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Abstract

Previous clinical trials and systematic reviews on the effects of supplemental vitamin D on musculoskeletal outcomes are conflicting. In
this paper, we review the literature and summarize the effects of a high daily dose of 2 000 IU vitamin D on musculoskeletal outcomes in
generally healthy adults, in men (=50 years) and women (2535 years) in the 5.3-year US VITamin D and OmegA-3 Trial (VITAL) trial (7 = 25
871) and women and men (270 years) in the 3-year European DO-HEALTH trial (n = 2 157). These studies found no benefit of 2 000 IU/d of
supplemental vitamin D on nonvertebral fractures, falls, functional decline, or frailty. In VITAL, supplementation with 2 000 IU/d of vitamin
D did not reduce the risk of total or hip fractures. In a subcohort of VITAL, supplemental vitamin D did not improve bone density or structure
(n = 771) or physical performance measures (1 = 1 054). In DO-HEALTH, which investigated additive benefits of vitamin D with omega-3 and
a simple home exercise program, the 3 treatments combined showed a significant 39% decreased odds of becoming prefrail compared to the
control. The mean baseline 25(OH)D levels were 30.7 = 10 ng/mL in VITAL and 22.4 = 8.0 ng/mL in DO-HEALTH and increased to 41.2 ng/
mL and 37.6 ng/mL in the vitamin D treatment groups, respectively. In generally healthy and vitamin D-replete older adults not preselected for
vitamin D deficiency or low bone mass or osteoporosis, 2 000 IU/d of vitamin D had no musculoskeletal health benefits. These findings may
not apply to individuals with very low 25(OH)D levels, gastrointestinal disorders causing malabsorption, or those with osteoporosis.

Keywords: Age-related skeletal muscle dysfunction, Body composition, DO-HEALTH trial, Falls, Fractures, Functional decline, Mobility—disability, VITAL trial,
Vitamin D

Although vitamin D supplements are generally perceived to improve
musculoskeletal health, conclusive data on whether these supple-
ments benefit these outcomes have been inconsistent. Approximately
37% of adults in the United States aged 60 years and older take
vitamin D supplements (1). Although some observational studies in-
dicate a positive relationship between 25(OH)D levels and bone min-
eral density (BMD), meta-analyses of randomized controlled trials
(RCTs) have not shown the benefit of supplemental vitamin D in the
primary prevention of osteoporosis. Additionally, conflicting results
have been found regarding the effect of vitamin D supplementation
on physical performance measures. Many RCTs have been limited
by bolus dosing, co-administration with calcium, short duration,
and small sample sizes. To address these inconsistencies, the recent
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VITamin D and OmegA-3 Trial (VITAL) (2-5) and DO-HEALTH
(6) studies tested the effects of supplemental vitamin D on clinically
important musculoskeletal outcomes.

ViTamin D and OmegA-3TriaL: Effects on Falls,
Bone Density/Structure, Body Composition,
and Fractures

Falls and fractures increase markedly with age and result in injuries,
hospitalizations, and premature death. Vitamin D supplements are
widely recommended to benefit bone and musculoskeletal health,
but definitive data on whether these supplements prevent falls, im-
prove body composition or BMD, or reduce incident fractures in the
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general population have been inconsistent. RCTs have been limited
by bolus dosing, co-administration with calcium, short duration, and
small sample sizes.

To fill these knowledge gaps, we tested in ancillary studies the
VITamin D and OmegA-3 Trial (VITAL) whether daily, supple-
mental vitamin D, versus placebo reduced the risk of incident falls,
improved body composition (fat and lean tissue), prevented declines
in bone density/structure and/or decreased incident fractures. VITAL
is a recently completed primary prevention trial that investigated in
a 2 x 2 factorial design whether vitamin D, (cholecalciferol, 2 000
1U/d) and/or omega-3 fatty acid (fish oil, 1 g/d) supplements pre-
vented cancer and cardiovascular disease. From 50 states, 25 871
men (aged >50) and women (aged >55), including 5 106 Black
participants, were enrolled with a median follow-up of 5.3 years.
The exclusion criteria included cardiovascular disease, cancer, and
hypercalcemia. Participants were not preselected for vitamin D de-
ficiency, low bone mass, high fall risk, or osteoporosis. Participants
completed baseline and annual questionnaires evaluating medical
history and medications, physical activity, and lifestyle variables.

At baseline, VITAL participants had a mean = standard deviation
[SD] age of 67.1 = 7.1 years and mean = SD body mass index (BMI)
of 28.1 (5.7) kg/m? (7). Of the 25 871 participants, 51% were fe-
male and 20% were Black. At baseline, 42.6% of participants took
nonstudy vitamin D supplements limited to <800 TU/d and 20.0%
of participants took calcium supplements limited to <1 200 mg/d.
Fasting blood samples were collected in 16 956 participants at base-
line and approximately 6 000 at follow-up (7-9). The mean = SD
baseline 25(OH)D level was 30.7 = 10.0 ng/mL (nz = 16 757). In
a subgroup of participants randomized to supplemental vitamin D
(n = 1 347), mean 25(OH)D levels increased from 29.2 ng/mL at
baseline to 41.2 ng/mL at a 2-year follow-up. Adherence to the study
interventions was 87.3% at 2 years and 85.4% at 5 years. More
information can be found at the parent trial’s website at vitalstudy.
org (7).

Although 10.3% of participants had a history of fragility frac-
ture at baseline, only 4.8% were taking osteoporosis medications.
In total, 2.4% of VITAL participants had 25(OH)D levels <12 ng/
mL, which is similar to 2.9% of the U.S. population 60 years and
older with 25(OH)D <12 ng/mL, as measured by the National
Health and Nutrition Examination Survey (NHANES) (10). In
VITAL, 12.9% of participants had 25(OH)D levels less than 20 ng/
mL in comparison to 15.2% of persons 60 years and older exam-
ined in NHANES (10).

Incident and Injurious Falls

In the United States, falls among older adults are a leading cause of
injuries, fractures, and death (11). Individuals who fall more than
once are twice as likely to be admitted to nursing homes. Systematic
reviews and meta-analyses have shown conflicting results on the ef-
fects of supplemental vitamin D for the prevention of falls in the
aging U.S. population.

In a VITAL ancillary study, we examined the effects of supple-
mental vitamin D, (2 000 IU/d) versus placebo on incident falls and
those requiring health care utilization. Primary outcomes were 2 or
more falls and injurious falls resulting in a doctor or hospital visit,
which were self-reported on annual questionnaires. The mean age =
SD of the participants was 67.1 = 7.1 years (50.6 % females); 33.3%
had >1 fall(s) in the year prior to the trial. Baseline characteristics
were balanced between groups. Participants recorded the number of
falls (0, 1, 2, 3+); a number of injurious falls or falls resulting in a

doctor visit (0, 1, 2, 3+); and falls resulting in a hospital visit (yes or
no), as well as risk factors for falls and medications (2).

Over a median follow-up duration of 5.3 years, 15 161 parti-
cipants reported a total of “51 260 falls.” In the vitamin D versus
placebo groups, there were no differences in the proportion of par-
ticipants having 2 or more falls (odds ratio [OR] = 0.97; 95% CI:
0.90-1.05, p = .50), falls resulting in a doctor visit (OR = 1.03;
95% CI: 0.94-1.13, p = .46), or falls resulting in a hospital visit
(OR =1.04; 95% CI: 0.90-1.19, p = .61; Figure 1). Results did not
differ by baseline age, sex, race, BMI, or quintiles of 25(OH)D levels
2).

Participants also reported physical activity on annual question-
naires, including the metabolic equivalent of task (MET) hours/week,
activities of daily living (ADLs; such as feeding or dressing oneself),
and instrumental activities of daily living (IADLs; such as carrying
groceries or walking more than 1 mile) (2). As assessed at 3 years,
we found no differences in MET hours between the vitamin D and
placebo groups. We also found no differences in ADLs or IADLs,
assessed at years 3, 4, and 5 (2). Finally, supplemental vitamin D
had no effect on the incidence or rate of change of frailty indices in
VITAL (12).

In midlife and older adults, not selected for high fall risk, supple-
mental vitamin D, versus placebo did not prevent recurrent falls or
falls requiring healthcare utilization with 5.3 years of follow-up in
participants. Additionally, in exploratory analyses, vitamin D sup-
plementation did not improve ADLs or IADLs.

Body Composition in a Subcohort

In the United States, a third of the older adult population is obese.
Obesity is associated with an increased risk of cancer, cardiovascular
disease, and fractures. Observational studies have provided evidence
for an association between low 25(OH)D levels and high body
weight and fat mass. Although some RCTs have shown evidence for
a beneficial effect of supplemental vitamin D on weight and adi-
posity measures, most RCTs on these outcomes have found no effects
of supplemental vitamin D on the measure of body composition.

A VITAL subcohort of 771 participants from the New England
area, not on osteoporosis medications, had assessments of weight,
BMI, waist circumference, and dual X-ray absorptiometry (DXA)
scans to measure total and/or regional fat and lean tissue measures
at baseline (7 = 771) and 2-year follow-up (17 = 687; 89% retention)
(13,14). Supplemental vitamin D, versus placebo had no effect on
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Figure 1. Incident fall outcomes with 5.3 years of follow-up in the vitamin D
and placebo groups, adjusted for age, race, sex, and randomization group in
VITamin D and OmegA-3Trial (2).
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weight, BMI, or measures of adiposity and lean tissue. Effects did
not vary according to age, sex, race, baseline BMI, fat mass index, or
total 25(OH)D levels. In subgroup analyses, vitamin D, supplemen-
tation did slightly improve body fat percentage in participants with
normal BMI at baseline, but not in the overweight or obese partici-
pants (p = .04) (3). Further research is needed to determine whether
supplemental vitamin D affects body composition and whether the
effects of supplemental vitamin D are modified by baseline BMI (eg,
in individuals with normal BMI).

Bone Density in a Subcohort

Supplemental vitamin D is widely prescribed for bone health and
observational studies suggest a positive relationship between BMD
and 25(OH)D levels. However, recent meta-analyses of RCTs do not
support the use of vitamin D supplements for the primary preven-
tion of osteoporosis in the general population. In a study of monthly
doses of supplemental vitamin D, exploratory analyses suggested a
small benefit of vitamin D on BMD when baseline 25(OH)D levels
were <12 ng/mL (15).

To investigate the effects of supplemental vitamin D on bone
health, a VITAL subcohort of 771 participants who were not on
bone-active medications, had BMD measured at the spine, hip, and
whole body by DXA at baseline and Year 2. Of the 771 participants,
677 had bone structure assessed at the radius and tibia by peripheral
quantitative computed tomography at baseline and Year 2 (4,14).
Mean = SD age of the participants was 63.8 = 6.1 years (46.7% fe-
males) and mean = SD BMI was 27.2 = 4.8. Baseline characteristics
were balanced between groups (13).

We found no effect of supplemental vitamin D, versus placebo
on absolute or percent changes in areal BMD between baseline
and 2 years of follow-up. There was also no effect of supplemental
vitamin D, versus placebo on changes in areal BMD using baseline
25(OH)D thresholds (<12, <20, or <30 ng/mL). Additionally, we
found no effect of supplemental vitamin D, versus placebo on 2-year
changes in volumetric BMD (Figure 2) (4).

Incident Fractures in 25 871 Participants Followed for a Median
of 5.3 Years

As the population ages, there is an exponential rise in osteopor-
otic fractures that lead to excess morbidity and mortality. Although
vitamin D supplements are widely used to prevent fractures in the
general population, results from RCTs investigating the effects of
supplemental vitamin D on fracture outcomes have been incon-
sistent. We recently completed studies testing whether supplemental
vitamin D, versus placebo decreased total, nonvertebral, and hip
fractures during the interventions (median follow-up of 5.3 years)
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Figure 2. Mean absolute and percent changes in a BMD between baseline
and year 2 of follow-up in the vitamin D, and placebo groups, adjusted for
age, sex, and race in VITamin D and OmegA-3TrialL (4). BMD = bone mineral
density.

(5). Incident fractures were reported on annual questionnaires and
adjudicated by medical record review, including examination of hip/
femur radiographs with a bone radiologist (14). There were 2 133
self-reported total fractures in the VITAL cohort, and 1 991 fractures
were confirmed by adjudication in 1 551 participants.

In this VITAL ancillary study, the largest study of supplemental
vitamin D, (2 000 IU/d) versus placebo, vitamin D supplements had
no effect on incident total fractures (hazard ratio [HR]: 0.98; 95%
CL: 0.89-1.08; p = .70), nonvertebral fractures (HR: 0.97; 95% CI:
0.87-1.07; p = .50), or hip fractures (HR: 1.01; 95% CI: 0.70-1.47;
p =.96; Figure 3). There was no effect modification by age, sex, race,
BMI, or baseline 25(OH)D quartiles or 25(OH) D levels (<12, <20,
<30, or =250 ng/mL). Statistical power was limited in participants
with baseline 25(OH)D levels <12 ng/mL. Results did not change in
sensitivity analyses for adherence.

Vitamin D Supplementation: DO-HEALTH

DO-HEALTH: What Is the Issue?

DO-HEALTH was designed as a “healthy longevity trial and co-
hort” funded by the European Commission and designed to be the
European partner RCT to VITAL. DO-HEALTH tested 2 of the
same nutritional supplements as VITAL (2 000 IU vitamin D and
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Figure 3. Cumulative incident total (A), nonvertebral (B), and hip (C).

Fractures in vitamin D and placebo groups: median 5.3 years of follow-up in

VITamin D and OmegA-3Trial (5).
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1 g omega-3 fatty acids daily) plus a simple home exercise program
([SHEP]; strength training versus control exercise focused on joint
mobility) in a 2 x 2 x 2 factorial design RCT. The trial enrolled 2 157
White and generally healthy community-dwelling adults, 70 years
and older, from 5 European countries (Switzerland, Germany,
Austria, France, and Portugal). Inclusion criteria were the absence
of major health events in the 5 years prior to enrollment, sufficient
mobility, and good cognitive status.

Participants were randomized to receive 2 000 IU/d vitamin D,
and/or 1 g/d omega-3s, and/or a simple strength-training exercise
program (SHEP) for 3 years (vitamin D, and omega-3s and SHEP:
n = 264; vitamin D, and omega-3s: # = 265; vitamin D, and SHEP:
n = 275; vitamin D: n = 272; omega-3s and exercise: # = 275;
omega-3s: n = 269; SHEP: 1 = 267; placebo: n = 270).

All participants were followed in standardized yearly clinical
visits at baseline, 12,24, and 36 months with complete phenotyping
of multiple organ functions, detailed physical and cognitive func-
tion, medication use and health care utilization, as well as lifestyle
factors (detailed nutritional assessment with DO-HEALTH food
frequency questionnaire, physical activity, education, living status,
and mental health). In between the 4 clinical visits at baseline,
12, 24, and 36 months, all participants were contacted in person
every 3 months for the prospective assessment of falls and other
adverse events. This review summarizes the individual and addi-
tive effects of the 3 interventions on the function-related outcomes
of DO-HEALTH, including lower extremity function, falls, and
frailty.

DO-HEALTH: What Are the Research/Clinical Gaps?
Similar to VITAL, but enrolling somewhat older adults, DO-HEALTH
was designed as a primary prevention trial in older adults. As ad-
dressed in the National Institutes of Health (NIH) workshop in
March 2022, effective public health interventions on the prevention
of functional decline, targeted at generally healthy and community-
dwelling older adults, are urgently needed.

Meta-analyses of double-blind RCTs suggest a benefit of daily
800-1 000 IU of vitamin D on fall prevention in vulnerable older
adults at risk of vitamin D deficiency and falls (16,17). This is sup-
ported by the demonstrated effects of vitamin D supplementation
on skeletal muscle fiber number and size in vitamin D-deficient
adults (18).

Mechanistically, this has been explained by the suggested pres-
ence of the VDR in muscle tissue, and muscle weakness observed in
vitamin-D-deficient older adults (18). However, more recent meta-
analyses of clinical trials have questioned the benefit of vitamin D
for primary fall and fracture prevention among noninstitutionalized
older adults unselected for vitamin D deficiency or osteoporosis
(19); and prior trials have consistently documented that vitamin D
in very high intermittent dosing is detrimental for fall and fracture
prevention (19). “With regard to omega-3 fatty acids (omega-3s),”
several intervention studies among older adults suggested that
supplemental omega-3s may have beneficial effects due to their
anti-inflammatory properties (20). However, clinical trials on the ef-
fect of supplemental omega-3s on falls are lacking. “With regard to
exercise,” consistent benefits have been reported by meta-analyses
of clinical trials in the prevention of falls among older adults, both
for primary (21) and secondary prevention (21). However, there is
limited evidence for unsupervised and long-term home-based exer-
cise interventions among relatively healthy and active community-
dwelling older adults.

DO-HEALTH: What Are the Findings for Function-
Related Outcomes?

In DO-HEALTH, among 2 157 randomized participants (mean
age 74.9 years; 61.7% women), 1 900 (88%) completed the study.
The mean age was 74.9 years, 61.7% were women, and at baseline,
40.7% had serum 25(OH)D concentration <20 ng/mL, and 83%
were at least moderately physically active. The median follow-up
was 2.99 years.

“Lower extremity function” (6) was measured using the short
physical performance battery (SPPB); there were no statistically sig-
nificant improvements in lower extremity function with any inter-
vention individually or in combination. However, participants had
good lower extremity function at baseline (median baseline SPPB
11.0, IQR 10.0-12.0), and 82.6% engaged in moderate to high
physical activity based on the Nurses’ Health Study (NHS) question-
naire. On average across the 3-year follow-up, all participants’ SPPB
declined minimally (-0.07, 95% CI: -0.12, -0.01; p = .001). These
findings suggest that with 83% of participants already engaging in
moderate to high physical activity at baseline, there may have been
little potential for a benefit of the 3 interventions with regard to
lower extremity function assessed by the SPPB.

“With regard to falls” (22), in total, 3 333 falls were recorded
over a median follow-up of 2.99 years. The overall incidence of falls
was 0.56 (95% CI: 0.53, 0.59) per person per year, and 1 311 parti-
cipants reported at least 1 fall. Overall, vitamin D and the SHEP had
no effect on total falls, while omega-3s compared to no omega-3s re-
duced total falls by 10% (incidence rate ratio [IRR] = 0.90, 95% CI:
0.81,1.00, p = .04). Benefits were found among women (IRR = 0.88,
95% CI: 0.77,1.00), among older participants (age 75+; IRR = 0.81,
95% CI: 0.69, 0.95), among participants with higher omega-3 PUFA
(poly-unsaturated fatty acid) levels at baseline (IRR = 0.83,95% CI:
0.71, 0.97), and among participants who were physically more ac-
tive at baseline (IRR = 0.84, 95% CI: 0.72, 0.97). These findings sug-
gest that among healthy, active, and vitamin-D-replete older adults,
supplemental omega-3s may have a modest benefit on the incidence
of total falls, whereas daily high-dose vitamin D or SHEP had no
individual or additive benefit.

“With regard to prefrailty and frailty” (23) at baseline, 1 137
out of 2 157 DO-HEALTH participants were robust (mean age
74.3 years, 56.5% women, mean gait speed 1.18 m/s). Participants
with 0 positive items were classified as robust, and participants with
1 or 2 positive items were classified as being prefrail, while partici-
pants with 3 or more positive items were classified as frail according
to the definition by Fried et al. (24). Frailty status was assessed at
baseline and annually over 3 years of follow-up according to the
5 domains of the Fried physical frailty phenotype. Over a median
follow-up time of 2.9 years, 696 (61.2%) became prefrail and 29
(2.6%) became frail. ORs for becoming prefrail were not signifi-
cantly lower for vitamin D, or omega 3-s, or SHEP (which focused
on the strength), individually, compared to control (placebo for the
supplements and control exercise which focused on joint mobility).
However, the 3 treatments combined showed a significant 39% de-
creased odds (OR = 0.61; 95% CI: 0.38-0.98]; p = .04) of becoming
prefrail compared to the control. None of the individual treatments
or their combination significantly reduced the odds of becoming
frail, but the numbers of incident frailty cases were very low.

These findings suggest that robust, healthy and active, and largely
vitamin D-replete older adults may benefit from a combination of
high-dose, supplemental vitamin D,, marine omega-3s, and SHEP
with regard to the risk of becoming prefrail over 3 years.
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DO-HEALTH: What Is the Relevance and What Are

the Recommendations for Future Research?

In largely vitamin-D-replete, active, and generally healthy adults age
70 years and older, there was no benefit of high-dose daily vitamin
D (2 000 IU/d) on SPPB or fall reduction (Figure 4) (23). The results
for DO-HEALTH were not corrected for multiple hypothesis testing
and secondary, tertiary, and subgroup analyses should be interpreted
with caution.

The DO-HEALTH results on function and falls are in line with
recent meta-analyses and clinical trials suggesting that vitamin D
does not reduce falls among adults who are not vitamin D defi-
cient and not at high risk of osteoporosis and falling (19). Fifty-nine
percent of participants were vitamin D replete at baseline, and about
30% reported vitamin D supplement use of up to 800 IU daily
throughout the 3-year trial period (6). Thus, our results do not chal-
lenge the clinical trial findings of daily 800 to 1 000 IU vitamin D for
older adults at increased risk for falls, osteoporosis, and vitamin D
deficiency (16,25).

DO-HEALTH trial found no benefit of “omega-3” on SPPB,
but a significant individual benefit on fall reduction and omega-3
supplementation contributed to the combined benefit of all 3
treatments in the prevention of prefrailty. To the best of our know-
ledge, DO-HEALTH is the first clinical trial reporting the effect of
supplemental marine omega-3s on fall prevention. Although the
overall 10% reduction in the rate of total falls is modest, its con-
sistency across subgroups of the generally healthy and active study
population aged 70 years and older, may be relevant in this popu-
lation. These findings are held mechanistically by the anti-inflam-
matory and thereby muscle preserving benefits of omega-3s and
suggested direct anabolic effects on muscle by activation of mMTOR
signaling (26).

DO-HEALTH found no benefit of SHEP on physical function
or falls. In contrast, in the pilot trial among 173 frail older adults
with acute hip fracture, the same exercise program improved func-
tion and reduced the rate of falling by 25% (95% CI: -44, -1)
over 12 months (27). Also, a 2019 Cochrane meta-analysis that
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Figure 4. DO-HEALTH functional outcomes. Falls (A): estimates from negative
binomial regression model with an offset of the log of person years in the
study controlling for study site, sex, age, previous fall, baseline body mass
index, and baseline use of walking aids. Pre-frailty (B): estimates are from
logistic regression model comparing pre-frail versus robust participants.
Models are controlled for the randomization stratification variables: age, sex,
low-trauma fall during the 12 months preceding the randomization day (yes/
no) and study site. (A) DO-HEALTH falls (22). (B) DO-HEALTH prefrailty (23).

included 108 RCTs found that exercise reduced the rate of falls
by 24% among community-dwelling older adults (21). Our simple
exercise program may have lacked intensity for the already active
participants, or an adequate balance or supervision component. We
cannot exclude a possible harmful effect of SHEP on falls among
men, younger participants, and the physically most active older
adults. We can only speculate why the SHEP, which 60% of par-
ticipants performed 3 times a week over the 3-year trial duration
(6), had a detrimental effect with a significant increase in the risk
of falling among men, younger participants, and those with the
highest physical activity. This may in part be explained by obser-
vations that the relationship between physical activity and falling
is complex, with some studies suggesting a lower risk of falls with
higher physical activity (28).

Conclusion

Overall, the results of the VITAL and DO-HEALTH trials do not
support the use of high daily dose vitamin D supplements (2 000
IU/d) for the primary prevention of fractures or to improve a variety
of musculoskeletal outcomes in generally healthy midlife and older
adults, who were not vitamin D deficient at baseline and who were
not preselected for low bone mass or osteoporosis.

It is possible that the current thresholds for 25(OH)D levels
are too high. Only modest amounts of vitamin D may be needed
in this population for optimal musculoskeletal health, which has
likely already been provided through sun exposure and the fortifi-
cation of food sources with vitamin D. The results of both VITAL
and DO-HEALTH apply to generally healthy middle-aged and older
adults in the United States and Europe, respectively, and are not gen-
eralizable to individuals with osteoporosis, high fall risk, low bone
mass, vitamin D deficiency, or those living in residential communi-
ties. These findings have implications for public health guidelines on
the use of vitamin D supplements to support musculoskeletal health
in generally healthy U.S. and European women and men. Notably,
however, as both trials have tested a higher dose of vitamin D (2 000
IU/d) than currently recommended (600-800 IU/d) in older adults,
and as the trials were conducted in unselected generally healthy and
vitamin D-replete older adults, their findings do not question current
guidelines in the US or Europe for the prevention of vitamin D defi-
ciency in vulnerable older adults.
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