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IMPORTANCE Few studies have assessed the effects of daily vitamin D doses at or above the
tolerable upper intake level for 12 months or greater, yet 3% of US adults report vitamin D
intakes of at least 4000 IU per day.

OBJECTIVE To assess the dose-dependent effect of vitamin D supplementation on volumetric
bone mineral density (BMD) and strength.

DESIGN, SETTING, AND PARTICIPANTS Three-year, double-blind, randomized clinical trial
conducted in a single center in Calgary, Canada, from August 2013 to December 2017,
including 311 community-dwelling healthy adults without osteoporosis, aged 55 to 70 years,
with baseline levels of 25-hydroxyvitamin D (25[OH]D) of 30 to 125 nmol/L.

INTERVENTIONS Daily doses of vitamin D3 for 3 years at 400 IU (n = 109), 4000 IU (n = 100),
or 10 000 IU (n = 102). Calcium supplementation was provided to participants with dietary
intake of less than 1200 mg per day.

MAIN OUTCOMES AND MEASURES Co-primary outcomes were total volumetric BMD at radius
and tibia, assessed with high resolution peripheral quantitative computed tomography, and
bone strength (failure load) at radius and tibia estimated by finite element analysis.

RESULTS Of 311 participants who were randomized (53% men; mean [SD] age, 62.2 [4.2]
years), 287 (92%) completed the study. Baseline, 3-month, and 3-year levels of 25(OH)D
were 76.3, 76.7, and 77.4 nmol/L for the 400-IU group; 81.3, 115.3, and 132.2 for the 4000-IU
group; and 78.4, 188.0, and 144.4 for the 10 000-IU group. There were significant
group × time interactions for volumetric BMD. At trial end, radial volumetric BMD was lower
for the 4000 IU group (−3.9 mg HA/cm3 [95% CI, −6.5 to −1.3]) and 10 000 IU group
(−7.5 mg HA/cm3 [95% CI, −10.1 to −5.0]) compared with the 400 IU group with mean
percent change in volumetric BMD of −1.2% (400 IU group), −2.4% (4000 IU group), and
−3.5% (10 000 IU group). Tibial volumetric BMD differences from the 400 IU group were
−1.8 mg HA/cm3 (95% CI, −3.7 to 0.1) in the 4000 IU group and −4.1 mg HA/cm3 in the 10 000
IU group (95% CI, −6.0 to −2.2), with mean percent change values of −0.4% (400 IU), −1.0%
(4000 IU), and −1.7% (10 000 IU). There were no significant differences for changes in failure
load (radius, P = .06; tibia, P = .12).

CONCLUSIONS AND RELEVANCE Among healthy adults, treatment with vitamin D for 3 years
at a dose of 4000 IU per day or 10 000 IU per day, compared with 400 IU per day,
resulted in statistically significant lower radial BMD; tibial BMD was significantly lower only
with the 10 000 IU per day dose. There were no significant differences in bone strength at
either the radius or tibia. These findings do not support a benefit of high-dose vitamin D
supplementation for bone health; further research would be needed to determine
whether it is harmful.
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V itamin D supplementation has been considered ben-
eficial for prevention and treatment of osteoporosis.
Clinical trial data support skeletal benefits of vitamin D

supplementation in persons with circulating 25-hydroxyvita-
min D (25[OH]D) levels of less than 30 nmol/L.1,2 However, re-
cent meta-analyses do not support a major treatment benefit
of vitamin D for osteoporosis3,4 or preventing falls4 or
fractures.4,5 Most vitamin D supplementation recommenda-
tions range from 400 to 2000 IU daily6,7 with a tolerable up-
per intake level of 4000 IU to 10 000 IU6,8. Between 2013 and
2014, three percent of US adults consumed daily doses of at
least 4000 IU of vitamin D9; one study assessed the effects of
daily doses of greater than 4000 IU for at least 12 months, find-
ing 6500 IU no different than 800 IU for changes in bone min-
eral density (BMD).10

The clinical diagnosis of osteoporosis and prediction of frac-
ture risk relies on dual x-ray absorptiometry (DXA) scans mea-
suring areal BMD at different skeletal sites. However, bone
strength, an important component of fracture risk, is deter-
mined by a combination of bone mass, morphology, and
microarchitecture.11 High-resolution peripheral quantitative
computed tomography (HR-pQCT) has higher resolution and
sensitivity than DXA and assesses compartmental volumetric
bone density, microarchitecture, and estimates of bone strength.
In a prospective study with 7254 participants, HR-pQCT para-
meters were associated with fracture risk independently of DXA-
measured areal BMD.11 Vitamin D effects on the skeleton have
not been prospectively assessed using HR-pQCT.

Motivated by the prevalence of high-dose vitamin D supple-
mentation among healthy adults, this study explored the dose-
response effects of daily vitamin D supplementation (400, 4000,
10 000 IU) on total volumetric BMD and bone strength in healthy
community-dwelling adults over 3 years, while ensuring ad-
equate calcium intake. It was hypothesized that a higher dose
of vitamin D has a positive effect on HR-pQCT measures of volu-
metric density and strength, perhaps via suppression of para-
thyroid hormone (PTH)–mediated bone turnover.

Methods
Study Design and Oversight
This was a single-center, 3-year, double-blind, randomized
clinical trial with 3 parallel groups (400, 4000, or 10 000 IU
vitamin D3 daily), undertaken between August 2013 and De-
cember 2017 (trial protocol in Supplement 1 and statistical
analysis plan in Supplement 2). Participants were recruited
from the general population by means of letter, posters, and
public media.12 The trial was approved by the Conjoint Health
Research Ethics Board at the University of Calgary and Health
Canada. Each participant provided written informed consent
before randomization.

Participants
Healthy men and women aged 55 to 70 years were eligible if
they had a DXA lumbar spine and total hip areal BMD T score
greater than −2.5 SD, serum 25(OH)D between 30 and 125
nmol/L, and normal serum calcium (2.10-2.55 mmol/L). Par-

ticipants were excluded if their screening serum 25(OH)D was
less than 30 nmol/L or greater than 125 nmol/L; serum cal-
cium was greater than 2.55 mmol/L or less than 2.10 mmol/L;
or vitamin D supplement use was greater than 2000 IU per day
for the past 6 months. Further exclusions included use of bone
active medication within the last 2 years; disorders known to
affect vitamin D metabolism such as sarcoidosis, renal fail-
ure, malabsorption disorders, kidney stone within the past 2
years, or regular use of tanning salons; DXA T score compat-
ible with osteoporosis at the lumbar spine, total hip or fem-
oral neck; and high 10-year risk (≥20%) for osteoporotic frac-
ture (as defined by the World Health Organization's Canadian
FRAX calculator). Participants with DXA T scores between −1.0
and −2.5 (low bone density) were not excluded. Participant-
reported race/ethnicity (non-Hispanic white, non-Hispanic
black, Asian, Hispanic) was captured due to possible differ-
ences in vitamin D metabolism.13

Randomization and Masking
A statistician unrelated to the trial generated a randomiza-
tion table, assigning participants in 1:1:1 ratio to receive cho-
lecalciferol (vitamin D3) 400, 4000, or 10 000 IU orally once
daily, stratified by sex. Randomization was performed within
sex using simple randomization in block sizes of 60 or 30 and
were not revealed to the research team prior to allocation. Par-
ticipants and the research team were blinded to allocation.

Procedures
Participants were prescribed vitamin D3 liquid drops (5 drops/d)
orally. Preparations (80 IU/drop, 800 IU/drop, or 2000 IU/drop)
were provided and checked for quality by Ddrops Canada. Ad-
herence to treatment was accessed from daily diaries and cal-
culated as number days of supplement administration vs total
number of days of follow-up, expressed as a percentage.

Participants were requested to take no more than 200 IU
per day of additional vitamin D (eg, a multivitamin supple-
ment). Because the estimated median contribution of vita-
min D from diet is approximately 200 IU,6 the participants ran-
domized to 400 IU per day received the recommended dietary

Key Points
Question Does higher-dose vitamin D supplementation improve
bone mineral density (BMD, measured using high-resolution
peripheral quantitative computed tomography) and bone strength
(measured as failure load)?

Findings In this randomized clinical trial that included 311 healthy
adults, treatment with vitamin D for 3 years at a dose of 4000 IU
per day or 10 000 IU per day, compared with 400 IU per day,
resulted in statistically significant lower radial BMD (calcium
hydroxyapatite; −3.9 mg HA/cm3 and −7.5 mg HA/cm3,
respectively); tibial BMD was significantly lower only with the daily
dose of 10 000 IU. There were no significant differences in bone
strength at either the radius or tibia.

Meaning Among healthy adults, supplementation with higher
doses of vitamin D did not result in improved bone health; further
research would be needed to determine whether it is harmful.
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allowance of 600 IU for adults younger than age 70 years.6 Cal-
cium intake was assessed by a food frequency questionnaire.14

Participants not consuming the recommended dietary allow-
ance of calcium (1200 mg/d)15 received calcium citrate tab-
lets (each containing 300 mg elemental calcium) as needed
(≤maximum of 600 mg/d) to approximate a total daily intake
of 1200 mg.

Outcomes
Primary outcome variables (Supplement 1) were based on HR-
pQCT measurements of total volumetric BMD at the distal ra-
dius and tibia and bone strength (failure load) by finite ele-
ment analysis at the distal radius and tibia for a total of 4 co-
primary variables. Observation of a significant benefit at 1
skeletal site in either volumetric BMD or bone strength was re-
garded as a positive result at that site. Secondary bone out-
comes included total hip areal BMD by DXA, HR-pQCT mea-
sures of cortical and trabecular volumetric BMD, cortical
porosity, and trabecular number. Balance (postural sway),
physical function (timed up and go; grip strength) and qual-
ity of life (SF36 questionnaire) were additional secondary out-
comes. Safety outcomes, defined a priori, were as follows: all
serious adverse events, hypercalcemia, hypercalciuria, renal
dysfunction, nephrolithiasis, hepatic dysfunction, falls, fra-
gility fractures, and cancer.

Total volumetric BMD and bone microarchitecture were
assessed by HR-pQCT (nominal isotropic voxel of 60.7 μm,
XtremeCT II, Scanco Medical) at baseline, 6, 12, 24, and
36 months. Three-dimensional image registration was ap-
plied to ensure the same region of interest was assessed
longitudinally.16 Failure load was estimated by finite element
analysis (FAIM, version 8.0, Numerics88 Solutions). Areal BMD
was measured annually by DXA (GE Lunar iDXA, GE Health-
care, enCORE v16). Precision scores for HR-pQCT range from
less than 2.4% for density to greater than 3.3% for microarchi-
tecture parameters, with the exception of cortical porosity
(<13.7%).17 DXA precision is 0.55% coefficient of variation for
the total hip.

Postural sway was assessed (Biosway machine, 950-460,
Biodex) on a foam surface with eyes closed.18 Grip strength
was measured using the Jamar 200-lb hand dynamometer
(12-0600).19 A standard assessment of timed up and go was
evaluated.20 Participants completed a self-administered SF-36
v2 to assess quality of life.21 Assessments of physical function
and questionnaires were completed during annual visits.

All blood and urine clinical chemistry measures were per-
formed at Calgary Laboratory Services (CLS) as fasting morn-
ing samples and processed in real time. Serum 25(OH)D was
measured by DiaSorin Liaison XL system; CLS participates in
the Vitamin D External Quality Assessment Scheme (DEQAS).
Serum intact PTH was measured using the DiaSorin Liaison
1–84 PTH assay. C-telopeptide of type 1 collagen (CTx) was mea-
sured by Cobas e immunoassay analyzer ECLIA. Mean immu-
noassay coefficient of variation at CLS was 2.5% to 8.6% for
25(OH)D, 6.0% to 7.1% for PTH, and 3.9% to 4.2% for CTx. To
ensure the avoidance of vitamin D toxicity, as manifested by
hypercalciuria or hypercalcemia, calcium and creatinine were
assessed via blood and urine collection (24-hour urine at base-

line and months 12, 24, and 36, second void urine sample at
months 6, 18, and 30) and monitored by the physician inves-
tigators (E.O.B. and D.A.H.) throughout the study.

At each visit, participants reported new or ongoing medi-
cal issues and hospitalizations in an interview-style discus-
sion with a member of the study team. Serious adverse events
were defined as events that were fatal or life-threatening, or
which resulted in hospitalization or prolongation of existing
hospital stay, or caused persistent or significant incapacity or
disability. Serious adverse events were adjudicated by the study
physicians, and falls and fractures were adverse events of spe-
cial interest. Fractures of the fingers and toes and traumatic
fractures were not included. Fractures were reviewed by study
clinicians via participant medical records and x-ray reports
where available. Low-trauma (fragility) fractures were de-
fined as resulting from low trauma, such as a fall from stand-
ing height or less.

Statistical Analysis
Sample size estimation was based on primary outcome vari-
ables of total volumetric BMD at the tibia and radius. The 4 co-
primary outcome variables are highly correlated and there-
fore each variable was tested at the α level of .025. In a
population-based prospective cohort of postmenopausal
women, an annual decrease of approximately 1.8% was ob-
served over 3 years for radial total volumetric BMD.22 Assign-
ing the 400-IU group a more conservative annual decline of
1.2% (values greater than 1.2% would require a smaller sample
size), the minimal clinically relevant benefit for the 4000-IU
group would be improving the rate of decline by 50% or more
(1.2%-0.6% annually) and for the 10 000-IU group arresting the
rate of decline to 0%, (Supplement 2). Based on sample size
calculations and allowing for 20% attrition, a total of 300 par-
ticipants gave 90% power at an α level of .025. All P values were
2-sided and a P value of less than .05 was set for secondary vari-
ables and safety parameters. Because of the potential for type
1 error due to multiple comparisons, findings for analyses of
secondary end points should be interpreted as exploratory.23

Participants who received at least 1 dose of study drug and
at least 1 follow-up visit were included in the primary analy-
sis. A constrained linear mixed-effects model24 was used to
analyze each outcome variable. Fixed effects included treat-
ment group, a quadratic effect of time if warranted, and a treat-
ment × time interaction, which if statistically significant, in-
dicated a significant treatment effect. Random effects included
time in which both intercept and slope could vary. The corre-
lation within participants was modeled as an autoregressive
error of order 1. Missing data were accounted for by using the
mixed-effects model.25

All participants, irrespective of number of follow-up vis-
its, were included in the safety analysis. Safety outcomes were
reported as the proportion of participants in each group who
experienced serious and prespecified adverse events. Ad-
verse events were examined formally (provided the overall
prevalence of the adverse event was ≥4% and ≤96%) for be-
tween-treatment group differences for trend in proportions
using logistic regression.26 The adverse event (yes or no) was
the binary outcome variable and the dose (400 IU, 4000 IU,
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or 10 000 IU) was the explanatory variable in this simple lo-
gistic regression.

Analyses were conducted using the R project for Statisti-
cal Computing (R, version 3.4). An independent data safety and
monitoring board oversaw the study.

Results
The flow of participants is presented in Figure 1. A total of 542
participants were screened, 311 met inclusion criteria and were
randomized, and 287 (92%) completed all aspects of the 3-year
trial. The primary analyses included 303 participants. Base-
line demographic information is shown in Table 1. The cohort
was 53% men, and predominantly white (95%). Classified by
DXA T score, participants had normal (81%) or low (19%) total
hip areal BMD.

Eleven participants discontinued the study supplement but
continued follow-up (400 IU, 2; 4000 IU, 3; 10 000 IU, 6). Rea-
sons for discontinuing included starting or stopping hormone
therapy, concerns with kidney function or stones, decision to
take other vitamin D supplementation, and possible hyperpara-
thyroidism. The mean vitamin D supplementation adherence
was 99% (range, 81%-100%) for participants who completed the
trial on study supplement. There were no significant differ-

ences in adherence between treatment groups. Mean serum 25
(OH)D measurements did not change for the 400-IU group from
baseline through 36 months (76.3-77.4 nmol/L). A significant
increase in mean serum 25(OH)D from baseline was seen in the
4000-IU group at 3 months (81.3-115.3 nmol/L) with a further
increase to 132.2 nmol/L by month 36. The baseline to 3 month
increase in the 10000-IU group (78.4-188.0 nmol/L), in-
creased to 200.4 nmol/L at 18 months but fell to 144.4 nmol/L
at 36 months (Figure 2; eTable 1 and eFigure 1 in Supple-
ment 3). In addition, many study participants (76%) received
calcium supplements throughout the study; more than half
(65%) took a single 300 mg tablet per day.

Some participants had missing HR-pQCT data due to mo-
tion artifact (12 participants had at least 1 radius scan re-
moved) or inadequate (<75%) overlap in scan region across all
study visits (13 participants had radius scans at one time point
removed). One participant had all radius scans removed due
to motion and inadequate scan region overlap.

Primary Outcomes
Data distribution and changes in volumetric bone density and
strength are displayed in Figure 3. Group × time interactions
were significant in total volumetric BMD at the tibia (P < .001)
and radius (P < .001). At both sites, total volumetric BMD dis-
played a negative dose-response relationship (Figure 3; eTable 2

Figure 1. Flow Diagram of Participants Through the Study

542 Participants assessed for eligibility

169 Excluded
39 Osteoporosis

12 Recruitment full
10 Changed mind
9 Exclusionary health conditions
8 Hypercalcemia
7 On vitamin D supplementation
6 Serum 25OHD low

18 Other

35 Serum 25OHD high
25 Other abnormal biochemistry

373 Randomized

62 Randomized to the pilot cohort

101 Included in the primary analysis

102 Received 10 000 IU daily
(intervention)

1 Lost to follow-up

1 General health concerns
2 Change in vitamin D dose
2 Personal reasons

8 Discontinued intervention
3 Cancer

97 Included in the primary analysis

100 Received 4000 IU daily
(intervention)

1 Lost to follow-up

1 Depression
1 Change in vitamin D dose
2 Personal reasons

5 Discontinued intervention
1 Cancer

105 Included in the primary analysis

109 Received 400 IU daily
(intervention)

2 Lost to follow-up

2 Moved
1 Died
1 General health concerns
2 Personal reasons

7 Discontinued intervention
1 Taking exclusionary medication

311 Randomized to the main cohort

Participants who received at least 1
dose of study drug and underwent at
least 1 follow-up measurement were
included in the primary analyses.
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in Supplement 3)—greater losses associated with higher dose
of vitamin D supplementation. At trial end, the difference be-
tween the 4000 and 400 IU group was −3.9 mg hydroxyapa-
tite (HA)/cm3 (95% CI, −6.5 to −1.3) and between the 10 000
and 400 IU group was −7.5 mg HA/cm3 (95% CI, −10.1 to −5.0)
for total volumetric BMD at the radius, based on mixed-
model analysis. This is equivalent to changes from the mean
baseline values of −1.2% (400-IU group), −2.4% (4000-IU

group) and −3.5% (10 000-IU group) at the radius. For mixed-
model analysis of total volumetric BMD at the tibia, the equiva-
lent differences between groups were −1.8 mg HA/cm3 (95%
CI, −3.7 to 0.1; not statistically significant) in the 4000-IU group
and −4.1 mg HA/cm3 (95% CI, −6.0 to −2.2) in the 10 000-IU
group; equivalent mean changes from baseline were −0.4%
(400 IU-group), −1.0% (4000 IU-group) and −1.7% (10 000 IU-
group). Bone strength decreased over trial duration; however,

Table 1. Baseline Demographic, Health Characteristics, and Laboratory Values

Variable

No. (%)

10 000 IU 4000 IU 400 IU
No. of participants 101 97 105

Demographics

Sex

Men 53 (52.5) 50 (51.5) 60 (57.1)

Women 48 (47.5) 47 (48.5) 45 (42.9)

Age, mean (SD). y 61.9 (4.1) 62.6 (4.3) 62.2 (4.2)

Years since menopause, mean (SD), y 12.5 (5.6) 11.7 (7.3) 12.6 (5.9)

BMI, mean (SD)a 27.1 (4.1) 28.1 (5.0) 27.7 (4.3)

Body fat, mean (SD), % 32.2 (8.4) 34.0 (8.9) 33.3 (9.0)

Race/ethnicity

Non-Hispanic white 98 (97.0) 94 (96.9) 98 (93.3)

Non-Hispanic black 0 1 (1.0) 1 (1.0)

Asian 2 (2.0) 2 (2.1) 5 (4.7)

Hispanic 1 (1.0) 0 1 (1.0)

Health characteristics, mean (SD)

Systolic blood pressure, mm Hg 125.6 (16.0) 131.6 (16.7) 128.5 (15.4)

Diastolic blood pressure, mm Hg 80.4 (10.5) 80.8 (8.3) 81.1 (7.7)

Vitamin D supplementationb 34 (34) 38 (39) 32 (30)

Medical history

Skin cancerc 15 (14.9) 7 (7.2) 12 (11.4)

Other cancer 10 (9.9) 7 (7.2) 5 (4.8)

Cardiovascular-related diagnoses 13 (12.9) 10 (10.3) 21 (20.0)

Type 2 diabetes 3(3.0) 4 (4.1) 2 (1.9)

Rheumatoid arthritis 1 (1.0) 2 (2.1) 1 (1.0)

Asthma 9 (8.9) 6 (6.2) 5 (4.8)

Smoker 4 (4.0) 0 2 (1.9)

Fallsd 18 (17.8) 20 (20.6) 22 (21.0)

Fracture after age 50 y 17 (16.8) 13 (13.4) 17 (16.2)

Lumbar spine T scoree 0.1 (1.5) 0.2 (1.3) 0.0 (1.5)

Total hip T scoref 0.0 (1.1) 0.2 (1.1) 0.1 (1.1)

Laboratory values

Serum

25(OH)D, nmol/L 78.4 (18.4) 81.3 (20.1) 76.7 (21.0)

PTH, ng/L 22.1 (7.4) 21.5 (6.6) 22.2 (7.7)

Calcium, mmol/L 2.4 (0.1) 2.4 (0.1) 2.4 (0.1)

Phosphate, mmol/L 1.0 (0.1) 1.0 (0.2) 1.0 (0.2)

Creatinine, μmol/L 80.1 (14.4) 79.7 (15.1) 80.7 (13.9)

Alkaline phosphatase, U/L 70.1 (17.1) 65.8 (15.3) 69.1 (18.1)

Estimated GFR, mL/min/1.73m2 80.2 (11.4) 80.3 (12.0) 80.7 (11.2)

24-h Urine calcium, mmol/d 4.2 (2.0) 4.8 (2.1) 4.2 (2.0)

Plasma CTx (β-crosslaps), ng/Lg 344.9 (126.6) 339.4 (130.7) 335.5 (118.8)

Fasting blood glucose, mg/dL 102.6 (12.6) 102.6 (5.4) 102.6 (5.4)

Hemoglobin A1C, % 5.2 (1.6) 5.1 (0.6) 5.1 (0.8)

Abbreviations: BMI, body mass index;
CTx, C-telopeptide of type 1 collagen
(β-crosslaps); GFR, glomerular
filtration rate; PTH, parathyroid
hormone; 25(OH)D,
25-hydroxyvitamin D.
a Calculated as weight in kilograms

divided by height in meters
squared.

b Supplementation between 1000
and 2000 IU daily at screening.

c Includes melanoma.
d Number of falls in the last year.
e Lumbar spine T scores range from

4.7 to −2.4 meaning participants
were not osteoporotic
(osteoporosis is defined as a T score
below −2.5).

f Total hip T scores range from 3.8 to
−2.3 meaning participants were not
osteoporotic (osteoporosis is
defined as a T score below −2.5).

g A marker of bone resorption.
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group × time interactions were not significant (radius, P = .06;
tibia, P = .12).

Secondary Outcomes
For secondary outcomes, the point estimates represent the dif-
ference for 4000 or 10 000 IU compared with the 400 IU at
36 months. There were significant group × time interactions
for cortical volumetric BMD of the radius (P = .001; −6.3 [95%
CI, −11.1 to −1.5] for 4000 IU and −8.6 [95% CI, −13.3 to −3.8]
for 10 000 IU) and tibia (P = .004; −4.2 [95% CI, −9.8 to 1.2]
for 4000 IU and −9.8 [95% CI, −14.8 to −4.0] for 10 000 IU),
for trabecular volumetric BMD of the radius (P = .01; −0.95 [95%
CI, −2.6 to 0.7] for 4000 IU and −2.71 [95% CI, −4.3 to −1.1] for
10 000 IU; eFigure 2 and eFigure 3 in Supplement 3), and for
trabecular number for the radius (P = .01; 0.003 [95% CI, −0.013
to 0.018] for 4000 IU and −0.019 [95% CI, −0.035 to −0.004]
for 10 000 IU; eTable 3, eFigure 4, and eFigure 5 in Supple-
ment 3). As observed with total volumetric BMD, cortical BMD
results also demonstrated larger losses in bone density asso-
ciated with higher dose of vitamin D at both sites. Trabecular
volumetric BMD increased over trial duration with the
10 000-IU group gaining the least amount of bone density at
the radius.

Group × time interactions were not statistically signifi-
cant for trabecular volumetric BMD of the tibia (P = .13; 0.20
[95% CI, −0.1 to 1.5] for 4000 IU and −1.1 [95% CI, −2.4 to 0.2]
for 10 000 IU), cortical porosity of the radius (P = .37; 0.06 [95%
CI, −0.025 to 0.15] for 4000 IU and 0.04 [95% CI, −0.043 to
0.13] for 10 000 IU) and tibia (P = .89; 0.01 [95% CI, −0.17 to
0.19] for 4000 IU and 0.04 [95% CI, −0.13 to 0.22] for 10 000
IU), and trabecular number for the tibia (P = .20; −0.01 [95%
CI, −0.03 to 0.01] for 4000 IU and −0.02 [95% CI, −0.04 to
0.004] for 10 000 IU).

DXA total hip areal BMD remained stable over the dura-
tion of the trial with no significant differences between groups
(P = .87; 0.0007 [95% CI, −0.0064 to 0.0078] for 4000 IU and
0.0019 [95% CI, −0.0052 to 0.0090] for 10 000 IU; eTable 3
and eTable 4 in Supplement 3). Differences between all 3 treat-
ment groups at 3 years were less than 0.2%. There were no sig-
nificant changes in balance (P = .12; −0.005 [95% CI, −0.09 to
0.08] for 4000 IU and −0.08 [95% CI, −0.17 to 0.004] for
10 000 IU), grip strength (P = .92; −0.12 [95% CI, −1.4 to 1.1]
for 4000 IU and −0.26 [95% CI, −1.5 to 1.0] for 10 000 IU), timed
up-and-go (P = .27; 0.38 [95% CI, −0.11 to 0.86] for 4000 IU
and 0.31 [95% CI, −0.18 to 0.79] for 10 000 IU), or quality of
life (P = .57 for the mental component summary; 0.70 [95% CI,
−0.8 to 2.2] for 4000 IU and 0.71 [95% CI, −0.8 to 2.2] for
10 000 IU).

PTH decreased between baseline and month 18 and was
lowest in the 10 000-IU group (eFigure 1 in Supplement 3). CTx
increased throughout the study, being highest in the 10 000-IU
group (eFigure 1 in Supplement 3).

After study completion and removal of blinding, a de-
cline in 25(OH)D was detected in the 10 000-IU group at the
24-month assessment. Upon investigation, it was deter-
mined that without the knowledge of investigators, Ddrops
changed its manufacturing laboratory source, and the long-
term stability of the 2000 IU per drop solution was reduced.

This change began affecting the 10 000-IU group between 18
and 24 months (depending on participant progress through the

Figure 2. Data Distribution for Serum 25-Hydroxyvitamin D,
Parathyroid Hormone, and C-Telopeptide of Type 1 Collagen
Throughout the 3-Year Study
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Figure 3. Data Distribution and Change in Total Bone Mineral Density (BMD) and Failure Load During 3 Years of Vitamin D Supplementation
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study). With independent third-party testing and informa-
tion from Ddrops, participants began receiving a dose esti-
mated to vary between 2000 and 10 000 IU per day. Despite
reduced supplementation, mean 25(OH)D levels remained
higher than the 4000-IU group throughout the study.

Prespecified safety outcomes are shown in Table 2. In total,
44 serious adverse events occurred in 38 (12.2%) partici-
pants. One death (presumed myocardial infarction) occurred
in a participant in the 400-IU group. Among the prespecified
adverse events, only hypercalcemia (P = .005) and hypercal-
ciuria (P = .006) demonstrated a significant dose-response ef-
fect. All episodes of hypercalcemia were mild (2.56-2.64
mmol/L) and resolved on follow-up testing. One participant
in the 10 000-IU group experienced 2 episodes of transient hy-
percalcemia (months 6 and 30). There was no significant dif-
ference in falls detected among the 3 groups.

Discussion
This 3-year randomized clinical trial examined the effect of 3
daily doses of vitamin D: 400 IU, 4000 IU (the National Acad-
emy of Medicine [formerly the Institute of Medicine {IOM}] tol-
erable upper intake level), and 10 000 IU in healthy adults aged
55 to 70 years and failed to find a positive effect of vitamin D
on volumetric BMD and estimated bone strength, as mea-
sured by HR-pQCT at the radius and tibia.

Instead of the hypothesized increase, a negative dose-
response relationship was observed for volumetric BMD. Using
the 400-IU group as a reference point, high-dose vitamin D
supplementation (10 000 IU/d) was associated with a signifi-
cantly greater loss of bone. Because these results are in the op-
posite direction of the research hypothesis, this evidence of
high-dose vitamin D having a negative effect on bone should
be regarded as hypothesis generating, requiring confirma-
tion with further research. Therefore, the appropriate inter-
pretation of this study is that for maintenance of bone quality
in healthy vitamin D–sufficient adults, these results do not sup-
port a skeletal benefit of vitamin D doses well above the rec-
ommended dietary allowance.6

If the observed vitamin D dose-dependent loss of volu-
metric BMD seen in this trial represents a real effect, it might
be related to the observed combination of an increased plasma
marker of bone resorption (CTx) and suppression of PTH seen
in the 10 000-IU group. High-dose vitamin D without extra cal-
cium supplementation has been associated with increased lev-
els of the active vitamin D metabolite 1, 25(OH)2 vitamin D (cal-
citriol), and an increase in CTx.27 Calcitriol stimulates
osteoclastogenesis and differentiation, either through action
on osteoblasts28 or by direct action on osteoclast precursors.29

High-dose vitamin D may also suppress PTH by direct action
on parathyroid cells or indirectly by enhancing intestinal cal-
cium absorption. This might reduce PTH-mediated bone for-
mation, which when combined with a vitamin D–mediated di-
rect effect on osteoclast activity (as supported by the trend to
higher CTx in the 10 000-IU group), could result in the dose-
related accelerated decline in observed volumetric BMD. The
observation of an increased trabecular volumetric BMD whileTa
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cortical volumetric BMD declined may reflect this increase in
resorption, leading to trabecularization of the endocortical sur-
face of the cortex.

DXA findings in this study align with others showing non-
significant changes in areal BMD at the total hip following high-
dose vitamin D supplementation10,30-32 and no additional ben-
efit for high compared with low-dose supplementation.10,31-33

These results are supported by a recent meta-analysis that did
not support a public health recommendation for vitamin D
supplementation for the prevention of falls, fractures, or ben-
eficial effects on bone density.4

There is growing evidence that for bone, the benefit of
vitamin D supplementation is only seen in the treatment of vi-
tamin D deficiency.1,2 There is also evidence that very high in-
termittent (monthly or annual) doses of vitamin D may be
harmful, with increased risk of falls or fracture34,35; but not all
such studies report increased risk of falls or fractures.36 There
was no effect on fall rates in this study and no evidence of a
relationship between changes in volumetric BMD and frac-
ture risk, which may reflect the healthy status of the popula-
tion that was studied. However, if high-dose vitamin D does
stimulate an increased rate of bone loss, this could have greater
clinical significance in older individuals with osteoporosis.

Most of the prespecified safety outcomes occurred in all 3
vitamin D treatment groups. However, episodes of hypercalce-
mia and hypercalciuria were more common with increasing vi-
tamin D dose, consistent with previous reports,37 and the risk
of hypercalcemia and hypercalciuria is higher in individuals tak-
ing calcium supplementation,38 suggesting that supplemental
calcium intake may be a significant driver of hypercalcemia in
individuals taking vitamin D. The dose-dependent increase in
incidence of hypercalciuria and mild hypercalcemia suggests
that for individuals taking high-dose vitamin D, it may be pru-
dent to assess calcium intake and evaluate biochemical mea-
sures of calcium metabolism. However, in the 400-IU group that
was following the National Academy of Medicine–recom-
mended dietary allowance of calcium and vitamin D3, 17% had
hypercalciuria on at least 1 occasion over the study duration.

Limitations
This study has several limitations. First, degradation of 2
lots of the vitamin D solution administered to participants in

the 10 000-IU per day group between months 18 and 36
resulted in those participants receiving less than the desig-
nated dose. Despite this occurrence, dose-dependent
changes were observed.

Second, participants with osteoporosis or with 25(OH)D
levels of less than 30 nmol/L were excluded from this study.
It is possible that participants with osteoporosis or low
25(OH)D levels would have responded differently to high-
dose vitamin D supplementation, which would need to be
explored following a different study design. The mean nor-
mal baseline 25(OH)D levels in this study were above the
National Academy of Medicine–recommended levels con-
sidered adequate for bone health in 97.5% of the population
(50 nmol/L), and are similar to the baseline levels in the
VITAL (Vitamin D and Omega-3) trial.39

Third, this study did not include a placebo control group.
The participants in the 400-IU group served as a reference
group in the study design, receiving the National Academy of
Medicine–recommended intake for adults younger than age 70
(accounting for dietary input). Affirming their appropriate-
ness as a reference group, their serum 25(OH)D did not change
throughout the study, and a dose-dependent effect on bone
relative to this 400-IU group was shown.

Fourth, since the effect of high-dose vitamin D supple-
mentation on HR-pQCT measurements of volumetric BMD
were in the opposite direction of the hypothesized effect, it is
not appropriate to interpret the findings as proof of skeletal
harm. These unanticipated results should be regarded as hy-
pothesis-generating for future studies.

Conclusions
Among healthy adults, treatment with vitamin D for 3 years
at a dose of 4000 IU per day or 10 000 IU per day, compared
with 400 IU per day, resulted in statistically significant lower
radial BMD; tibial BMD was significantly lower only with the
daily dose of 10 000 IU. There were no significant differences
in bone strength at either the radius or tibia. These findings
do not support a benefit of high-dose vitamin D supplemen-
tation for bone health; further research would be needed to
determine whether it is harmful.
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