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Abstract
Summary The effects of higher than recommended vitamin D
doses on bone mineral density (BMD) and quality are not
known. In this study, higher intakes, in postmenopausal wom-
en undergoing weight control over 1 year, had no effect on
areal or volumetric BMD but prevented the deterioration in
cortical bone geometry.
Introduction Studies examining how bone responds to a stan-
dard dose of vitamin D supplementation have been inconsis-
tent. In addition, the effects of higher doses on BMD and
quality are not known. Postmenopausal women undergoing
weight control to improve health outcomes are particularly
at risk for bone loss and might benefit from supplemental
vitamin D intake above the recommended allowance.

Methods This 1-year-long, randomized, double-blind con-
trolled study addresses whether vitamin D supplementation,
in healthy overweight/obese older women, affects BMD and
bone structural parameters. In addition, bone turnover and
serum total, free, and bioavailable 25-hydroxyvitamin D
(25OHD) responses to one of three daily levels of vitamin
D3 (600, 2000, 4000 IU) with 1.2 Ca g/day during weight
control were examined.
Results Fifty-eight women (age, 58 ± 6 years; body mass in-
dex, 30.2 ± 3.8 kg/m2, serum 25OHD, 27.3 ± 4.4 ng/mL) were
randomized to treatment. After 1 year, serum 25OHD concen-
trations increased to 26.5 ± 4.4, 35.9 ± 4.5, and 41.5 ± 6.9 ng/
mL, in groups 600, 2000, and 4000 IU, respectively, and dif-
fered between groups (p < 0.01). Weight change was similar
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between groups (−3.0 ± 4.1 %). Cortical (Ct) thickness of the
tibia changed by −1.5 ± 5.1 %, +0.6 ± 3.2 %, and +2.0 ± 4.5 %
in groups 600, 2000, and 4000 IU, respectively, and each
group was significantly different from each other (p < 0.05).
Conclusion The decline in Ct thickness was prevented with
higher vitamin D3 supplementation, but there were no other
significant changes due to treatment over 1 year. Whether these
findings translate to changes in biomechanical properties leading
to reduced fracture risk should be addressed in future studies.

Keywords Bodyweight . Cortical thickness .

Postmenopausal . Serum 25OHD . Vitamin D

Introduction

Vitamin D maintains calcium and phosphate homeostasis and
is responsible for bone health throughout life [1, 2]. However,
the optimum vitamin D dose and serum 25-hydroxyvitamin D
(25OHD) concentration for best skeletal outcomes are less
clear. The controversy has been fueled by an inconsistent re-
lationship between vitamin D and bone mineral density
(BMD) in cross-sectional studies, as well as a lack of associ-
ation between vitamin D supplementation and fracture pre-
vention [3]. Insufficient vitamin D dosing necessary to in-
crease serum 25OHD concentrations to healthy ranges or high
baseline serum 25OHD has been suggested as a reason for the
non-significant effects of vitamin D supplementation on BMD
in some studies [4, 5]. In addition, it has been argued that the
bioavailable 25OHD, rather than total 25OHD, concentrations
are a better assessment of vitamin D status and therefore
should be more strongly associated with BMD [6, 7].

A negative relationship between body weight and serum
25OHD has been previously reported [8–10], and it has been
attributed to factors such as adipose tissue acting as a depot for
the steroid and impaired vitamin D bioavailability in the
obese, inadequate sunlight exposure, true vitamin D deficien-
cy, genetic polymorphisms, or other unknown factors [7,
10–12]. Moreover, serum 25OHD response to vitamin D sup-
plementation is attenuated with excess adiposity in the obese
compared to lean individuals [11–13] and could be further
influenced by age, ethnicity, baseline serum 25OHD, type,
and level of vitamin D intake [14].

Older individuals and, in particular, postmenopausal wom-
en are at high risk of bone loss and structural deterioration that
lead to loss of bone strength and increased fracture risk [15].
In addition, because postmenopausal women often experience
weight gain, many undergo weight control plans designed to
reduce obesity-associated comorbidities. Although beneficial,
weight loss decreases calcium absorption and promotes bone
loss [16]. It has been shown that even a modest loss of 3–4 %
body weight can reduce BMD in women [17, 18]. The bene-
ficial effects of a standard vitamin D supplementation in

combination with calcium on BMD and bone quality mea-
sures have been shown previously, but studies examining
higher doses of vitamin D have not been conducted [19].

Whether bone health further improves with higher doses of
vitamin D above the recommended levels has been questioned
[3]. Moreover, vitamin D interventions on bone quality are not
available. The goal in this study is to determine whether vita-
min D supplementation, in healthy overweight/obese post-
menopausal women (≤70 years of age), attenuates bone
changes accompanying weight control over 1 year. We ad-
dressed whether there is a dose-dependent effect of vitamin
D3 supplementation on BMD, geometry, strength, and bone
microstructure over 12 months.

Methods

Subjects

The three doses of vitamin D (3DD) study is a randomized
controlled double-blind trial to determine the effects of vitamin
D3 supplementation on BMD and bone microarchitecture in
older women. We recruited healthy, postmenopausal women
(age 50–70 years old; BMI 25–40 kg/m2) through advertising
in local newspapers and email list servers. Subject’s enrollment
and randomization were conducted during the winter months
(January and February) over a 3-year period, to minimize sea-
sonal fluctuations in serum 25OHD concentration.

Participants passing an initial telephone screening ques-
tionnaire, followed by laboratory and physical screening, were
considered eligible. Subjects were not eligible if they had se-
rum 25OHD ≥30 ng/mL, were <2 years postmenopausal, or
were experiencing more than 5 % body weight loss or gain
within 3 months prior to recruitment. Subjects diagnosed with
diseases known to influence Ca metabolism or undertreatment
known to influence Ca or bone metabolism were excluded.

During the first visit to the Nutrition and Bone laboratory,
the subjects signed an informed consent approved by the
Rutgers University Institutional Review Board and an external
data safety monitoring advisory board. This trial was registered
at clinicaltrials.gov as NCT01631292. The protocol met the
ethical standards in accordance with the Helsinki Declaration.

Study design

This was a 1-year, randomized, double-blind, controlled trial
conducted at Rutgers University, New Brunswick, NJ. One
month prior to treatment assignments, the subjects underwent
a stabilization period during which they were asked to main-
tain body weight and were given a multivitamin/mineral
(Nature Made Multi 50+) and calcium supplement to total
600 IU/day vitamin D and 1.2 g Ca/day (diet and supplement)
that continued throughout the study duration. When daily
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calcium intake was <1.2 g from the diet and the daily
multivitamin/mineral supplement combined, an extra calcium
supplement without added vitamin D was provided to those
subjects (200 mg Ca/tablet; Citracal; Bayer HealthCare LLC).
At the end of the stabilization period, the participants were
randomly assigned using SAS v9.3 (SAS Institute, Cary,
NC, USA) in a double-blind manner to one of three vitamin
D treatment groups (habitual dietary intake + supplements)
estimated at 600, 2000, and 4000 IU per day.

VitaminD3 capsules and identical-looking placeboswere pur-
chased from Bio Tech Pharmacal, and manufacturer’s stated D3

content was 5000 IU vitamin D3/capsule. Vitamin D3 capsules
were analyzed by reversed-phase high-performance liquid chro-
matography (C18 column) and UV detection in our lab after the
study ended and indicated a vitamin D3 content/capsule of
4898 IU. The participants were asked to consume vitamin D3

capsules or placebo during five consecutive weekdays with their
largest meal of the day. The 600-IU group received five placebo
capsules/week; the 2000-IU group received two vitamin D3 cap-
sules + three placebo/week, and the 4000-IU group received five
vitamin D3 capsules/week. All subjects received 400 IU from the
multivitamin/mineral supplement. Total vitamin D intake (diet +
supplements) is reported in Supplemental Table 1.

Behavior modification/nutrition education

Subjects followed a standard behavior modification nutri-
tion education/weight control program and adhered to indi-
vidualized moderate energy-restricted diets with modest
weight loss goals. Participants recorded their caloric intake
with food diaries on a weekly basis to enhance compliance
with the nutrition education plan. Food diaries were ana-
lyzed from two non-consecutive weekdays and one week-
end day at baseline and at regular intervals three times
during the intervention using nutrient analysis software
(FoodWorks, v17, Long Valley, NJ). A registered dietitian
reviewed these diaries and discussed them at weekly visits
during the stabilization period and monthly thereafter dur-
ing group and individualized counseling sessions.

The volunteers were asked to follow their physical
activity routine throughout the study, with no specific
instructions. Physical activity level was recorded on
their food diaries. A numerical score was calculated
using a range from 0 to 3 (0—inactivity, 1—low activ-
ity, 2—moderate activity, and 3—high activity) that es-
timated weekly metabolic equivalents [20].

Measurements

Assessment of sun exposure

Quantification of skin color changes with season was per-
formed by using a reflectance spectrophotometer (model

CS-100, Konica Minolta Optics Inc.) at two different skin
areas: mid outer forearm (exposed) and waist (unexposed).
Measurements are reported using Yxy color-indexing system,
where Y measures reflectance ranging from 0 (black) to 100
(pure white) [21].

Anthropometric measurements

Weight and height were measured with a balance beam scale
and stadiometer, respectively (Detecto, Webb City, MO).
Women, wearing minimal clothing, were weighed in the
morning at the monthly sessions.

Bone and body composition measurements

Baseline and 12-month measurements of BMD and BMC at
total hip, lumbar spine, femoral neck, trochanter, and total
body were performed using a dual-energy X-ray absorptiom-
etry (DXA) total body scanner (Lunar Prodigy Advanced;
GE-Lunar, CV ≤1% for all sites). In addition, soft tissues were
evaluated including total tissue, fat, and lean tissue
compartments.

Volumetric (v) total BMD, trabecular, cortical BMD and
BMC, geometry (cortical thickness, Ct.Th), and strength indi-
ces (polar moment of inertia (IP), stress-strain index (SSI)) at
the distal tibia were measured at specific sites using peripheral
quantitative computed tomography (pQCT) (Stratec XCT
3000, Orthometrix). The scans were analyzed using
STRATEC XCT-3000 software, v5.4. A scout view allowed
the positioning of the cross-sectional measurements along the
tibia. The voxel size for all the scans was 0.5 mm, and the slice
thickness was 2.4 mm. The precision error (coefficient of var-
iation) was <1.7 % for all the measurements.

A custom software package, pQCT OsteoQ (Inglis
Software Solutions Inc., Hamilton, ON), combining
threshold-based and region-growing algorithms was used to
measure apparent trabecular microstructure (trabecular sepa-
ration (Tb.Sp), bone volume fraction (BV/TV), trabecular
number (Tb.N), and trabecular thickness (Tb.Th)). Short-
term validity of bone microstructure measurements indicated
a precision error of less than 5 % [22].

Laboratory methods

Fasting serum and urine samples were collected at baseline
and months 6 and 12 and were analyzed in batch analysis.
Serum was analyzed for the following: 25OHD (radioimmu-
noassay ; DiaSor in ) (CV <12.5 %) , in tac t PTH
(immunoradioassay; Scantibodies) (CV <6.8 %), and ultra-
sensitive estradiol (radioimmunoassay; DSL) (CV <8.9 %).
The performance of our 25OHD assay has been monitored
and issued a proficiency certificate by the vitamin D
External Quality Assessment Scheme.
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Concentrations of serum vitamin D-binding protein (DBP)
were determined by ELISA using two monoclonal antibodies
in a sandwich format (ALPCO) (CV <12.7 %). Serum con-
centrations of free and bioavailable 25OHD were calculated
by using a validated algorithm [23]. Colorimetric methods
ware used to measure calcium and albumin concentrations.

Bone turnover markers were measured at baseline and after
1 year. Propeptides of type 1 collagen (P1NP) and C-
telopeptide of type 1 collagen (CTX) were measured by
ELISA (MyBiosource) (CV <15 %).

Compliance

Adherence to treatment protocol was assessed by pill count at
each counseling session. Dietary intake of vitamin D and Ca
was estimated from food records.

Safety

Study outcomes and adverse events were reviewed periodical-
ly by an internal Data Safety Monitoring Committee and
Rutgers University IRB. A serious adverse event was defined
as resulting in death; it is life-threatening, requires inpatient
hospitalization, or results in persistent or significant disability/
incapacity. Adverse events such as pain in the legs, swelling of
the legs, pain or heaviness in the chest, headaches, dizziness,
nausea, fatigue, muscle weakness, muscle aches, abnormal
urinary frequency, and abdominal pain were categorized as
non-serious adverse events and were recorded during the
study. Adverse event forms were filled in at baseline and dur-
ing monthly counseling sessions by all the subjects. Serum
and urinary calcium were measured at baseline and after
12 months of treatment.

Sample size

In a previous study conducted in overweight postmenopausal
women, mean age of 61 years, it was found that a moderate
weight loss resulted in significantly more BMD loss at the
trochanter (−0.031 ± 0.029 g/cm2) in the group supplemented
with normal compared to that with high Ca intake (−0.010 ±
0.034 g/cm2) [24]. To be able to detect a similar difference at
the trochanter BMD between the three levels of vitamin D3

intake and to allow for two covariates, a sample size of 18 per
group (power of 80% and α set at 0.05) was calculated. Based
on previous trials conducted in our lab, an additional four
subjects per group were recruited to account for dropouts.
We used single-block randomization for vitamin D group as-
signments generated by the statistical consultant of the study,
and the principal investigator (PI) assigned the participants in
randomlymixed block sizes until the required sample size was
met. The PI, clinical personnel, and subjects remained blinded
to the treatment assignments throughout the study.

Statistical analysis

Statistical analyses were conducted with SAS, v9.3. An
intention-to-treat (ITT) analysis, including all randomly
assigned participants, was used to examine the effect of vita-
min D3 supplementation on bone outcomes. The last observa-
tion carried forward was used for the subjects with missing
data. The groups were compared for baseline characteristics
by using one-way ANOVA. Variables considered clinically
important, even if they did not reach statistical significance
(i.e., body weight) and other factors such as age and years
since menopause, were used as covariates in the analyses.
Mixed-model analysis of covariance (ANCOVA) was used
to compare differences in bone parameters, fat, fat-free soft
tissue, hormones, and bone turnover markers over time be-
tween treatment groups. Two fixed factors were examined:
group (with doses of intervention) and time (baseline and
12 months). When the interaction (group-by-time) was signif-
icant, post hoc analysis was conducted with Bonferroni cor-
rection for multiple comparisons. Mixed-model ANCOVA
has the advantage of adjusting for dependencies between re-
peated responses and allows for missing data without intro-
ducing bias. Pearson correlation coefficients were used to as-
sess the relationship between changes in independent and out-
come variables. Stepwise multiple linear regression analysis
(forward selection) was performed to select the explanatory
variables that would be considered important predictors for
bone changes. Calcium intake was controlled and adjusted
to meet the requirements of the participants throughout the
intervention; therefore, we did not include this as a covariate
in the analysis. The recruitment and study startup procedures
were conducted during winter months to minimize the effect
of sunlight on serum 25OHD. Hence, we did not include sea-
son as a covariate in the analysis.

In addition, an as-treated analysis for subjects who com-
pleted the study and who were at least 80 % compliant with
vitamin D supplementation was conducted for all the out-
comes. Values are reported as mean ± SD and graphs with
SEM. Categorical values are expressed in percentages.
Values ≤0.05 were considered significant.

Results

Participants

The study participant’s flowchart is shown in Fig. 1. Of the
210 women assessed for eligibility, 102 met the inclusion
criteria and were recruited for the study. Twenty-one women
withdrew before treatment initiation due to time commitment
(n = 10), lack of interest in the study (n = 7), and lack of ad-
herence to the stabilization period intervention (n = 4). Eighty-
one women were randomized to one of the three vitamin D3
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groups: 600 IU/day (n = 24), 2000 IU/day (n = 28), or
4000 IU/day (n = 29). During the intervention, 23 women in
all groups discontinued the study due to time commitment
(n = 10), moving away (n = 5), or were lost to follow-up
(n = 7). One volunteer, randomized to 600-IU group, lost a
dramatic amount of weight (>30 % body weight) and there-
fore did not meet the criteria for as-treated analysis and was
dropped from the study. Final analysis includes 58 women
(age, 57.6 ± 5.6 years; BMI, 30.2 ± 3.7 kg/m2), predominantly
Caucasian (85 %). At screening, 68 % of the subjects were
taking multivitamins and 18 % of them were taking additional
vitamin D supplements. Calcium supplementation was used
by 63% of the subjects. Reported habitual intake of vitamin D
and Ca (diet and supplements) in the volunteers prior to sta-
bilization month ranged from 64 to 1085 IU/day and from 510
to 1600 mg, respectively. During the stabilization month, vi-
tamin D and Ca intake from diet and supplements averaged
565 ± 14 IU and 1186 ± 71mg/day, respectively. At screening,
serum 25OHD concentration was 22.8 ± 6.4 ng/mL and in-
creased to 27.2 ± 4.3 ng/mL after 1 month of stabilization with
a multivitamin/mineral pill.

Skin reflectance (Y) values at the beginning of the study
(winter) averaged 47 ± 16 cd/m2 at the exposed area and 67 ±
14 cd/m2 at the unexposed area (p < 0.01), and there were no

significant differences between groups. Similarly, after the
summer months, skin reflectance was lower (42 ± 11 cd/m2)
at the exposed than unexposed area (58 ± 21 cd/m2, p < 0.01)
and the groups did not differ significantly. The difference be-
tween skin reflectance at the unexposed areas compared to
exposed areas remained significant in all subjects throughout
the study (p < 0.01).

Nutrient intake and physical activity

Nutrient intake at baseline was similar between groups
(Supplemental Table 1). Across all groups, there was a de-
crease in energy, fat, phosphorus, magnesium, sodium, and
vitamin K intake associated with caloric restriction. Vitamin
D intake was significantly different between treatment groups
(p < 0.001) (Supplemental Table 1). Supplement compliance,
as calculated by monthly pill counts, was similar between
groups and averaged 83 ± 10 % for the vitamin D capsules/
multivitamin tablets and 89 ± 11 % for the Ca tablets.
Compliance with vitamin D treatment was ≥80 % in 46 out
of 58 subjects. Subjects maintained a moderate level of phys-
ical activity over the 12-month study (2.1 ± 0.8), with no sig-
nificant change in habitual level of activity over time or be-
tween groups (data not shown).

Fig. 1 Flowchart of study
participants. ITT intention to treat
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Weight, body composition, and BMD

Baseline and 12-month measurements for weight, body
composition, and BMD at multiple sites are presented in
Table 1. There were no significant differences for base-
line characteristics between groups. After 12 months,
subjects lost 3.0 ± 4.1 % body weight and 3.1 ± 8.5 %
fat mass with no significant difference between groups
and the findings were similar for both ITT and as-
treated analyses (p value for time <0.02). ITT analysis
showed no difference over time between groups for fat-
free soft tissue, total body BMC, and BMD with inter-
vention. When using the as-treated analysis of the com-
pleters, there were also no significant differences be-
tween groups over 12 months of vitamin D treatment
(Table 1). No differences between groups with vitamin
D3 treatment were found for femoral neck BMD, radius,
lumbar spine, total hip, and total body BMD with the
as-treated analysis (Table 1).

Trabecular and cortical bone at the tibia

The ITT analysis yielded a statistically significant interaction
between treatment and time for cortical thickness (p < 0.03).
There was also a loss of total and trabecular BMC over time in
all the groups (p < 0.05). Similarly, the completer’s analysis
showed that cortical thickness changed differently between
groups over time: −1.5 ± 5.1, +0.6 ± 3.2, and +2.0 ± 4.5 % in
the 600, 2000, and 4000 IU, respectively (p < 0.05), and each
group differed significantly from all others (Bonferroni-

corrected p value < 0.05) (Table 2, Fig. 2). In addition, in the
as-treated analysis, cortical volumetric BMD (vBMD) did not
differ significantly over time between groups (p < 0.1). No
other changes in cortical variables between groups or over
time were observed (Table 2). Both ITT and as-treated analy-
ses showed a decrease over time in trabecular volumetric
BMD and BMC in all women (p < 0.05), and the change
was not significantly different between groups. There was a
significant time effect for all the trabecular parameters, except
Tb.Th, but the change over time between treatment groups
was not significantly different (Table 2, Fig. 2). No other pa-
rameters were found to differ significantly between groups.

Bone-regulating hormones and bone turnover markers

Bone-regulating hormones and bone turnover markers are
shown in Table 3. The increase in serum 25OHD in response
to 600, 2000, or 4000 IU vitamin D3/day in this overweight/
obese population was 3.8 ± 4.1, 7.4 ± 6.5, and 14.1 ± 8.1 ng/
mL, respectively (p value for interaction between time and
treatment <0.01) (Table 3, Fig. 3). No subject had a serum
25OHD level below 20 ng/mL after any of the interventions.
The change in free 25OHD and bioavailable 25OHD differed
with treatment dose (p value for interaction <0.02) (Table 3).
Serum DBP concentration decreased over time in all groups
(p < 0.05), but there was no significant difference due to vita-
min D3 dose. After 12 months of treatment, PTH decreased by
10.6 ± 16.6 % (p < 0.01) and the change did not differ signif-
icantly between groups (Table 3, Fig. 3). The bone turnover
markers, CTX and P1NP, increased by 10.0 ± 15.9 and 17.6 ±

Table 1 Body composition and aBMD over 12 months at three doses of vitamin D3

600 (n = 19) 2000 (n = 20) 4000 (n = 19) p value

Baseline 12 months Baseline 12 months Baseline 12 months Group Time Group × time

Age (years) 57.4 ± 6.3 58.4 ± 4.9 57.2 ± 5.5
YSM (years) 8.1 ± 6.7 9.3 ± 7.7 8.0 ± 6.9
BMI (kg/m2) 29.5 ± 2.9 28.7 ± 3.3 31.5 ± 4.5 30.8 ± 4.6 29.4 ± 3.5 28.6 ± 3.3 0.144 <0.001 0.962
Weight (kg) 79.2 ± 10.4 76.8 ± 10.4 85.9 ± 13.3 83.6 ± 12.9 78.7 ± 9.9 76.0 ± 10.1 0.081 <0.001 0.942
Fat mass (kg) 33.8 ± 6.5 32.8 ± 7.6 38.9 ± 8.9 37.9 ± 9.2 33.9 ± 5.6 32.6 ± 5.9 0.052 0.006 0.997
Fat-free soft tissue (kg) 41.2 ± 4.2 41.4 ± 4.4 42.4 ± 5.5 42.2 ± 5.5 40.8 ± 5.3 40.2 ± 5.1 0.583 0.429 0.301
BMD (g/cm2)
UD radius 0.34 ± 0.04 0.34 ± 0.04 0.35 ± 0.04 0.35 ± 0.04 0.35 ± 0.05 0.35 ± 0.06 0.567 0.934 0.511
One-third radius 0.66 ± 0.05 0.66 ± 0.04 0.69 ± 0.04 0.69 ± 0.04 0.66 ± 0.07 0.66 ± 0.07 0.715 0.878 0.963
Lumbar spine 1.13 ± 0.12 1.12 ± 0.13 1.28 ± 0.17 1.27 ± 0.18 1.18 ± 0.17 1.18 ± 0.17 0.040 0.361 0.987
Trochanter 0.75 ± 0.07 0.74 ± 0.07 0.79 ± 0.11 0.80 ± 0.12 0.79 ± 0.12 0.80 ± 0.12 0.443 0.956 0.056
Femoral neck 0.90 ± 0.11 0.88 ± 0.10 0.92 ± 0.15 0.92 ± 0.14 0.94 ± 0.10 0.94 ± 0.10 0.567 0.132 0.241
Total hip 0.94 ± 0.09 0.94 ± 0.09 0.98 ± 0.12 0.99 ± 0.13 0.99 ± 0.11 0.99 ± 0.12 0.493 0.857 0.309
Total body 1.14 ± 0.07 1.14 ± 0.08 1.18 ± 0.07 1.19 ± 0.07 1.14 ± 0.07 1.14 ± 0.08 0.568 0.181 0.829

Mean ± SD (all values). A mixed-model ANCOVA analysis was performed with time (0, 12 months) and group (600, 2000, or 4000 IU) as independent
variables. The following covariates were included in the analysis: age, years since menopause (YSM), and body weight, and none significantly
influenced bone parameters. Baseline characteristics were not significantly different between treatment groups. Fat-free soft tissue and bone mineral
content reflect total body measurements

BMI bodymass index, aBMD areal bonemineral density,UD radius ultra-distal radius, one-third radius, radial BMD at one third of the distance from the
distal end

382 Osteoporos Int (2017) 28:377–388



20.2 %, respectively, from baseline to 12 months (p < 0.05),
and the rise did not differ significantly between groups

(Table 3). A trend for serum estradiol to decrease by 4.5 ±
22.6 % in all the groups was observed (p < 0.07).

Table 2 Trabecular and cortical vBMD, geometry, strength, and microstructure at the tibia over 12 months at three doses of vitamin D3

600 (n = 19) 2000 (n = 20) 4000 (n = 19) P value

Baseline 12 months Baseline 12 months Baseline 12 months Group Time Group × time

Total

vBMD (mg/cm3) 293.1 ± 32.5 297.2 ± 37.2 291.8 ± 30.2 292.3 ± 32.5 305.1 ± 44.7 301.8 ± 41.5 0.765 0.961 0.135

BMC (mg) 281.3 ± 40.7 277.1 ± 44.5 279.6 ± 36.2 275.7 ± 35.7 286.3 ± 45.1 287.3 ± 45.3 0.252 0.044 0.161

Area (mm2) 962.3 ± 144.5 957.2 ± 160.1 976.5 ± 157.9 965.4 ± 157.6 989.6 ± 164.9 986.6 ± 164.8 0.520 0.166 0.747

Trabecular

vBMD (mg/cm3) 216.3 ± 33.2 212.0 ± 34.8 210.3 ± 27.5 207.2 ± 27.3 218.1 ± 29.3 217.2 ± 30.1 0.736 0.011 0.407

BMC (mg) 93.7 ± 20.5 89.3 ± 24.7 91.0 ± 17.8 88.5 ± 18.2 89.6 ± 12.5 88.1 ± 9.9 0.641 0.013 0.550

Number (mm−1) 1.326 ± 0.088 1.304 ± 0.096 1.305 ± 0.106 1.309 ± 0.097 1.295 ± 0.108 1.271 ± 0.126 0.707 0.036 0.132

Thickness (mm) 0.356 ± 0.048 0.358 ± 0.049 0.346 ± 0.026 0.343 ± 0.025 0.370 ± 0.049 0.375 ± 0.050 0.301 0.600 0.112

Separation (mm) 0.401 ± 0.076 0.413 ± 0.077 0.424 ± 0.076 0.424 ± 0.072 0.406 ± 0.097 0.419 ± 0.108 0.913 0.012 0.182

BV/TV (%) 0.473 ± 0.073 0.467 ± 0.072 0.453 ± 0.057 0.450 ± 0.054 0.482 ± 0.084 0.478 ± 0.086 0.672 0.016 0.674

Cortical

vBMD (mg/cm3) 1145.1 ± 32.5 1138.5 ± 34.6 1141.8 ± 30.5 1136.6 ± 30.4 1130.1 ± 45.7 1133.8 ± 42.8 0.897 0.213 0.097

BMC (mg) 308.7 ± 32.4 305.0 ± 34.3 322.2 ± 47.7 324.6 ± 45.6 288.0 ± 36.1 291.6 ± 37.4 0.092 0.676 0.750

Area (mm2) 269.7 ± 28.4 268.7 ± 27.2 283.0 ± 41.7 285.5 ± 39.2 254.5 ± 30.5 257.2 ± 32.1 0.173 0.270 0.242

Thickness (mm) 4.9 ± 0.5 4.8 ± 0.6 5.0 ± 0.5 5.1 ± 0.4 4.7 ± 0.5 4.8 ± 0.5 0.798 0.361 0.018

Periosteal (mm) 71.3 ± 3.8 71.6 ± 4.0 72.1 ± 5.7 72.1 ± 5.3 68.3 ± 4.5 68.3 ± 4.7 0.078 0.495 0.717

Endosteal (mm) 41.1 ± 6.0 41.3 ± 6.2 39.9 ± 4.3 40.2 ± 4.6 37.0 ± 5.5 37.9 ± 5.4 0.246 0.659 0.801

Ip (mm4) 23.042 ± 4838 23.181 ± 4371 25.493 ± 8122 26.022 ± 7530 20.298 ± 4693 20.239 ± 5029 0.091 0.185 0.505

SSI (mm3) 1520 ± 225 1517 ± 212.2 1602 ± 349 1625 ± 329 1364 ± 240 1356 ± 246 0.057 0.448 0.439

Mean ± SD (all values). A mixed-model ANCOVA analysis was performed with time (0, 12 months) and group (600, 2000, or 4000 IU) as independent
variables. The following covariates were included in the analysis: age, years since menopause (YSM), and body weight, and none significantly
influenced bone parameters. Baseline characteristics were not significantly different between treatment groups. All scans passed quality control except
for a subset examined for higher-resolution Tb parameters (number, thickness, separation and BV/TV) that left n = 16, 18, and 12 in the 600-, 2000-, and
4000-IU groups, respectively

vBMD volumetric bonemineral density,BMC bonemineral content,BV/TV bone volume/total volume, IP polar moment of inertia, SSI stress-strain index

Fig. 2 The change (%) in cortical
and trabecular parameters at the
tibia over 12 months at three
doses of vitamin D3. Comparison
between the groups was
examined by mixed-model
ANCOVA analysis with time (0,
12 months) and group (600, 2000,
and 4000 IU) as independent var-
iables. *p < 0.05, for interaction
effect, groups are significantly
different from each other. Cortical
parameters: volumetric bone
mineral density (BMD), area, and
cortical thickness (Ct.Th).
Trabecular parameters: volumet-
ric BMD, number (Tb.N), sepa-
ration (Tb.Sp), and BV/TV (bone
volume/total volume)
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Pearson correlation and stepwise regression

The relationship between the changes in body weight, body
composition and bone parameters, hormones, and bone turn-
over markers was analyzed within each treatment group. In
the 600-IU group, trochanter BMD loss correlatedwith weight
loss (r = 0.475, p < 0.03) and total body fat loss (r = 0.531,
p < 0.02). Furthermore, in the 600-IU group, there was a trend
for bone loss at the femoral neck to correlate with weight loss
(r = 0.435, p < 0.07). There was no significant relationship
between any variables at higher levels of vitamin D3 intake
(2000 and 4000 IU). An inverse relationship between changes
in serum CTX, but not P1NP, and body weight (r = −0.640,
p < 0.01) and fat mass (r = −0.659, p < 0.01) was found in the
600-IU group, but not in the other treatment groups.

Stepwise regression

Using bone outcomes as dependent variables and chang-
es in body composition and hormone levels as indepen-
dent variables, a stepwise regression was performed.
Only the independent variables that reached significance
were included in the final model. Analysis indicated that
during weight loss, at 600-IU vitamin D intake, changes
in trochanter BMD were explained by changes in body
weight (R2 = 23.5 %, p < 0.05). At higher levels of vita-
min D intake, changes in body weight were not signif-
icantly associated with changes in trochanter BMD. In
addition, weight loss was the major predictor for the
increase in CTX (R2 = 46 %, p = 0.002) in the 600-IU
group, but not at higher levels of intake.

Table 3 Hormones and bone markers over 12 months at three doses of vitamin D3

600 (n = 19) 2000 (n = 20) 4000 (n = 19) P value

Baseline 12 months Baseline 12 months Baseline 12 months Group Time Group × time

25OHD (ng/mL) 26.5 ± 4.5 30.5 ± 5.0 28.6 ± 4.7 36.0 ± 4.2 26.7 ± 3.7 40.8 ± 7.4 <0.001 <0.001 <0.001

Free 25OHD 4.1 ± 0.6 5.1 ± 1.4 4.6 ± 1.0 6.2 ± 1.4 4.2 ± 0.8 7.1 ± 1.9 0.002 <0.001 0.006

Bioavailable 25OHD 1.6 ± 0.2 2.1 ± 0.6 1.8 ± 0.4 2.5 ± 0.6 1.7 ± 0.3 2.8 ± 0.7 0.002 <0.001 0.019

PTH (pg/mL) 36.0 ± 9.0 33.2 ± 8.3 41.8 ± 13.2 36.2 ± 8.5 41.5 ± 22.8 31.1 ± 7.2 0.559 <0.002 0.352

E2 (pg/mL) 12.4 ± 4.6 11.5 ± 4.3 15.0 ± 5.7 13.2 ± 5.2 15.4 ± 6.3 13.8 ± 3.9 0.298 0.066 0.571

P1NP (ng/mL) 46.6 ± 12.3 54.1 ± 15.5 46.9 ± 9.9 54.1 ± 8.4 45.0 ± 6.2 51.7 ± 7.3 0.565 <0.001 0.990

CTX (pg/mL) 161.4 ± 31.5 180.9 ± 45.0 164.2 ± 26.7 181.2 ± 52.9 161.2 ± 23.3 174.2 ± 34.6 0.823 <0.001 0.782

Calcium (mmol/L) 9.02 ± 0.33 8.90 ± 0.82 8.79 ± 0.70 9.04 ± 0.46 8.95 ± 0.53 9.11 ± 0.89 0.571 0.479 0.523

Urinary Ca/creatinine 0.45 ± 0.16 0.45 ± 0.22 0.43 ± 0.19 0.44 ± 0.15 0.43 ± 0.16 0.43 ± 0.15 0.179 0.988 0.957

Mean ± SD (all values). Amixed-model ANCOVA analysis was performed with time (0, 12months) and group (600, 2000, and 4000 IU) as independent
variables. The following covariates were included in the analysis: age, years since menopause (YSM), and body weight, and none significantly
influenced bone parameters

25OHD 25-hydroxyvitamin D, PTH parathyroid hormone, E2 estradiol, P1NP procollagen type 1 amino-terminal propeptide, CTX C-terminal
crosslinked telopeptide of type I collagen

Fig. 3 Changes in 25OHD and PTH over 12 months at three doses of
vitamin D3. Comparison between the groups was examined by mixed-
model ANCOVA analysis with time (0, 12 months) and group (600,
2000, and 4000 IU) as independent variables. Values with different

superscripts are significantly different from each other over 12 months
of intervention (p < 0.05 for interaction effect); *p < 0.05 for time effect,
the groups are not significantly different from each other
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Safety

There were no significant differences for serum calcium con-
centrations between groups at baseline or after the interven-
tion, as measured. No subject presented with hypercalcemia
(>10.5 mg/dL) at 12 months. The urinary calcium excretion
(corrected for creatinine) and creatinine clearance were similar
between groups (Table 3). No serious adverse events were
reported during the study. The cumulative frequency of non-
serious events was not significantly different between groups
at any time point during the study (Supplemental Table 2).

Discussion

Vitamin D is essential for bone health and prevents rickets and
osteomalacia by promoting calcium absorption required for
bone mineralization. However, to what extent vitamin D
may prevent bone loss during moderate caloric restriction
and attenuates bone quality is largely unknown. In this 1-
year-long trial, we examined the effect of three vitamin D
doses on areal BMD (aBMD) and bone quality during modest
weight loss. In this overweight/obese population of postmen-
opausal women, the increase in serum 25OHD in response to
600, 2000, or 4000 IU vitamin D3/day occurred in a dose-
response manner. After 12 months of intervention and 3 %
weight reduction, there was a decrease in cortical thickness in
the 600-IU group but not in the higher vitamin D groups,
whereas no other parameters (bone geometry, strength, and
microstructure) differed due to the dose of vitamin D3 intake.

It is well established that weight loss (3–10 %) decreases
BMD at various bone sites as compared to weight-stable
women especially at older ages [24–26]. This decrease is at-
tributed to at least a few factors including a decrease in nutri-
ent intake [27, 28] or a decrease in calcium absorption [29,
30], reduced mechanical loading [25], and reduced estradiol
or insulin-like growth factor levels accompanying weight re-
duction [16]. In this 1-year trial, there was no bone loss over
time, which may be attributed to the small amount of weight
loss while consuming the recommended intake of Ca and
vitamin D (or higher intakes) in all groups of women.
However, there was an increase in bone turnover possibly
due to aging or the slight energy restriction, but this did not
differ between groups.

In weight-stable women, there are many studies examining
the effect of supplemental vitamin D intake on bone [31–38].
Ooms et al. showed that 400 IU/day compared to placebo did
not prevent bone loss that occurs with aging over 1 year [33].
In some trials, BMD loss was attenuated with 700–800 IU/day
[31, 32] and calcium supplements (500–1200 mg), while
others, using similar doses, found no effect of vitamin D on
BMD [35, 36]. Higher doses of vitamin D on BMD also
yielded inconsistent results. While daily doses of 1428 IU

D2 and 1000 mg calcium compared to calcium alone did not
influence bone [34], others reported higher BMD at the lum-
bar spine and hip with 5000 IU D3/day and 320 mg calcium/
day compared to placebo [39]. Nevertheless, none of these
studies included bone quality measures or used a model of
energy restriction. In addition, it is possible that the inclusion
of supplemental micronutrients in the current study may have
influenced the effect on bone in our study compared to other
trials.

To date, most interventions with vitamin D supplementa-
tion have used areal BMD derived from DXA as a surrogate
measure of fracture risk [40]. However, the two-dimensional
measurement cannot adequately assess bone geometry and,
consequently, bone strength that are independent of changes
in areal BMD. Peripheral quantitative computerized tomogra-
phy captures geometrical changes at the cortical and trabecu-
lar bone compartments, which respond differently to physio-
logical and pathological factors [41]. In this study, supplemen-
tal vitamin D3 did not affect aBMD, but the higher intakes
influenced bone geometry, specifically an increase in cortical
thickness, that may translate to improved biomechanical
strength.

A positive association between 25OHD levels and bone
quality at the radius and tibia was found in older Caucasian
men [42], and some reported a catabolic effect of PTH on the
cortical bone in both obese and non-obese individuals [43].
On the other hand, excess PTH has been shown to maintain or
even have anabolic effects on trabecular bone [44], while high
levels of PTH can result in an increased endocortical resorp-
tion, cortical thinning, and cortical porosity [45]. Few studies
have examined the relationship between 25OHD and the cor-
tical and trabecular bones of the tibia in older women, but one
reported a positive association between 25OHD and cortical
vBMD (that was negative with PTH) but no relationship of
either 25OHD or PTH with trabecular vBMD [46]. It is thus
hypothesized that suppression of PTH that can be achieved by
vitamin D supplementation may improve cortical vBMD in
obese women, independently of modest body weight changes.
Weight loss, on the other hand, has been shown to either
decrease total vBMD with trend to decrease cortical vBMD
in postmenopausal women [47] but not in premenopausal
women [26]. Reports of energy restriction in rodent models
with more dramatic weight loss show a decrease in cortical
bone parameters, such as vBMD, BMC, and Ct.Th [48], and
another study indicated that trabecular parameters were
also affected (BV/TV and Tb.Th) [48, 49]. The current
study suggests that weight loss (time effect) causes a de-
crease in trabecular vBMD, BMC, and BV/TV and in-
crease in separation, and the addition of vitamin D had
no effect in preventing the trabecular decline with modest
weight loss over 1 year. Also, even at high intakes of
vitamin D3, cortical vBMD was unaffected, but there
was a positive effect on cortical thickness.
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Determining an optimum level of vitamin D supplementa-
tion and serum 25OHD concentration may be important in the
older population to minimize bone loss or changes in quality
during energy-controlled diets. In addition, the overweight or
obese population typically has lower serum 25OHD than nor-
mal weight persons and is at risk of bone loss during energy
restriction [16]. The rise in serum 25OHD was 0.19 and
0.27 ng/mL per microgram vitamin D intake when consuming
2000 or 4000 IU/day, respectively. A slightly lower rise in
25OHD (0.16 ng/mL/μg/day) was found in a previous study
when given similar vitamin D3 doses and may be due to their
higher BMI (>35 kg/m2) [50] compared to 30 kg/m2 in the
current study. Free and bioavailable 25OHD also increased
with increasing doses of vitamin D intake and remained at a
steady 0.02 and 7 % of total 25OHD concentration, respec-
tively, throughout the study and in all groups. Furthermore,
although there are seasonal influences on 25OHD levels, mea-
surements of skin reflectance, as a marker of sun exposure,
indicated no differences between groups or from baseline to
final measurements in this 1-year study.

After 1 year of intervention, bone turnover markers in-
creased in all subjects with no significant differences between
groups. Studies with vitamin D supplementation on bone turn-
over in postmenopausal women are scarce and have yielded
mixed results. In a previous study in women (50–80 years)
with similar baseline serum 25OHD concentrations, after
1 year (no weight loss), vitamin D supplementation reduced
bone turnover, but the reduction was greater in their standard
dose (800 IU/day) compared to the high dose (6500 IU) [38].
In another study, there was no effect of vitamin D treatment at
any dose (400, 800, or 1000 IU) on bone turnover [51]. In the
current study, the rise in bone turnover was likely due to the
combined effect of aging [52] and weight loss [24, 28].

There are several limitations in this study including the
sample population consisting of healthy postmenopausal
women. The results may not be applicable to other popula-
tions with low serum 25OHD concentrations or with chronic
conditions. However, the intention of this study was to exam-
ine whether higher than recommended vitamin D doses in
individuals have additional beneficial effects on bone. In ad-
dition, a transient increase in BMD remodeling with vitamin
D and calcium supplementation is possible in a 1-year study,
and bone changes would ideally be examined in a longer
intervention consisting of more remodeling cycles [53].
Another limitation in this study is the analysis of multiple
endpoints raising the possibility of chance results. Therefore,
we used Bonferroni correction for multiple comparison to
account for this. Although errors associated with DXA mea-
surements are possible, especially in overweight/obese sub-
jects with excess body fat surrounding the bone or due to
changes in total body fat in these individuals [54, 55], the
modest weight loss achieved in this study was unlikely to
influence the precision errors of DXA measurements. Total

fat loss did not exceed 2 kg of fat representing significantly
less than the 6-kg excess fat surrounding the bone shown to
produce measurement errors by DXA [55]. Moreover, pQCT
measurements of vBMD avoid the errors associated with
DXA and provide additional information about bone
microarchitecture. These measurements are especially impor-
tant in studies of the obese who show evidence of compro-
mised bone quality [16]. Other advantages include study de-
sign, with subject recruitment conducted in the same season
(winter), so the seasonal influence on 25OHD concentrations
over 1 year was similar between individuals or groups. Also,
we were able to measure DBP concentrations and free and
bioavailable 25OHD metabolites and to determine whether
DBP modulates the relationship between 25OHD and bone
outcome.

In conclusion, higher doses of vitamin D had an insignifi-
cant effect on bone parameters except for preventing a decline
in cortical thickness over 1 year in healthy postmenopausal
women. Whether this vitamin D effect on bone geometry re-
mains sustained over time and indicates greater strength and
fracture reduction in older individuals remains to be
determined.
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