had significant increases in BMD of the spine, femoral neck, and
total body (the primary endpoints); they also had fewer fractures than
the placebo group (11 vs 26, P = 0.02).

In a larger pragmatic, secondary fracture prevention trial in the UK,
the RECORD Group trial [12], 5292 men and women age 70 years and
older with a recent fragility fracture were randomized in a
factorial-design to treatment with vitamin D3 (800 IU per day), calcium
(1000 mg per day), vitamin D3 plus calcium, or placebo. They were
followed for between 24 and 62 months. Serum 25(OH)D levels were
assessed in a small subset of 60 participants enrolled at two of the 21
clinical sites. In this subset, serum 25(OH)D, initially 15.2 ng/ml, rose
by 9 ng/ml in both vitamin D groups and rose by 3.1 in the placebo
group, for a difference in change of about 6 ng/ml after 24 months of
treatment. New fragility fractures, the primary endpoint of the trial,
were ascertained by mail out questionnaire every 4 months and verified
by hospital records when possible. Return of questionnaires and pill
compliance declined over time. At 24 months, 3765 participants (71 %)
returned questionnaires and, of these, fewer than half (46.8 %) reported
taking study pills at least 80 % of the time. The outcome of the trial was
that fracture risk was not significantly altered by vitamin D alone (HR

Abbreviations:

25(OH)D 25-hydroxyvitamin D
BMD bone mineral density
BMI body mass index
D-Health a vitamin D trial in Australia
FGF-23 fibroblast growth factor 23
RECORD Randomized evaluation of calcium or vitamin D
STOP/IT study Sites Testing Osteoporosis Prevention/

Intervention Treatment
STURDY Study to Understand Fall Reduction and Vitamin D in

You
ViDA The Vitamin D Assessment Study
VITAL Vitamin D and Omega-3 Trial
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1.02 [0.88, 1.19]), by calcium alone (HR 0.94 [0.81, 1.09]), or by the
combination (HR 1.01 [0.75, 1.36]).

To summarize, there is clear and convincing evidence that nursing
home residents with vitamin D and calcium insufficiency/deficiency had
dramatic fracture risk reduction within 18 months of treatment with
vitamin D plus calcium supplementation in replacement doses. Evidence
for dual (vitamin D + calcium) and single (vitamin D or calcium alone)
supplementation in vitamin D insufficient community-dwelling older
adults is inconsistent. The mega-trials did not address this outstanding
question.

3.2. The mega-trials were conducted in populations with adequate vitamin
D status

Vitamin D insufficiency was not an entry criterion in the mega-trials.
Additionally, the vitamin D environment was changing when these
mega-trials were being conducted. During that period, there was a surge
in vitamin D publications. Fig. 1 shows the results of a PubMed search of
vitamin D publications between 1990 and 2023. The arrow at 2009
indicates the year that recruitment for VITAL began.

In concert with the increase in vitamin D publications, vitamin D
supplement usage in the U.S. rose dramatically [13,14]. As a result,
participants in the VITAL trial at enrollment had a mean 25(OH)D level
of 30.3 ng/ml [1], a level that was well within the sufficient range.
Baseline 25(OH)D levels were also in the optimal range in ViDA (25.6
ng/ml) [2], and in D-Health, in which 80 % of participants had a pre-
dicted 25(OH)D level >20 ng/ml [3].

3.3. Quality of fracture and falls ascertainments

Fracture ascertainment was of high quality in the mega-trials. In
VITAL, participants who reported a fracture were sent a medical release
form. Upon return of the signed release, fractures were verified by re-
view of their medical record. All incident fractures were centrally
adjudicated [1]. Similarly, in ViDA, non-vertebral fracture information
was obtained from hospital admissions records that contained ICD-10
codes [2]. In D-Health, the first fracture at any skeletal site was identi-
fied through linkage with in-hospital and out-patient administrative
datasets [3].

Falls assessments in the mega-trials were not of the highest quality,
understandably given the size of the trials and the limited interaction
between study staff and participants. Falls assessment was based on
annual mail out questionnaires in VITAL and D-Health and on more
frequent mail out questionnaires (every 1 or 4 months) in ViDA. More

rigorous assessment is recommended for high quality fall information.
The assessment ideally includes a) use of prospective daily recording
and a notification system to inform study staff when a participant had
fallen (e.g., by postcard, text, or phone call) and b) staff follow up with
monthly phone calls to rectify missing data and to ascertain further
details of falls and injuries [15]. An even more intense assessment is
recommended for adults with impaired memory [16]. The detailed
approach reduces the number of forgotten falls and the double reporting
of falls (identified by similar fall circumstances).

3.4. Calcium intake was not assessed or administered in the mega-trials

Calcium intake was not assessed in the mega-trials, presumably
because calcium intake was not considered to be important for their
primary outcomes, cardiovascular disease, cancer, and mortality.
Additionally, calcium was not administered, for the same reason. In a
global assessment of calcium intake in 2017 [17], the average calcium
intakes in adults residing where the mega-trials were conducted were:
934 mg per day in the U.S., 807 mg per day in New Zealand, and 805 mg
per day in Australia. Based on these national average intakes, it seems
unlikely that large numbers of mega-trial participants were calcium
deficient, although specific information is lacking. Calcium intake in the
mega-trial participants was likely far higher than 512 mg per day, the
mean intake of the French nursing home participants in the Chapuy trial
[10].

3.5. A potential nonlinear impact of vitamin D supplementation on risk of
falling

The classical association of nutrients with physiologic function ap-
pears to apply to vitamin D. In this model, both inadequate and excessive
intake of a nutrient are associated with suboptimal physiological func-
tion [18]. There is evidence that more falls occur in individuals with low
and also with high 25(OH)D levels. In a one-year dose-finding vitamin D
intervention trial in postmenopausal women, Smith and Gallagher re-
ported a U-shaped association of the intra-trial mean 25(OH)D level
with risk of falling [19]. The nadir of fall risk in this study was in the 25
(OH)D concentration range of 35–41 ng/ml. Similarly, in the STOP IT
study inmen andwomen aged 65 years and older whowere treated daily
for 3 years with 700 IU of vitamin D3 together with 500 mg of calcium or
double placebo, there was a U-shaped association between risk of falling
and the intra-trial mean 25(OH)D level [20]. The nadir region in this
cohort was 20–40 ng/ml. Fall risk was recently assessed in a secondary
analysis of an earlier 4-year vitamin D plus calcium cancer prevention
trial in 2303 postmenopausal women [21]. In this trial, postmenopausal
women were treated for 4 years with 2000 IU of vitamin D3 plus 1500
mg of calcium vs double placebo daily. The mean 25(OH)D level at entry
into the trial was 32.6 ng/ml. There was no association of 25(OH)D with
all falls at 25(OH)D levels below 60 ng/ml; however participants with
intra-trial 25(OH)D levels >60 ng/ml had significantly greater risk of
having 2 or more falls than participants with 25(OH)D levels in the
range of 30–40 ng/ml (OR = 1.99 [95 % CI 1.2, 3.3]) [22]. In the
STURDY study, a trial testing the effect of 1000 IU vs 200 IU of vitamin
D3 daily on fall risk in 647 older adults with a history of falling, the
higher dose did not lower fall risk [23]. However in the higher dose
group, there were more serious falls and more falls requiring hospitali-
zation than in the lower dose group.Finally, in a clinical trial in 200
older adults with baseline 25(OH)D levels<20 ng/ml, participants were
supplemented with 60,000 IU of vitamn D3 per month, 24,000 IU per
month (equivalent to 2000 and 800 IU daily), or 24,000 IU of vitamin D3
plus 300 μg of calcifediol [24]. The investigators found no group dif-
ference in muscle performance, the primary outcome, but the incidence
of falling, a secondary endpoint, was higher in the two higher dose
groups than in the group taking 2400 IU of vitamin D3 per month. These
studies support a nonlinear association of serum 25(OH)D with fall risk.
The precise range of the nadir region for falls is not yet clear, but the

Fig. 1. Number of vitamin D publications (identified in a Pub Med search), by
year. The arrow indicates the year when the VITAL study started recruiting
participants.
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lower 25(OH)D boundary appears to be about 20 ng/ml. The upper
boundary is less certain, but may be between 40 and 60 ng/ml.
Refinement of this estimate will require additional data and also the use
of standardized 25(OH)D values, in alignment with the Vitamin D
Standardization Program guidance [25].

The mega-trials provide little information about the lower boundary
of the optimal 25(OH)D range for minimal falls likely because few
insufficient participants were enrolled. They do add some information
about fall risk at higher 25(OH)D levels, notwithstanding the fact that
falls assessments, as indicated in section 3.3 above, were not optimal.
VITAL demonstrated no difference in the proportion of participants with
two or more falls in the vitamin D vs no vitamin D group and no asso-
ciation between the baseline 25(OH)D level and risk of falling. They did
note in an exploratory analysis that participants in the vitamin D-treated
group who achieved a free 25(OH)D level above the median had an
increase in hospitalizations due to a fall when compared with the pla-
cebo group [5]. The D-Health trial identified no significant impact of
vitamin D treatment on risk of falling in the month prior to completing
the annual falls questionnaire in the group as a whole. However, in the
subset of 2385 participants with baseline body mass index (BMI) < 25
kg/m2, supplementation resulted in a 25 % increase in risk of falling (OR
1.25 [95%CI 1.09, 1.43]) [6]. As expected, the participants with BMI
<25 kg/m2 had higher baseline 25(OH)D levels than did participants
with BMI ≥25.

This section has focused on evidence that the association of 25(OH)D
with risk of falling is likely U-shaped. It is notable that a U-shaped as-
sociation has also been reported for fractures. In an observational study
in Australia, the baseline 25(OH)D level was positively associated with
risk of fracture over the following 4.3 years. The nadir region for fracture
was in the fourth 25(OH)D quintile which included levels ranging from
24 to 29 ng/ml, thus overlapping the apparent nadir region for falls
[26].

The mechanism(s) underlying the adverse effect of high 25(OH)D
levels on fall/fracture risk are not fully understood but may be related to
changes in circulating levels of FGF-23 [27,28]. High 25(OH)D levels
stimulate release of FGF-23 from osteocytes. FGF-23 downregulates
1α-hydroxylase (CYP27B1) and upregulates 24-hydroxylase (CYP24A1)
[29], effectively lowering the circulating 1,25(OH)2D level. Higher
FGF-23 levels are associated with frailty [30], a strong risk factor for
falls. Increased fracture risk would be expected based on impairment of
bone mineralization resulting from lower circulating 1,25(OH)2D levels
and on the aforementioned increase in frailty [30].

4. Moving forward – follow the evidence trail

Insufficiency and deficiency of vitamin D and calcium have become
uncommon in countries where the mega-trials were conducted; how-
ever, that is not the case in much of the global population. A global
assessment of vitamin D status published in 2012 revealed vitamin D
deficiency was widespread in adults in China, much of Southeast Asia,
India, the Middle East and North Africa, and in selected locations in
South America [31]. In many regions, particularly in Africa, reliable
data on vitamin D status were not available [31]. Updated information
in selected large countries has shown little change. For instance, the
mean 25(OH)D level in adults in China was estimated to be 17.7 ng/ml
in 2021(32). The mean level in India was 14.2 ng/ml in 2017(33), and it
ranged from 13 to 17 ng/ml by region, with the lowest level in Northern
India. In Saudi Arabia, the mean 25(OH)D level in adults was reported to
be 13 ng/ml in 2018; this level is also seen in other parts of the Middle
East and North Africa [34].

Calcium intake follows a similar pattern. It is generally adequate in
the countries where the mega-trials were conducted. However, in many
locations, calcium intake is very low. Moreover, adults in regions with
low mean 25(OH)D levels also frequently have low calcum intake. For
instance, mean calcium intake in adults in China is < 400 mg/d, mean
intake in adults in India is 429 mg/d, and mean intake in adults in Saudi

Arabia is 445mg/d [17]. Thus serum 25(OH)D levels and calcium intake
in these populous regions are far below recommended levels and, as
shown in Table 1, are even below the levels reported in the French
nursing home residents [10].

5. Summary and conclusions

Supplementation with vitamin D in replete older adults offers no
evident musculoskeletal benefit. There is mounting evidence that
achieving 25(OH)D levels >40–60 ng/ml may increase risk of falling.
Since the majority of fractures and many other injuries result from falls,
minimizing fall risk is a high priority.

Modest replacement levels of vitamin D and calcium (800 IU of
vitamin D3 and 1200 mg of calcium daily) dramatically lowered hip
fracture and all fracture risk in vitamin D and calcium-insufficient and
deficient French nursing home residents [10]. Notably, these doses are
consistent with recommendations of the National Academy of Medicine
for older adults [4]. It is unfortunate that we do not know what benefit
might result from similar doses of vitamin D and calcium in multiple
heavily-populated countries and regions with almost universal in-
adequacy in both vitamin D and calcium. The current low vitamin D and
calcium status has been in place for many generations in these regions. It
is possible that adaptations have occurred to accommodate these intake
levels, but this is speculation.

Determining the impact of supplementation with modest doses of
both vitamin D and calcium on risk of falls and fractures in China, India,
and the Middle East and other dual-deficiency regions is a high priority.
Evidence of benefit of vitamin D and calcium supplementation in these
regions is needed to provide the incentive for these regions to institute
new policies, such as food fortification, in order to optimize vitamin D
status and calcium intake for musculoskeletal health.
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25(OH)D,
ng/ml
(ref)

Ca intake, mg/
d (ref)

Hip fracture risk
(ref)

French nursing home
trial

16 [10] 511 [10] ↓ 43 %

China 18 [32] <400 [17] ?
India 14 [33] 429 [17] ?
Saudi Arabia 13 [34] 445 [17] ?
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