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Context: High vitamin D and physical activity (PA) levels are independently associated with im-
proved body composition and muscle function in older adults.

Objective: The objective of this study was to investigate the interaction of 25-hydroxyvitamin D
(25OHD) and PA status in maintenance of body composition and muscle function in older adults.

Design and Setting: This was a 5-year prospective population-based study of Australian commu-
nity-dwelling older adults.

Participants: Participants in the study included 615 community-dwelling volunteers aged 50 years
old or older [61.4 � 6.9 (mean � SD) y; 48% female] randomly selected from electoral rolls and
categorized according to baseline serum 25OHD (� or �50 nmol/L) and PA (� or �10 000 pedom-
eter determined steps/d) levels as follows: high 25OHD and high PA (VitD�PA�); high 25OHD and
low PA (VitD�PA�); low 25OHD and high PA (VitD-PA�); and low 25OHD and low PA (VitD-PA�).
A subset of 518 participants completed accelerometer assessments during follow-up.

Main Outcome Measures: Changes in dual-energy X-ray absorptiometry-assessed body composi-
tion and lower-limb muscle function were measured.

Results: VitD�PA� had significantly smaller increases in body fat over 5 years compared with other
groups (all P � .05). Higher baseline pedometer-determined PA resulted in declines in total body
fat (� � �.23 kg per 100 steps/d, P � .001) over 5 years for participants with high 25OHD but not
those with low 25OHD (P � .05). Among participants with accelerometer data, these associations
were generally mediated by higher levels of moderate/vigorous PA.

Conclusions: High vitamin D status appears to enhance PA-related declines in body fat during
aging, but the mechanism may be greater amounts of outdoor moderate/vigorous PA rather than
a direct effect of 25OHD. (J Clin Endocrinol Metab 100: 670–678, 2015)

Obesity is associated with an increased risk of low vi-
tamin D status (1) due in part to decreased bioavail-

ability of circulating 25-hydroxyvitamin D (25OHD) (2).
At the same time, low vitamin D status may promote ad-
ipogenesis (3), potentially resulting in further increases in
adiposity. Low vitamin D status is also associated with

poor physical performance in older adults, and this may be
attributed to one or both of the direct and indirect effects
on muscle function (4).

Increasing levels of physical activity (PA) and reducing
sedentary time are primary strategies for minimizing fat
gains and strength losses during aging (5). Higher levels of
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PA are also associated with increased 25OHD levels in
older adults (6). Interestingly, we have observed that
higher baseline PA is associated with increases in 25OHD
over several years, independent of outdoor time (7),
whereas indoor exercise also results in improved 25OHD
levels (8), suggesting PA-related improvements in vitamin
D status are not solely attributable to higher sun exposure.

Given their independent associations with body com-
position and muscle function, it is possible that individuals
with both high vitamin D and PA status have reduced risk
of morbidity and disability (9). Randomized controlled
trials of vitamin D supplementation in combination with
exercise training generally do not support the concept that
vitamin D enhances the effect of exercise for improving
body composition and muscle function (10). Although vi-
tamin D supplementation per se may not be beneficial for
these outcomes, exercise-induced body fat and muscle ad-
aptations may be enhanced in individuals with higher vi-
tamin D status (11–13).

Evidence for an interaction between vitamin D and PA
status would be important from a public health standpoint
and may indicate a need for specific PA recommendations
promoting activities most strongly associated with in-
creased vitamin D levels. Indeed, PA performed at higher
intensity appears to have the strongest positive association
with 25OHD (14), and it is unclear whether improved
body composition and muscle function in older adults
with high vitamin D status is attributable to direct effects
of vitamin D or reflective of higher levels of intense PA.
The aim of this study was to investigate associations of
high serum 25OHD and PA status with body composition
and muscle function changes over 5 years in older adults.

Materials and Methods

Study design and participants
The Tasmanian Older Adult Cohort study consisted of 1100

males and females aged 50–79 years, selected from electoral rolls
in southern Tasmania (population 229 000) using stratified sim-
ple random sampling by sex without replacement (response rate
57%). Ethics approval was provided by the Southern Tasmanian
Health and Medical Human Research Ethics Committee, and
written informed consent was obtained from all participants.
Institutionalized adults and those with contraindication for mag-
netic resonance imaging were excluded from participation. Par-
ticipants attended a clinic between March 2002 and September
2004 and were invited to attend two follow-up clinics; 2–3 (fol-
low-up 1) and 5–6 (follow-up 2) years after the baseline visit,
respectively.

Atbaseline,participantsself-reportedemploymentandsmoking
status and a history of comorbidities including cardiovascular
disease, diabetes, and other major illnesses. A validated food
frequency questionnaire (15) investigated dietary energy and
alcohol intake.

Anthropometrics and muscle function
At baseline and follow-up 2, height was measured to the near-

est 0.1 cm using a Leicester stadiometer (Invicta). Weight was
measured to the nearest 0.1 kg using electronic scales (Heine).
Body mass index (BMI; kilograms per square centimeter) was
calculated. Waist circumference was measured using a constant
tension tape. Participants underwent a whole-body scan by dual-
energy X-ray absorptiometry (Hologic Delphi densitometer; Ho-
logic) from which soft tissue composition was determined. Total
body fat, total body fat percentage, trunk fat, appendicular fat
mass (AFM), and appendicular lean mass (ALM) were calcu-
lated. In addition to the absolute value for ALM, this outcome
variable was normalized to body weight (ALM-W) (16). The
same densitometer was used throughout the study, and quality
control was performed using a spine phantom prior to testing.
Although the precision of soft tissue measurements was not mon-
itored, the longitudinal coefficient of variation for bone mineral
density using the spine phantom was 0.39% in this study (17).

Lower-limb strength was measured to the nearest kilogram in
both legs simultaneously, using a dynamometer (TTM muscular
meter). This test examines isometric strength, predominantly of
the quadriceps and hip extensors, and has been described in
detail previously (18). Lower-limb muscle quality was calculated
as lower-limb strength normalized to dual-energy X-ray absorp-
tiometry-assessed lower-limb lean mass.

Physical activity
At baseline and follow-up 2, a 7-day pedometer assessment

determined PA levels as described previously (18, 19). Partici-
pants wore the pedometer (Omron HJ-003 and HJ-102; Omron
Healthcare; or Yamax SW-200; Yamax USA) on the waistband
or belt above their dominant leg. Pedometers were calibrated at
the clinic using a 100-pace walking test. Participants were pro-
vided with a pedometer diary and recorded their steps daily.

A subset of participants (n � 518) completed a 7-day ac-
celerometer (Actigraph GT1M; Actigraph) assessment at ei-
ther follow-up 1 or 2 (20). Accelerometers measure acceler-
ations at the hip in counts per minute to determine average
daily time spent at different PA intensities according to pub-
lished thresholds, including sedentary (�250 counts/min),
light (251–1951 counts/min), moderate (1952–5724 counts/
min), and vigorous (�5725 counts/min) intensity activity (21,
22). Due to small amounts of vigorous intensity PA in this
cohort, this was added to moderate intensity PA to create a
composite variable of moderate/vigorous PA.

The start and finish times of pedometer and accelerometer use
were recorded on each day, and participants also reported the
duration and reason for any periods in which they did not wear
devices and circumstances that may have affected readings.

Vitamin D
At baseline and follow-up 1, the serum samples were treated

initially with acetronitrile to rapidly extract 25OHD and other
hydroxylated metabolites. 25OHD was then assayed utilizing a
liquid-phase RIA (Immunodiagnostics Systems Ltd), which de-
tects both 25OHD2 and 25OHD3. The intra- and interassay
coefficients of variation in our hands were 1.8% and 3.3%.

The season of blood sampling was dichotomized as summer/
autumn or winter/spring. Sunlight exposure was assessed by
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questionnaire relating to the amount of daily exposure during
weekends and holidays in winter or summer. Responses were as
follows: 1, less than 1 hour; 2, 1–2 hours; 3, 2–3 hours; 4, 3–4
hours; and 5, more than 4 hours. This measure of exposure has
been validated against actual exposure with polysulphone
badges in southern Tasmanian teenagers with an intraclass cor-
relation coefficient of 0.62 (23). Participants also reported the
use of vitamin D supplements (including combined vitamin D
and calcium) at both baseline and follow-up.

Vitamin D and physical activity classifications
According to serum 25OHD and pedometer-determined PA

status at baseline, participants were classified into one of four
groups: high vitamin D and high PA (VitD�/PA�); high vitamin
D and low PA (VitD�/PA�); low vitamin D and high PA
(VitD�/PA�); and low vitamin D and low PA (VitD�/PA�).
Low and high vitamin D status were defined as 25OHD less than
50 nmol/L and 50 nmol/L or greater, respectively, according to
Australian clinical guidelines (24). Low and high PA status was
defined as less than 10 000 steps/d and 10 000 or more steps/d,

respectively, in accordance with community-based guidelines
(25). These 25OHD and PA cut points were associated with
improved body composition and muscle function in our previous
studies in this cohort (7, 19).

Statistical analyses
Continuous data were assessed for normality and trans-

formed accordingly. A one-way ANOVA, Kruskall Wallis and �2

examined differences in baseline characteristics across vitamin D
and PA status categories. Bonferroni post hoc tests were used to
identify between-group differences when significant associations
were observed in the ANOVA and �2 tests. Multivariable linear
regression analyses examined baseline differences and differ-
ences in the change for each outcome variable from baseline to
5-year follow-up, according to baseline vitamin D and PA status,
with VitD�/PA� as the reference group. Baseline analyses were
adjusted for age, sex, employment status, smoking status, alco-
hol intake, number of comorbidities, and season of vitamin D
and PA measurement, and analyses for change over 5 years were
further adjusted for the baseline value of the outcome variable

Table 1. Characteristics of Participants According to Vitamin D and Physical Activity Status at Baseline

Vitamin D and Physical Activity Status

High Vitamin D,
High PA
(n � 148)

High Vitamin D,
Low PA
(n � 225)

Low Vitamin D,
High PA
(n � 80)

Low Vitamin D,
Low PA
(n � 162)

Age, y 59.5 � 5.6b,d 62.4 � 7.0a,c 58.7 � 5.7b,d 62.9 � 7.6a,c

Female, %e 44.6 44.4 52.5 54.3
Currently employed, %e 54.7b 36.0a,c 66.3b,d 46.9
Number of comorbiditiesf,g 1.0 (0.0, 2.0) 2.0 (1.0, 3.0) 1.0 (0.0, 2.0) 2.0 (1.0, 3.0)
Current smoker, %e 11.6 9.4 10.0 9.9
Follow-up time, y 5.1 � 0.5 5.0 � 0.5 5.2 � 0.5 5.0 � 0.4
BMI, kg/m2 26.1 � 3.3b,d 27.5 � 3.8a 27.1 � 3.8 28.5 � 5.1a

Waist circumference, cm 89.8 � 11.2b,d 93.7 � 11.7a 91.7 � 12.1 94.6 � 13.7a

Total body fat, kg 24.0 � 6.7b,c,d 27.4 � 7.0a,d 27.1 � 7.5a,d 30.1 � 9.3a,b,c

Trunk fat, kg 10.5 � 3.6b,c,d 12.5 � 4.0a 12.1 � 4.2a,d 13.7 � 5.0a,c

AFM, kg 12.7 � 3.7b,d 13.9 � 3.8a,d 14.0 � 4.1 15.4 � 5.0a,b

ALM, kg 25.2 � 5.6 25.1 � 5.3 24.7 � 5.2 24.2 � 5.2
ALM-W, % 34.0 � 4.7b,c,d 32.2 � 4.5a,d 32.2 � 4.6a 30.7 � 4.6a,b

Lower-limb strength, kg 108.5 � 48.6d 97.9 � 49.6 99.1 � 53.5 87.8 � 47.2a

Lower-limb muscle quality, kg/kg 6.3 � 2.1b,d 5.7 � 2.3a 5.8 � 2.4 5.2 � 2.3a

Energy intake, kJ/d 8214 � 3156d 7719 � 2486 7940 � 3294 7250 � 2180a

Alcohol intake, g/df 12.3 (2.1, 27.4) 7.9 (0.9, 23.6) 6.2 (2.1, 19.0) 5.7 (0.6, 19.3)
Summer average time outdoors �3 h/d, %e 50.7d 38.2d 41.3 25.3a,b

Winter average time outdoors �3 h/d, %e 44.6b,d 30.2a 35.0d 19.1a,c

Vitamin D supplements, % 1.4 2.7 0 1.2
25OHD, nmol/L 67.9 � 13.9c,d 65.9 � 12.4c,d 36.5 � 8.3a,b 35.9 � 8.2a,b

PA, steps/d 12 478 � 2270b,d 7379 � 1777a,c,d 12 481 � 2630b,d 6800 � 2072a,b,c

Accelerometer data n � 127 n � 191 n � 64 n � 136
Moderate/vigorous PA, min/d 51.0 � 28.3b,c,d 31.0 � 24.4a 39.4 � 23.1a,d 25.3 � 21.9a,c

Sedentary time, min/d 542.0 � 89.2b,d 586.4 � 87.7a,c,d 551.0 � 78.4b,d 616.2 � 98.9a,b,c

Continuous variables are expressed as mean � SD except as noted. All tests are one-way ANOVA except as noted.
a Denotes significant difference to high vitamin D, high PA.
b Denotes significant difference to high vitamin D, low PA.
c Denotes significant difference to low vitamin D, high PA (Bonferroni post-hoc tests).
d Denotes significant difference to low vitamin D, low PA.
e �2 tests.
f Median and (interquartile range).
g Significant Kruskall Wallis test (P � .05).
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and also the change in pedometer-determined PA from baseline
to final follow-up to control for potential changes in lifestyle
during the study period.

In post hoc analyses, an interaction term for continuous vari-
ables of vitamin D and PA was included in each model in addition
to the categorical main effect. Where significant interaction
terms were identified, stratified multivariable linear regression
analyses were performed to determine associations between the
outcome variable and baseline PA for high and low vitamin D
groups. These analyses were adjusted for the same covariates as
in the previous analyses. Regression analyses were repeated in
the subset of participants with accelerometer data, with each
model further adjusted for moderate/vigorous intensity PA at
follow-up 1 or 2. Spearman rank correlations were also per-
formed to examine the cross-sectional associations of acceler-
ometer-determined PA with 25OHD for participants with both
measurements available at follow-up 1.

Values of P � .05 or 95% confidence intervals (CIs) not in-
cluding the null point were considered statistically significant.
All analyses were performed in SPSS Statistics version 22 (IBM).

Results

One thousand ninety-eight participants attended baseline
data collection clinics, of whom 330 (30%) were lost to
follow-up 5 years later. Seven hundred sixty-eight partic-
ipants attended a follow-up data collection clinic (mean
5.1 � 0.5 y after baseline), but 153 participants did not
complete all assessments during the study period. Six hun-
dred fifteen participants (mean age 61.4 � 6.9 y; range
51–79 y) were therefore included in the analyses. Partic-
ipants lost to follow-up were older (64.5 � 7.9 vs 61.8 �

6.9 y; P � .001), were more likely to be female (55 vs 48%;
P � .013), and had lower muscle strength (84.3 � 46.5 vs
98.6 � 50.0 kg; P � .001) and higher total fat mass
(29.8 � 9.6 vs 27.1 � 7.8 kg; P � .001) than included
participants.

Table 1 presents participant characteristics according
to baseline vitamin D and PA status. One hundred forty-
eight participants (24%) were classified as VitD�/PA�,
225 (37%) were classified as VitD�/PA�, 80 (13%) were
classified as VitD�/PA�, and 162 (26%) were classified
as VitD�/PA�. There were no differences in gender pro-
portions between groups, but the mean age of both PA�

groups was significantly younger than PA�, and PA�

groups were also more likely to be currently employed.
PA� groups had fewer comorbidities, although alcohol
intake was highest in VitD�/PA�. Only a quarter of in-
dividuals in the VitD�/PA� group reported spending at
least 3 h/d outdoors, significantly less than both VitD�

groups. The VitD�/PA� group had significantly lower
PA than the VitD�/PA� group. The VitD�/PA� group
had significantly lower mean BMI and waist circumfer-
ence than both PA� groups. Among 518 participants who

completed accelerometer measurements during the 5-year
follow-up period, the VitD�/PA� averaged significantly
greater moderate/vigorous intensity PA compared with all
the other groups and less sedentary time than both PA�
groups. The VitD�/PA� group demonstrated signifi-
cantly greater sedentary time than all other groups. For
183 participants with data available at follow-up 1,
25OHD had a weak inverse correlation with sedentary
time and a weak positive correlation with light PA time. A
moderate positive correlation was observed between
25OHD and moderate/vigorous PA (Figure 1).

Table 1 also demonstrates that the VitD�/PA� group
had significantly lower mean total body and trunk fat and
higher ALM-W, compared with all other groups at base-
line. AFM was also significantly lower, and muscle quality
significantly higher, compared with VitD�/PA� and
VitD�/PA�. There were no differences across groups for
ALM, and leg strength was significantly greater for
VitD�/PA� compared with VitD�/PA� only. These as-
sociations generally remained significant after adjustment
for potential confounders as reported in Table 2. Com-
pared with VitD�/PA�, all other groups had significantly
higher total body, trunk, and appendicular fat mass and
lower ALM-W, with the greatest differences observed for
the VitD�/PA� group. The VitD�/PA� group also had
significantly lower muscle strength and quality. Similar
differences were observed for changes in body composi-
tion and muscle function over 5 years, with greater in-
creases in body fat and decreases in ALM-W observed in
all other groups and a greater decrease in lower-limb mus-
cle quality observed in the VitD�/PA� group, compared
with VitD�/PA� (Table 3). For the 5-year change in
AFM, a significant interaction term was observed for
25OHD and PA.

Table 4 (model 1) demonstrates that these longitudinal
associations were generally also present among the subset

Figure 1. Spearman correlations for 25OHD and sedentary, light, and
moderate/vigorous intensity activity time in 183 older adults with
25OHD and accelerometer measurements at follow-up 1.
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of participants with accelerometer data. However, the
VitD�/PA� group did not significantly differ from
VitD�/PA� for any outcome, and a significantly greater
decline in lower-limb strength was observed for both
VitD�/PA� and VitD�/PA�, compared with VitD�/
PA�. Among this subset, significant interactions between
25OHD and PA were observed for change in total body
fat, AFM, and ALM-W. However, adjustment for mod-
erate/vigorous intensity PA mediated the associations of
vitamin D and PA status such that differences in the change
in body composition and muscle function between groups
generally became nonsignificant (model 2).

Post hoc analyses (Table 5) for outcomes that demon-
strated significant 25OHD and PA interactions in longi-
tudinal analyses revealed that among both the whole co-
hort (model 1A) and subset (model 1B), those with high
vitamin D status at baseline had significant declines in
total body fat and AFM, and significant increases in
ALM-W, over 5 years, whereas the only significant asso-
ciation observed for those with low vitamin D status was
for AFM in the subset. However, no significant associa-
tions between baseline PA and change in body composi-
tion were observed for either group after adjustment for
moderate/vigorous PA (model 2).

Table 2. Regression Coefficients (95% CI) Expressing Cross-Sectional Differences in Body Composition and Muscle
Function According to Vitamin D and PA Status

Vitamin D and PA Status

P Value for
Interaction

High
Vitamin D,
High PA
(n � 148)

High Vitamin D,
Low PA
(n � 225)

Low Vitamin D,
High PA
(n � 80)

Low Vitamin D,
Low PA
(n � 162)

Total body fat, kg Reference 2.65 (1.17, 4.12) 2.82 (0.85, 4.79) 5.34 (3.66, 7.02) �.001
Trunk fat, kg Reference 1.71 (0.85, 2.58) 1.70 (0.54, 2.85) 2.94 (1.95, 3.92) �.001
AFM, kg Reference 0.96 (0.26, 1.65) 1.11 (0.18, 2.03) 2.34 (1.55, 3.13) �.001
ALM, kg Reference 0.09 (�0.54, 0.71) 0.13 (�0.71, 0.96) 0.23 (�0.48, 0.94) .124
ALM-W, % Reference �1.41 (�2.11, �0.71) �1.33 (�2.27, �0.39) �2.20 (�3.00, �1.40) �.001
Lower-limb

strength, kg
Reference �4.20 (�11.18, 2.78) �7.08 (�16.41, 2.24) �8.32 (�16.26, �0.37) .964

Lower-limb
muscle
quality,
kg/kg

Reference �0.29 (�0.68, 0.11) �0.51 (�1.03, 0.02) �0.63 (�1.08, �0.18) .842

Adjusted for baseline age, sex, employment status, smoking status, alcohol intake, number of comorbidities, and season of vitamin D and PA
measurement. Bold text indicates values significantly different from high vitamin D, high PA, or a significant interaction for vitamin D and PA.

Table 3. Regression Coefficients (95% CI) Expressing Differences in Change in Body Composition and Muscle
Function Over Five Years According to Vitamin D and PA Status at Baseline

Vitamin D and PA Status

P Value for
Interaction

High
Vitamin D,
High PA
(n � 148)

High Vitamin D,
Low PA
(n � 225)

Low Vitamin D,
High PA
(n � 80)

Low Vitamin D,
Low PA
(n � 162)

Total body fat, kg Reference 1.02 (0.27, 1.77) 1.23 (0.29, 2.17) 1.16 (0.30, 2.03) .087
Trunk fat, kg Reference 0.54 (0.09, 0.99) 0.69 (0.13, 1.25) 0.86 (0.35, 1.38) .828
AFM, kg Reference 0.51 (0.13, 0.90) 0.61 (0.12, 1.10) 0.47 (0.03, 0.92) .003
ALM, kg Reference �0.05 (�0.35, 0.25) �0.01 (�0.39, 0.38) �0.13 (�0.47, 0.22) .556
ALM-W, % Reference �0.74 (�1.21, �0.27) �0.80 (�1.39, �0.21) �1.01 (�1.55, �0.47) .147
Lower-limb

strength, kg
Reference �4.39 (�9.80, 1.01) �2.29 (�9.12, 4.53) �5.51 (�11.63, 0.62) .484

Lower-limb
muscle
quality,
kg/kg

Reference �0.24 (�0.57, 0.08) �0.22 (�0.63, 0.20) �0.37 (�0.74, �0.01) .616

Adjusted for baseline age, sex, employment status, smoking status, alcohol intake, number of comorbidities, season of vitamin D and PA
measurement, and outcome variable and change in steps per day from baseline to follow-up. Bold text indicates values significantly different from
high vitamin D, high PA, or a significant interaction for vitamin D and PA.
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Discussion

The results from this prospective population-based study
of community-dwelling older adults indicate that com-
bined high vitamin D and PA status is associated with
smaller gains in body fat and smaller decreases in muscle
quality over 5 years. Furthermore, higher baseline pedom-
eter-determined PA is associated with greater declines in
body fat over 5 years but only in those with high baseline
vitamin D. The mechanism for the interaction effect of
vitamin D and PA in the change in body composition ap-
pears to be higher amounts of moderate and vigorous PA
in those with high vitamin D status.

We observed that participants with high vitamin D and
PA status had significantly lower body fat and higher mus-
cle mass relative to weight at baseline, and more desirable
changes in these body composition outcomes over 5 years,
than participants with low vitamin D and/or PA. 25OHD
and PA demonstrated significant interactions and post hoc
analyses revealed that higher baseline PA generally pre-
dicted significant 5-year declines in body fat, and increases

in muscle mass relative to weight, only in older adults with
high baseline vitamin D status. This is consistent with a
study that identified an interaction in the relationship of
vitamin D and PA with bone mineral content in adoles-
cents, suggesting that PA-related improvements in bone
mass may occur only in those with adequate vitamin D
status (26).

Importantly, our analyses in a subset of participants
with accelerometer data demonstrated that the mecha-
nism explaining these interaction effects of 25OHD and
PA status appears to be higher levels of moderate/vigorous
intensity PA. The VitD�/PA� group had higher mean
moderate/vigorous intensity PA than all other groups, and
we also observed a stronger positive correlation for mod-
erate/vigorous PA than for light PA with serum 25OHD,
whereas the sedentary time was negatively associated,
which is supportive of previous research using a self-re-
ported measure of PA intensity (14). Higher intensity PA
may also be more closely associated with body composi-
tion outcomes than lower intensity PA in older adults; we

Table 4. Regression Coefficients (95% CI) Expressing Differences in Change in Body Composition and Muscle
Function Over Five Years According to Vitamin D and PA Status at Baseline in 518 Participants With Accelerometer
Data

Vitamin D and PA Status

P Value for
Interaction

High
Vitamin D,
High PA
(n � 127)

High Vitamin D,
Low PA
(n � 191)

Low Vitamin D,
High PA
(n � 64)

Low Vitamin D,
Low PA
(n � 136)

Model 1
Total body fat, kg Reference 1.02 (0.25, 1.79) 0.88 (�0.13, 1.88) 1.28 (0.38, 2.17) .022
Trunk fat, kg Reference 0.57 (0.10, 1.04) 0.48 (�0.13, 1.09) 0.90 (0.36, 1.44) .374
AFM, kg Reference 0.48 (0.09, 0.88) 0.47 (�0.06, 0.99) 0.56 (0.10, 1.02) .001
ALM, kg Reference �0.10 (�0.41, 0.22) �0.01 (�0.43, 0.41) �0.12 (�0.48, 0.25) .670
ALM-W, % Reference �0.76 (�1.25, �0.28) �0.56 (�1.20, 0.07) �1.01 (�1.57, �0.46) .049
Lower-limb

strength, kg
Reference �6.05 (�11.73, �0.36) �4.89 (�12.37, 2.60) �6.92 (�13.40, �0.43) .653

Lower-limb
muscle
quality,
kg/kg

Reference �0.30 (�0.65, 0.05) �0.26 (�0.71, 0.20) �0.40 (�0.80, �0.01) .769

Model 2
Total body fat, kg Reference 0.53 (�0.27, 1.34) 0.56 (�0.44, 1.57) 0.68 (�0.26, 1.62) .395
Trunk fat, kg Reference 0.36 (�0.14, 0.85) 0.34 (�0.27, 0.96) 0.64 (0.06, 1.21) .788
AFM, kg Reference 0.20 (�0.21, 0.62) 0.29 (�0.24, 0.81) 0.21 (�0.28, 0.70) .058
ALM, kg Reference �0.14 (�0.48, 0.20) �0.04 (�0.46, 0.39) �0.17 (�0.56, 0.23) .881
ALM-W, % Reference �0.55 (�1.05, �0.04) �0.43 (�1.07, 0.21) �0.75 (�1.34, �0.16) .333
Lower-limb

strength, kg
Reference �5.30 (�11.35, 0.76) �4.48 (�12.08, 3.12) �5.92 (�12.92, 1.07) .957

Lower-limb
muscle
quality,
kg/kg

Reference �0.27 (�0.64, 0.10) �0.24 (�0.71, 0.22) �0.36 (�0.79, 0.06) .995

Model 1 was adjusted for baseline age, sex, employment status, smoking status, alcohol intake, number of comorbidities, season of vitamin D and
PA measurement, and outcome variable and change in steps per day from baseline to follow-up. Model 2 was further adjusted for moderate and
vigorous intensity activity at follow-up 1 or 2. Bold text indicates values significantly different from high vitamin D, high PA, or a significant
interaction for vitamin D and PA.
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havepreviouslydemonstratedadose-responseassociation
for accelerometer-determined PA intensity with lower
body fat in this cohort (20), and in older women, moderate
and vigorous PA, but not light PA, have been significantly
associated with greater lower-limb muscle size (27). Thus,
higher amounts of moderate/vigorous intensity PA are as-
sociated with both higher vitamin D status and improved
body composition in older adults, and increasing partic-
ipation in this type of PA may have significant health ben-
efits in this population.

There is evidence to suggest that 25OHD may be taken
up and stored by skeletal muscle (8, 28), and we have
previously observed a positive association between base-
line muscle mass and change in 25OHD over 3 years in this
cohort (7), so higher-intensity PA may also contribute to
higher vitamin D status in older adults through maintain-
ing or increasing muscle mass. Also, low vitamin D status
has been demonstrated to confer a 2-fold increased risk of
loss of muscle mass (defined as loss � 3%) over 3 years in
older adults (29). Although we observed interactions of
25OHD and PA for changes in ALM relative to weight in
our study, we believe these associations are related to re-
ductions in body fat, rather than gains in muscle mass,
given that no associations with absolute ALM were ob-
served. Nevertheless, lower-limb muscle quality decreased
significantly less over 5 years for VitD�/PA� compared
with VitD�/PA� for the entire cohort, and a similar as-
sociation was observed in the subset, which additionally

demonstrated significantly greater declines in strength for
both PA� groups.

Given that our results demonstrated that muscle func-
tion maintenance for VitD�/PA� was explained by
higher moderate/vigorous intensity PA, vitamin D supple-
mentation would not be expected to enhance PA-induced
muscle function improvements in generally healthy older
adults. A prospective study of vitamin D replete and well-
functioning Chinese older men observed no associations
between baseline 25OHD and a 4-year change in physical
performance, and investigators concluded that vitamin D
supplementation would not be beneficial in similar pop-
ulations (30). However, vitamin D supplementation may
result in muscle function improvements for those who
have baseline vitamin D deficiency (31), and supplemen-
tation, alone or in combination with exercise, may be ben-
eficial for older adults with low baseline muscle function.
A 16-week randomized controlled trial of 8400 IU vitamin
D supplementation or placebo resulted in no differences in
mediolateral sway in older adults, but sway was signifi-
cantly reduced in a small subset (n � 9) of patients with the
highest sway at baseline (32). Similarly, in frail Japanese
older adults, improvements in physical performance after
a 3-month training program were greatest in those with
higher baseline 25OHD levels (�67.5 nmol/L), with no
improvements observed in those with 25OHD less than
47.5 nmol/L (11). Vitamin D supplementation may there-
fore confer benefits for older individuals at risk of defi-
ciency and disability, but there is currently little evidence
from randomized controlled trials to support supplemen-
tation in the general older adult population (33). Based on
the findings of the present study, increasing moderate/vig-
orous-intensity PA levels is likely to be a more effective
therapy for improving body composition and physical
function in generally healthy older adults than vitamin D
supplementation.

Unfortunately, randomized controlled trials to date
have been underpowered to detect synergistic effects of
vitamin D supplementation and exercise and have failed to
specifically target older adults with low baseline physical
function and/or vitamin D status (9). Two studies exam-
ining the combined effects of these therapies for muscle
morphology and function did not observe a benefit of vi-
tamin D supplementation above that provided by exercise
alone (34, 35). However, a recent 12-week exercise inter-
vention in young overweight and obese adults with bor-
derline low vitamin D status demonstrated significantly
increased peak power at 4 weeks in a treatment group
receiving 4000 IU/d vitamin D compared with exercise
alone, and change in 25OHD was associated with reduced
waist to hip ratio (36). In older women, an inverse asso-
ciation has been reported between serum 25OHD and the

Table 5. Standardized Regression Coefficients (P
Values) Expressing Change in Body Composition Over
Five Years per 1000 Steps per Day at Baseline, According
to Vitamin D Status

Vitamin D Status

Low
(<50 nmol/L)

Normal
(>50 nmol/L)

Model 1A n � 242 n � 373
Total body fat, kg �0.04 (0.669) �0.23 (0.001)
AFM, kg �0.05 (0.255) �0.12 (0.001)
ALM-W, kg/kg 0.05 (0.344) 0.12 (0.010)

Model 1B (subset only) n � 200 n � 318
Total body fat, kg �0.14 (0.134) �0.25 (0.001)
AFM, kg �0.11 (0.027) �0.13 (<0.001)
ALM-W, kg/kg 0.09 (0.074) 0.15 (0.003)

Model 2 (subset only) n � 200 n � 318
Total body fat, kg �0.06 (0.548) �0.15 (0.090)
AFM, kg �0.07 (0.227) �0.08 (0.065)
ALM-W, kg/kg 0.05 (0.426) 0.09 (0.119)

Model 1 was adjusted for baseline age, sex, employment status,
smoking status, alcohol intake, number of comorbidities, season of
vitamin D and PA measurement, and outcome variable and change in
steps per day from baseline to follow-up. Model 2 was further
adjusted for moderate and vigorous intensity activity at follow-up 1
or 2. Bold text indicates a significant association.
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respiratory quotient during submaximal exercise, suggest-
ing higher vitamin D status is associated with increased fat
oxidation during exercise (13). Among obese older
women who completed a 12-month weight loss interven-
tion and were randomized to 2000 IU/d vitamin D, those
who became replete had significant improvements in body
composition compared with those who failed to achieve
25OHD levels of 80 nmol/L or greater (37). Further re-
search is required to determine whether vitamin D sup-
plementation can enhance exercise-induced improve-
ments in muscle function and body composition in older
adults with low baseline vitamin D and physical function
or high adiposity.

The findings of this study are subject to several limita-
tions. The response rate was low (57%), and there was a
substantial loss to follow-up over 5 years, resulting in rel-
atively small group sizes for vitamin D and PA status. Our
findings can be generalized only to relatively healthy mid-
dle-aged and older adults, given that participants lost to
follow-up were of younger mean age, and demonstrated
poorer body composition and muscle function, than in-
cluded participants. Accelerometer data were collected
only for a subset of participants and only at follow-ups 1
and 2. Future studies should include objective measure-
ments of PA intensity at baseline, although it should be
noted that PA tracks at moderate levels throughout adult-
hood, and more active individuals at each follow-up
would likely also have been more active at baseline (38).
Similarly, vitamin D levels were not measured at follow-up
2 and changes in vitamin D to this time point may have
influenced our findings. Specific vitamin D receptor poly-
morphisms appear to be associated with an increased risk
for obesity (39), and also poor muscle function in physi-
cally inactive individuals (40), but the potential role of
vitamin D receptor genotype in associations between vi-
tamin D, PA status, body composition, and muscle func-
tion observed in this study cannot be determined.

In conclusion, community-dwelling older adults with
both high vitamin D and PA status have smaller gains in
body fat and decreases in muscle quality over 5 years than
those with low vitamin D and/or PA status. High vitamin
D status appears to enhance PA-related declines in body
fat during aging, but the mechanism may be greater
amounts of moderate/vigorous PA rather than a direct
effect of vitamin D.
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