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THE proportion of older adults in the United States is 
growing and expected to double to approximately 20% 

by the year 2030 (1). With the growth of the older popula-
tion comes a parallel expectation of growth in the burden of 
age-related physical disability. Limitations in physical func-
tion as assessed by objective physical performance tests 
strongly predict future physical disability, nursing home ad-
mission, and mortality in older adults (2–4). Identifying risk 
factors that prevent or delay the onset of physical disability 
is thus a high public health priority.

Low 25-hydroxyvitamin D (25[OH]D) is common in 
older adults with wide variability in prevalence depending 
on geographic location, season, and the cut-points used to 
define deficiency (5). In the National Health and Nutrition 
Examination Survey 2000–2004, approximately 30% of 
adults aged 70 years and older were vitamin D deficient 

(25[OH]D <20 ng/mL; to convert to nmol/L, multiply by 
2.496) (6). Older adults are at risk for low 25(OH)D  
because of reduced exposure to ultraviolet B radiation, 
reduced efficiency of pre-vitamin D synthesis in the skin, 
and inadequate dietary intake of vitamin D (5,7). In the past 
two decades, it has become evident that the role of vitamin D 
extends beyond calcium homeostasis and musculoskeletal 
health. Low 25(OH)D has been associated with many  
comorbid conditions, including cardiovascular disease, 
diabetes, hypertension, and osteoarthritis (8), conditions 
that are also directly related to the development of limi-
tations in physical function (9).

The evidence from cross-sectional studies indicating that 
25(OH)D is associated with physical performance is rela-
tively consistent (10–15). However, the few longitudinal 
studies are inconsistent, showing either no association or a 
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greater decline in physical performance among those with 
low 25(OH)D at baseline (16–20). Furthermore, how 
change in 25(OH)D over time affects physical performance 
in older adults has not been previously reported. Low 
25(OH)D may also indirectly affect physical performance 
via hyperparathyroidism secondary to vitamin D deficiency 
(5). However, parathyroid hormone (PTH) may be impor-
tant for maintaining muscle integrity and physical function 
independent of 25(OH)D (13,15,21).

The primary objective of these analyses was to examine 
the association between 25(OH)D, as well as change in 
25(OH)D, and physical performance using data from the 
Lifestyle Interventions and Independence for Elders Pilot 
(LIFE-P). The association between PTH and physical per-
formance and the role of PTH as a potential mediator in the 
association between 25(OH)D and physical performance 
was also examined.

Methods

Study Population
Data for this analysis are from LIFE-P, a single-blind, 

multicenter, randomized controlled trial in which older 
adults at risk for disability were assigned to either a 
walking-based physical activity program or a successful  
aging health information and education program for  
12 months (ClinicalTrials.gov Identifier: NCT00116194). 
LIFE-P enrolled 424 community-dwelling men and women 
aged 70–89 years between May 2004 and February 2005. 
Participants were recruited from four communities:  
Pittsburgh, PA; Winston-Salem, NC; Dallas, TX; and Palo 
Alto, CA. Participants were eligible if they were at risk for 
disability (defined as having a short physical performance 
battery [SPPB] score of <10), were sedentary (<20 minutes 
of exercise each week for the past month), and able to 
complete a 400-m walk within 15 minutes. Complete de-
tails on the study design and inclusion and exclusion criteria 
can be found elsewhere (22,23). All participants provided 
written informed consent and all protocols were approved 
by the institutional review boards at all field centers. These 
analyses were conducted in 368 participants with available 
blood samples at study baseline. Participants were evalu-
ated at baseline and at 6 and 12 months postrandomization.

Physical Performance
The SPPB was administered to summarize lower extrem-

ity physical performance (2). The SPPB consists of progres-
sively more challenging standing balance tasks held for 10 
seconds each, time to complete five repeated chair stands, 
and the faster of two 4-m walks to assess usual gait speed. 
Each of the three performance measures was assigned a 
score ranging from 0 to 4, with 0 representing inability to do 
the test and 4 representing the highest level of performance. 
The three measures were summed to create an SPPB 

summary score ranging from 0 (worst) to 12 (best). The 
SPPB was completed by 368 participants at baseline, 351 at 
6-month, and 346 at 12-month follow-up. Because of eligi-
bility criteria, the maximum SPPB score at baseline was 9.

Walking endurance was measured by a 400-m walk test. 
The course was 20 m long marked by cones at each end. 
Participants were instructed to walk 10 laps at their usual 
pace, and the time to complete the 400-m walk was  
recorded. Participants were allowed to stop and rest if nec-
essary but were not allowed to sit or use an assistive device 
(including a cane) or the help of another person. The test 
was stopped if the participant was unable to complete the 
walk in 15 minutes. The 400-m walk test was completed by 
368 participants at baseline, 325 at 6-month, and 311 at 
12-month follow-up.

25-Hydroxyvitamin D and PTH
Fasting blood samples were collected in the morning 

after a 12-hour fast, centrifuged, and stored at −80°C. 
Plasma 25(OH)D was measured at baseline (n = 368), 
6-month (n = 315), and 12-month follow-up (n = 307) by 
radioimmunoassay (RIA kit; DiaSorin, Stillwater, MN). 
Intact PTH was measured at baseline (n = 368) in EDTA 
plasma with a two-site immunoradiometric assay kit  
(N-tact PTHSP; DiaSorin, Stillwater, MN). The interassay 
coefficient of variation for 25(OH)D was 5.0 ± 3.6% and 
for PTH was 4.1 ± 3.0%.

Potential Confounders
Covariates included sociodemographic variables (age, 

gender, race, field center, and education), smoking, body 
mass index (weight in kilograms/height in meters squared), 
physical activity (moderate physical activity calculated 
from the Community Healthy Activities Model Program for 
Seniors questionnaire), cognition (Mini-Mental State Ex-
amination score), and depression (Center for Epidemiologic 
Studies Depression scale). Adjudicated disease diagnoses 
were based on self-reported history and included the fol-
lowing conditions: cardiovascular disease (myocardial in-
farction, congestive heart failure, and stroke), hypertension, 
diabetes, and arthritis. Season of the year was included as a 
categorical variable to account for seasonal effects on 
25(OH)D and PTH. Randomization arm (physical activity 
vs successful aging), study visit, and a randomization arm 
by study visit interaction term were included to account for 
the effects of the intervention on physical performance over 
time.

Statistical Analyses
All analyses were performed using SAS software, ver-

sion 9.2 (SAS Institute, Cary, NC) with a two-sided alpha 
level of .05 to indicate statistical significance. 25(OH)D 
status was categorized as 25(OH)D less than 20 ng/mL and 



HOUSTON ET AL.432

greater than or equal to 20 ng/mL, a common cut-point used 
to define vitamin D deficiency (8). PTH was examined both 
as a continuous variable (transformed using the natural log-
arithm) and categorized into tertiles with the lower two ter-
tiles combined (<42.6 vs ≥42.6 pg/mL). Differences in 
participant characteristics at baseline by 25(OH)D status 
were compared by chi-square analysis for categorical vari-
ables and by two-sample t tests for continuous variables. 
Mixed models were used to calculate the intraclass correla-
tion for continuous log 25(OH)D using data from all three 
visits. A statistical method for simultaneously modeling 
cross-sectional and longitudinal effects was used to model 
25(OH)D status and physical performance (24). Mixed 
models with a random subject (intercept) effect were used 
to examine the associations between baseline 25(OH)D sta-
tus, PTH, and their interaction and physical performance. 
All models were adjusted for age, gender, race, field center, 
season, education, study visit, randomization arm, random-
ization arm by study visit interaction, body mass index, and 
physical activity. Season by field center interactions and 
25(OH)D status by randomization arm interactions were 
tested but were not significant.

Results
The mean age of the study sample was 76.7 years, 68% 

were women, and 76% were white. Participants who were 
excluded from this analysis due to a lack of blood samples 
at study baseline (n = 56) were similar to the study sample 
with regard to age, gender, and race and had similar base-
line SPPB scores but slower 400-m walk speed (0.79 vs 
0.86 m/s, p = .003). The mean (SD) 25(OH)D was 20.9 
(10.2) ng/mL at baseline. The prevalence of vitamin D defi-
ciency (25[OH]D < 20 ng/mL) was 50%, whereas only 10% 
had sufficient 25(OH)D (25[OH]D ≥ 30 ng/mL). Given the 
low prevalence of 25(OH)D greater than or equal to 30 ng/mL, 
participants with 25(OH)D of 20 to less than 30 ng/mL and 
greater than or equal to 30 ng/mL were combined (nondefi-
cient). 25(OH)D at baseline, 6-month, and 12-month follow-
up were highly correlated (intraclass correlation = .78). 
The mean (SD) PTH was 39.7 (22.8) pg/mL and was 
inversely correlated with 25(OH)D (r = −.36, p < .001). The 
descriptive characteristics of the study population by 
25(OH)D status are shown in Table 1. The prevalence of 
vitamin D deficiency was higher among blacks (78.3%) 
than non-blacks (43.5%). Vitamin D–deficient participants 
also had a higher body mass index.

Figure 1 shows the cross-sectional associations between 
25(OH)D status and physical performance at baseline. Par-
ticipants who were vitamin D deficient (25[OH]D < 20 ng/
mL) had significantly lower SPPB scores (mean difference 
[SE]: 0.35 [0.16], p = .03) and slower 400-m walk speed 
(mean difference [SE]: 0.04 [0.02] m/s, p = .01). Figure 2 
shows the associations between baseline 25(OH)D status 
and change in physical performance over 12 months. The 

change in SPPB score and 400-m walk speed over 12 
months did not differ by baseline 25(OH)D status (mean 
difference [SE]: 0.27 [0.15], p = .08 and 0.01 [0.01] m/s, 
p = .15, respectively). Addition of baseline PTH to the models 
did not substantially change the association between 
25(OH)D status and physical performance.

Change in 25(OH)D status and change in physical perfor-
mance is shown in Figure 3. Over 12 months of follow-up, 
25(OH)D improved from deficient (25[OH]D < 20 ng/mL) 
to nondeficient (25[OH]D ≥ 20 ng/mL) in 12.0% (n = 37, 
mean [SE] change: +6.3 [0.6] ng/mL), declined from non-
deficient to deficient in 8.1% (n = 25, mean [SE] change: 
−5.6 [0.8] ng/mL), and remained either nondeficient 
(n = 126) or deficient (n = 119) in 79.8% (mean [SE] 

Table 1.  Participant Characteristics by Baseline 25-Hydroxyvitamin 
D (25[OH]D): Lifestyle Interventions and Independence for 

Elders Pilot*

25(OH)D

p Value
<20 ng/mL  
(n = 184)

≥ 20 ng/mL 
(n = 184)

Age (y) 76.6 ± 4.2 76.8 ± 4.3 .61
Female gender (%) 69.0 67.4 .74
Race (%) <.001
  Black 29.4 8.2
  White 64.7 88.0
  Other 6.0 3.8
Field center (%) .09
  Dallas, TX 27.7 26.1
  Palo Alto, CA 19.6 19.6
  Pittsburgh, PA 32.6 23.9
  Winston-Salem, NC 20.1 30.4
High school education  
  or less (%)

34.2 32.2 .61

Smoking status (%) .38
  Former smoker 16.8 12.0
  Current smoker 3.3 2.7
  Never smoker 79.9 85.3
Current drinker (%) 33.2 39.7 .18
BMI (kg/m2) 31.7 ± 6.1 28.7 ± 5.1 <.001
Moderate physical activity  
  (kcal/wk)

572.7 ± 892 674.7 ± 107 .33

Season (%) .13
  Winter 16.8 12.5
  Spring 3.2 8.2
  Summer 47.8 44.0
  Fall 32.1 35.3
Depression (CES-D score) 7.1 ± 6.9 6.9 ± 6.5 .79
Cognition (MMSE score) 27.1 ± 2.3 27.4 ± 2.1 .17
Prevalent disease (%)
  Cardiovascular disease 18.5 18.5 1.00
  Diabetes 23.9 18.5 .20
  Hypertension 72.3 65.2 .16
  Arthritis 19.0 25.0 .17
PTH (pg/mL) 45.6 ± 26.1 33.7 ± 16.9 <.001
Randomized to physical  
  activity arm (%)

50.5 48.4 .68

Notes: BMI = body mass index; CES-D = Center for Epidemiologic 
Studies Depression Scale; MMSE = Mini-Mental State Examination; PTH = 
parathyroid hormone.

* Means ± SD or frequencies with chi-square or t test to evaluate the 
distribution.
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change: −0.2 [0.6] and +0.5 [0.3] ng/mL, respectively). An 
interaction term of baseline 25(OH)D status and change in 
25(OH)D status was first tested to determine if the effect of 
change in 25(OH)D status on physical performance differed 
depending on baseline 25(OH)D status, and a significant 
interaction for SPPB score was found (p = .04). Among par-
ticipants who were vitamin D deficient at baseline but not at 
follow-up, SPPB scores improved significantly compared  
with those whose 25(OH)D status remained the same (mean 
difference [SE]: +0.55 [0.22], p = .01). Results were similar 
when participants who were vitamin D deficient at baseline 
but not at follow-up were compared only with those who 
remained deficient at follow-up (mean SPPB difference 
[SE]: +0.63 [0.22], p = .005) and when participants who 
were vitamin D nondeficient at baseline but not at follow-up 
were compared only with those who remained nondeficient 
(mean SPPB difference [SE]: 0.01 [0.23], p = .98). The 
SPPB change in individuals whose 25(OH)D levels re-
mained nondeficient did not differ significantly from those 
whose 25(OH)D levels remained deficient (mean difference 
[SE]: +0.16 [0.19], p = .40). Change in 25(OH)D status was 
not associated with improvements in 400-m walk speed 
(mean difference [SE]: 0.01 [0.01] m/s, p = .64). The asso-
ciation between change in 25(OH)D status and change in 
physical performance did not change substantially when 
baseline PTH was added to the models.

Baseline PTH was significantly associated with 400-m 
walk speed at baseline (b coefficient [SE] per unit of the 
natural logarithm of PTH: −0.04 [0.02] m/s, p = 0.03). 
There were no significant associations between baseline 
PTH and baseline SPPB scores (b coefficient [SE] per unit 
of the natural logarithm of PTH: −0.24 [0.16], p = 0.14). 
When baseline PTH was examined comparing the lower 
two tertiles (<42.6 pg/mL) versus the upper tertile (≥42.6 
pg/mL), there were no significant associations with baseline 
SPPB scores (Least squared means [SE]: 7.61 [0.15] vs 7.40 
[0.18], respectively, p = .20) or 400-m walk speed (0.88 
[0.02] vs 0.85 [0.02] m/s, respectively, p = 0.13). Baseline 
PTH (either per unit of the natural logarithm or comparing 
the lower two tertiles vs. the upper tertile) was not significantly 
associated with change in SPPB scores or 400-m walk speed.

Discussion
This study shows that vitamin D deficiency (25[OH]D < 

20 ng/mL) is common and is associated with worse physical 
performance, a strong predictor of future disability, in older 
community-dwelling men and women at risk for disability. 
Vitamin D deficiency was associated with significantly 
lower SPPB scores and slower 400-m walk speed after ad-
justing for demographics, intervention group, season, body 
mass index, and physical activity. Furthermore, individuals 
who were vitamin D deficient at baseline but not at follow-up 

Figure 1.  Cross-sectional associations between 25(OH)D status and physi-
cal function: Lifestyle Interventions and Independence for Elders Pilot. (a) 
Short physical performance battery (SPPB). (b) Four hundred meter walk 
speed. Least squared means with 95% confidence intervals. Models adjusted for 
age, gender, race, field center, season, education, visit, randomization arm, visit 
by randomization arm interaction, body mass index, and physical activity.

Figure 2.  Baseline 25(OH)D status and change in physical function over 12 
months: Lifestyle Interventions and Independence for Elders Pilot. (a) Short 
physical performance battery (SPPB). (b) Four hundred meter walk speed. 
Least squared means with 95% confidence intervals. Models adjusted for age, 
gender, race, field center, season, education, visit, randomization arm, visit by 
randomization arm interaction, body mass index, and physical activity.
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had a significant and clinically meaningful improvement in 
SPPB scores (>0.5 points) at follow-up.

The association between 25(OH)D and physical perfor-
mance is relatively consistent in cross-sectional studies 
(10–15). However, data from the few longitudinal studies 
which examined baseline 25(OH)D and change in physical 
performance are inconsistent, showing either no association 
between 25(OH)D and physical performance (18–20) or a 
greater decline in physical performance among those with 
low 25(OH)D (16,17). The discrepancies among these stud-
ies may stem from substantial variation in the measurement 
of 25(OH)D because of different assay methodology 
(25,26), as well as differences in the study population char-
acteristics and 25(OH)D cut-points used. In the current 
study, we found that vitamin D deficiency was associated 
with poor physical performance in cross-sectional analyses 
but was not associated with greater declines in physical 
performance over 12 months. However, improvements in 
25(OH)D from vitamin D deficient at baseline to nondefi-
cient at follow-up were associated with significant improve-
ments in physical performance over 12 months of follow-up.

Interventions to improve physical function in older adults 
have primarily focused on resistance exercise and increas-
ing physical activity. Randomized controlled trials show 
that physical activity interventions, both resistance and en-
durance exercise, improve a variety of physical performance 
measures in older adults (27,28). Whether or not improving 

25(OH)D, which can be done inexpensively and safely with 
vitamin D supplementation, will improve physical perfor-
mance and delay the onset of disability in older adults has 
not been determined definitively. However, we found that 
improvement in 25(OH)D from vitamin D deficient at base-
line to nondeficient at follow-up was associated with sig-
nificant improvements in SPPB scores; an improvement 
that was similar to that of the LIFE-P physical activity inter-
vention at 12-month follow-up (0.6 points) (28). Based on 
work by Perera and colleagues (29) demonstrating that a 
change of 0.5 points on the SPPB represents a clinically 
meaningful change, the improvement in SPPB among those 
whose 25(OH)D increased from deficient to nondeficient 
represents a clinically significant improvement.

Randomized controlled trials of vitamin D supplementa-
tion have shown mixed effects on physical performance 
among older adults (30,31). Possible reasons for the incon-
sistencies include inclusion of participants with sufficient 
baseline 25(OH)D, inadequate vitamin D supplement dose, 
lack of sufficient 25(OH)D at follow-up, length of follow-
up, and sample selection (eg, institutionalized, home-bound 
and falls clinic participants vs community-dwelling older 
adults). Vitamin D intakes of 800–1,000 IU/d have been 
suggested to prevent falls and fractures as well as other ad-
verse health outcomes in older adults (8,32,33). Although 
we are unable to determine why 25(OH)D improved in the 
current study, those who were vitamin D deficient at base-
line but no longer deficient at follow-up had significant im-
provements in physical performance. Based on vitamin D 
supplementation dosing studies, which report an increase in 
serum 25(OH)D of 0.24–0.48 ng/mL per 1 mg of vitamin 
D/d (1 mg = 40 IU) (34), the increase in 25(OH)D observed 
in the current study would be expected with an increase in 
vitamin D intake of 532–1,068 IU/d.

25(OH)D plays an important role in muscle function 
through its regulation of calcium transport, uptake of inorganic 
phosphate for the production of energy-rich phosphate com-
pounds, and protein synthesis in the muscle (35). Vitamin D 
deficiency is also a recognized cause of secondary hyperpara-
thyroidism. In animal models, administration of PTH increases 
protein catabolism and decreases the number of type 2 muscle 
fibers, intracellular energy-rich phosphate compounds, and 
mitochondrial oxygen uptake (5,35). Previous observational 
studies have shown an association between PTH and physical 
performance (13,15,21). However, in the current study, PTH 
was associated with 400-m walk speed at baseline only.

There are important characteristics of LIFE-P that limit 
the generalization of these findings. First, participants were 
recruited to be at risk of disability; thus, these results may 
not be generalizable to the general population. Second, the 
analyses were conducted in the context of a randomized 
controlled trial of a walking-based physical activity inter-
vention. However, all analyses were adjusted for random-
ization arm and a randomization arm by study visit 
interaction term. Furthermore, there was not a significant 

Figure 3.  Associations between change in 25(OH)D status and change in 
physical function over 12 months: Lifestyle Interventions and Independence for 
Elders Pilot. (a) Short physical performance battery (SPPB). (b) Four hundred-
meter walk speed. Least squared means with 95% confidence intervals. Refer-
ence group: no change in 25(OH)D status. Models adjusted for age, gender, 
race, field center, season, education, visit, randomization arm, visit by random-
ization arm interaction, body mass index, and physical activity.
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interaction between 25(OH)D status and randomization 
arm, and the associations between 25(OH)D status and 
physical performance were similar when the analyses were 
restricted to the successful aging arm. Among those partici-
pants whose 25(OH)D improved, we do not have informa-
tion on why 25(OH)D improved, such as changes in dietary 
or supplemental intake of vitamin D or sun exposure. A de-
cline in 25(OH)D from nondeficient (25[OH]D ≥ 20 ng/
mL) to deficient (25[OH]D < 20 ng/mL), however, was not 
associated with change in physical performance, possibly 
because of the small number of participants whose 25(OH)
D status declined over the 12-month period. Because par-
ticipants were not recruited throughout the year, we cannot 
rule out residual confounding by season; however, results 
were similar when only baseline and 12-month 25(OH)D 
status were used. Finally, the observational design of our 
study does not allow us to evaluate a causal association be-
tween 25(OH)D and physical performance. Although it is 
biologically plausible that low 25(OH)D may result in poor 
physical performance, it is also possible that those with 
poor physical performance had less exposure to ultraviolet 
B rays resulting in low 25(OH)D. A major strength of the 
current study is that both 25(OH)D and physical perfor-
mance were collected at baseline, 6-month, and 12-month 
follow-up allowing an examination of the association between 
change in 25(OH)D and change in physical performance.

In conclusion, vitamin D deficiency was common and 
was associated with poor physical performance among 
community-dwelling older men and women at risk for dis-
ability. Physical performance also improved significantly at 
follow-up among individuals who were vitamin D deficient 
at baseline but no longer deficient at follow-up. Thus, attain-
ing 25(OH)D levels of 20 ng/mL or greater may slow the 
decline in physical performance in older adults and, ulti-
mately, delay the onset of disability. These results along 
with other recent findings showing the importance of 
25(OH)D on multiple health outcomes underscore the need 
for definitive trials of vitamin D supplementation on physi-
cal performance and disability as well as other health out-
comes among older adults.
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