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Abstract
Objectives—To examine the association between 25-hydroxyvitamin D (25[OH]D) and physical
function in adults of advanced age.

Design—Cross-sectional and longitudinal analysis of physical function over 3 years of follow-up
in the Cardiovascular Health Study All Stars.

Setting—Forsyth County, NC; Sacramento County, CA; Washington County, MD; and
Allegheny County, PA.

Participants—Community-dwelling adults aged 77–100 years (n=988).

Measurements—Serum 25(OH)D, short physical performance battery (SPPB) and grip and
knee extensor strength assessed at baseline. Mobility disability (difficulty walking half a mile or
up 10 steps) and activities of daily living (ADL) disability were assessed at baseline and every 6
months over 3 years of follow-up.

Results—30.8% of participants had deficient 25(OH)D (<20 ng/mL). SPPB scores were lower
among those with deficient 25(OH)D compared to those with sufficient 25(OH)D (≥30 ng/mL)
after adjusting for sociodemographic characteristics, season, health behaviors and chronic
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conditions (mean±SE: 6.53±0.24 vs. 7.15±0.25, p <0.01). Grip strength adjusted for body size was
also lower among those with deficient versus sufficient 25(OH)D (mean±SE: 24.7±0.6 vs.
26.0±0.6 kg, p <0.05). Participants with deficient 25(OH)D were more likely to have prevalent
mobility and ADL disability at baseline (OR (95% CI): 1.44 (0.96–2.14) and 1.51 (1.01–2.25),
respectively) compared to those with sufficient 25(OH)D. Furthermore, participants with deficient
25(OH)D were at increased risk of incident mobility disability over 3 years of follow-up (HR
(95% CI): 1.56 (1.06–2.30)).

Conclusion—Vitamin D deficiency was common and was associated with poorer physical
performance, lower muscle strength, and prevalent mobility and ADL disability among
community-dwelling adults of advanced age. Moreover, vitamin D deficiency predicted incident
mobility disability.
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INTRODUCTION
With the growth of the older population comes a parallel expectation of growth in the
burden of age-related physical disability; therefore, identifying modifiable risk factors that
prevent or delay the onset of physical disability is a public health priority. In the past two
decades, the reported effects of 25-hydroxyvitamin D (25[OH]D) on health have extended
beyond calcium homeostasis and musculoskeletal health to include cardiovascular disease,
diabetes, hypertension, and osteoarthritis (1). Thus, low 25(OH)D levels may affect physical
function through its direct role in muscle function as well as indirectly through the onset of
chronic conditions, which are frequent causes of declines in physical function (2). Low
25(OH)D levels are common in older adults. Recent data from the National Health and
Nutrition Examination Survey (NHANES) 2000–2004 show approximately one-third of
adults aged 70 and older were vitamin D deficient (25[OH]D <20 ng/mL) and three-fourths
were vitamin D insufficient (25[OH]D <30 ng/mL) (3). Older adults are at risk for low
25(OH)D levels because of reduced exposure to ultraviolet B radiation, reduced efficiency
of pre-vitamin D synthesis in the skin, and inadequate vitamin D intake (4;5).

Cross-sectional studies show that that low 25(OH)D levels are associated with lower
physical performance and muscle strength in older adults (6–12); however, the few
longitudinal studies are inconsistent with some showing greater declines in physical
performance and muscle strength while others show no association with low 25(OH)D
levels (13–15). A limited number of cross-sectional studies have shown that low 25(OH)D
levels are associated with disability in either mobility or activities of daily living (ADLs)
(8;16–18). However, it is difficult to determine from cross-sectional studies whether low
25(OH)D levels precede the onset of disability or whether individuals have low 25(OH)D
levels because they are more disabled and, therefore, less active resulting in less exposure to
the sun and reduced endogenous vitamin D synthesis. Furthermore, the majority of previous
studies have included older adults over a wide age range and not specifically focused on the
oldest old (85+ years), proportionately the fastest growing segment of the U.S. population.
Therefore, the objective of this study was to examine the association between 25(OH)D
levels and physical performance, muscle strength and mobility and ADL disability in the
oldest old as well as the association between 25(OH)D levels and incident mobility and
ADL disability over three years of follow-up.
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METHODS
Study Population

From April 2005 to May 2006, the Cardiovascular Health Study (CHS) cohort was recalled
to re-evaluate physical and cognitive functioning as part of the CHS All Stars Study. CHS
originally enrolled 5,888 men and women aged 65 and older for an ongoing study of the risk
factors related to the onset and course of coronary heart disease and stroke (19). Initial CHS
enrollment included 5,201 men and women from four field centers (Forsyth County, NC;
Sacramento County, CA; Washington County, MD; and Allegheny County, PA) recruited in
1989–90 and an additional 687 African-American men and women recruited in 1992–93. Of
the original 5,888 CHS participants, 1,677 (28.5%) participated in the CHS All Stars Study
examination (20). Of the original CHS participants who did not participate in the CHS All
Stars Study examination, 85.6% (n=3,607) had died, 8.0% (n=339) were alive but did not
give consent for the CHS All Stars Study examination, and 6.3% (n=265) participated in the
CHS telephone follow-up but not the CHS All Stars Study functional assessment. For the
1,677 CHS All Stars Study participants, 1143 examinations (68.2%) were conducted in the
clinic, home, or a combination of the clinic and home, and 534 examinations were
conducted over the telephone (31.8%, including 144 telephone proxy interviews). Of those
whose CHS All Stars Study examinations were conducted in the clinic or home, 1,042
(91.2%) participants had fasting blood samples for assessment of serum 25(OH)D. An
additional 54 participants were excluded from the analysis sample due to missing covariates
for a final sample size of 988.

Physical Performance
The Short Physical Performance Battery (SPPB) from the lower-extremity performance tests
used in the Established Populations for the Epidemiologic Studies of the Elderly (EPESE)
(21) was administered to assess lower extremity physical performance at the CHS All Stars
Study examination. The SPPB consists of standing balance (side-by-side, semi- and full-
tandem stands for 10 seconds each), time to complete 5 repeated chair stands, and a 3-m
walk (without the use of assistive devices) 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. For the standing
balance, participants were assigned the following scores: 1 if they could only hold a side-by-
side standing position for 10 seconds; 2 if they could hold a semi-tandem position for 10
seconds but were unable to hold a full-tandem position for more than 2 seconds; 3 if they
could stand in a full-tandem position for 3 to 9 seconds; and 4 if they couldst and in a full-
tandem position for 10 seconds. Scores of 1 to 4 for walking speed and chair stands were
calculated according to cut-points based on quartiles of the time to perform each task
established in EPESE (21). The three measures were summed to create an SPPB summary
score ranging from 0 (worst) to 12 (best). Risk of future disability based on SPPB scores of
less than 10, indicative of moderate to high disability risk, and 7 or less, indicative of high
disability risk, were also calculated (22).

Muscle Strength
Grip and knee extensor strength were assessed at the CHS All Stars Study examination. Grip
strength in kg was measured using an adjustable, hydraulic dynamometer (Jamar Hand
Dynamometer, Fred Sammons, Inc.). The best result of three tries obtained with the
dominant hand was used. Maximum strength of the knee extensor muscles was measured
using an isometric dynamometer (Litek Isometric Chair, Bio Logic Engineering Inc., Dexter,
MI). Knee extensor strength was assessed as the peak torque, expressed in Newton-meters
(Nm), recorded during a 4-sec effort. Since body size is related to both muscle strength and
25(OH)D levels, we also examined the residuals of knee and grip strength by regressing
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absolute grip and knee strength on body weight and using the residuals as independent
variables.

Mobility and ADL Disability
Self-reported physical function was assessed at the CHS All Stars Study examination and at
6-month intervals by telephone over 3 years of follow-up. Mobility disability was defined as
two consecutive reports of having any difficulty walking up 10 steps or walking half a mile.
Disability in activities of daily living (ADLs) was defined as two consecutive reports of
having any difficulty with one or more of five ADLs: dressing, eating, bathing, toileting, or
transferring from a bed or chair. For participants who reported any difficulty but died before
the next scheduled participant contact, difficulty was assumed to have persisted until death.

Serum 25-hydroxyvitamin D
Serum 25(OH)D was measured by liquid chromatography-tandem mass spectrometry (LC-
MS/MS) at the Mayo Clinic, Rochester, MN, in fasting blood samples taken at the CHS All
Stars Study examination and the sum of 25(OH)D2 and 25(OH)D3 reported. Interassay
coefficients of variation for 25(OH)D2 and 25(OH)D3 controls ranged from 6% to 14% and
6% to 13%, respectively.

Potential Confounders
Covariates included sociodemographic variables (age, gender, race, field center, education),
smoking status (never, former, and current), and alcohol consumption (none, ≤7 drinks/
week, >7 drinks/week). Body mass index (BMI) was calculated as weight in kg/height in
meters squared and categorized as normal weight (BMI: <25.0 kg/m2), overweight (25.0–
29.9 kg/m2), or obese (≥30 kg/m2). Physical activity was assessed using the modified
Minnesota Leisure-Time Activities questionnaire which asked whether participants had
engaged in any of 17 leisure time activities in the previous 2 weeks and the frequency (23).
For these analyses, we used walking for physical activity and categorized participants as:
none, <5 times/week, or ≥5 times/week. Cognition was assessed using the Modified Mini-
Mental State Examination (3 MS) score (24). Depressive symptoms were assessed using a
modified, 10-item Center for Epidemiologic Studies Depression (CES-D) scale (25). The
diagnoses of cardiovascular disease (coronary heart disease, myocardial infarction,
congestive heart failure, and stroke) were adjudicated by CHS committees based on
standardized criteria. Hypertension, diabetes, arthritis of the knee, and osteoporosis were
based on self-reported history with or without corroborating physical or laboratory findings.
Season of the year (December – February, March – May, June –August, September –
November) was included to account for seasonal effects on 25(OH)D. Because impaired
kidney function can impair the conversion of 25(OH)D to 1,25(OH)2D, the active hormonal
form, creatinine was included as measure of kidney function.

Statistical Analyses
Analyses of physical performance, muscle strength, and physical function by 25(OH)D
status were conducted using SAS statistical software version 9.1 (SAS Institute, Inc., Cary,
NC). Serum 25(OH)D status was categorized as <20 ng/mL, 20–<30 ng/mL, and ≥30 ng/
mL, common cut-points used to define 25(OH)D deficiency, insufficiency and sufficiency,
respectively (1). Differences in the frequencies and means of covariates by 25(OH)D status
were examined using chi-square and analysis of variance (ANOVA). Two-way interactions
between gender and 25(OH)D were tested but were not significant (p > 0.10). Thus, all
analyses are presented in the total population. For cross-sectional analyses, multiple linear
regression models for continuous physical performance and muscle strength outcomes
(SPPB, gait speed, and grip and knee extensor strength) and logistic regression models for
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dichotomous physical performance (SPPB scores <10 and ≤7) and prevalent functional
outcomes (mobility and ADL disability) were used to examine the effect of 25(OH)D status
on physical function at the CHS All Stars Study examination. For incident mobility and
ADL disability, Cox proportional hazards regression models were used after excluding
participants with prevalent mobility and ADL disability, respectively, at baseline. For
participants who reported incident mobility or ADL disability, follow-up time was
calculated from the date of the CHS All Stars visit until the date of the first of the two
consecutive reports of disability. Participants who survived with no evidence of incident
mobility or ADL disability were censored at their next to the last 6-month contact.
Participants who died with no evidence of incident mobility or ADL disability were
censored at their time of death; and those who were lost to follow-up were censored at their
last visit. Models were adjusted for potential confounding variables including
sociodemographic characteristics (age, gender, race, education, field center), health
behaviors (physical activity, smoking, alcohol consumption), season of year, BMI,
cognition, depression, kidney function, and prevalent chronic conditions (cardiovascular
disease, diabetes, and osteoporosis) if they were known to be associated with 25(OH)D and/
or physical function or were associated with 25(OH)D at p <0.10 in univariate analyses.
Tests for linear trends across categories of 25(OH)D were conducted using the median value
in each 25(OH)D category as a continuous variable in the linear regression models.

RESULTS
The mean age of the study population was 85.2 years (range: 77–100), 64.5% were women,
and 16.7% were black. CHS All Stars participants excluded from the present analysis (n =
689, 41.1%) were more likely to be female, older, and have less than a high school
education (p <0.05). Thirty-three percent of participants had sufficient 25(OH)D levels (≥30
ng/mL) while 30.8% had deficient 25(OH)D levels (<20 ng/mL; see Figure 1). The
descriptive characteristics of the study population by 25(OH)D status are shown in Table 1.
Blacks, participants with less than a high school education, participants who did not report
walking for physical activity in the past two weeks, and participants with diabetes were
more likely to have deficient 25(OH)D levels. Participants with deficient 25(OH)D levels
were more likely to have had their 25(OH)D levels measured in the winter, abstain from
alcohol consumption, have a higher BMI, report more depressive symptoms, and have lower
cognitive function scores. However, participants with osteoporosis were more likely to have
sufficient 25(OH)D levels.

Physical performance by 25(OH)D status is shown in Table 2. SPPB scores were
significantly lower among those with deficient 25(OH)D levels compared to those with
sufficient 25(OH)D levels even after adjusting for sociodemographic characteristics, season,
health behaviors and chronic conditions (p <0.01). Of the individual SPPB components,
standing balance, repeated chair stand, and gait speed scores were all significantly
associated with 25(OH)D status after adjusting for sociodemographic characteristics and
season (p for trend, <0.05). However, only the standing balance score was significantly
associated with 25(OH)D status after further adjustment for health behaviors and chronic
conditions (p for trend, 0.003). Although 25(OH)D status was associated with 3-m gait
speed among those who completed the walk after adjusting for sociodemographic
characteristics and season; the association was attenuated and no longer significant after
adjustment for health behaviors and chronic conditions.

The association between 25(OH)D status and disability risk based on SPPB scores was also
examined. Participants with deficient 25(OH)D levels had more than twice the odds of
having an SPPB score of less than 10, indicative of moderate to high disability risk,
compared to those with sufficient 25(OH)D levels after adjusting for sociodemographic
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characteristics, season, health behaviors, and chronic conditions (OR (95% CI): 2.32 (1.37–
3.94)). Participants with deficient 25(OH)D levels also had significantly higher odds of
having an SPPB score of 7 or less, indicative of high disability risk, compared to those with
sufficient 25(OH)D levels (OR (95% CI): 1.50 (1.01–2.22)). There were no significant
differences in disability risk based on SPPB scores between those with insufficient 25(OH)D
levels and those with sufficient 25(OH)D levels (OR (95% CI): 1.38 (0.90–2.12) for SPPB
score of less than 10; 1.27 (0.89–1.81) for SPPB score of 7 or less).

Muscle strength by 25(OH)D status is shown in Table 3. There were no significant
associations between 25(OH)D status and absolute grip or knee extensor strength. However,
both grip and knee extensor strength adjusted for body weight were significantly lower
among those with deficient 25(OH)D levels compared to those with sufficient 25(OH)D
levels after adjusting for sociodemographic characteristics and season (p <0.05) suggesting
poorer muscle quality. The association remained significant for grip strength adjusted for
body weight after further adjustment for health behaviors and chronic conditions (p for
trend, 0.02).

The prevalence of mobility disability at baseline was 31.1% and of ADL disability was
29.6%. Participants with deficient and insufficient 25(OH)D levels had approximately 50%
higher odds of having prevalent mobility and ADL disability at baseline compared to those
with sufficient 25(OH)D levels after adjusting for sociodemographic characteristics, season,
health behaviors, and chronic conditions (see Table 4). Among participants free of mobility
disability at baseline with at least two follow-up contacts (n = 653), 196 participants (30.0%)
developed mobility disability over the 3-year follow-up (median follow-up, 2.5 years).
Participants with deficient 25(OH)D levels were at significantly increased risk of developing
mobility disability compared to those with sufficient 25(OH)D levels after adjusting for
sociodemographic characteristics, season, health behaviors, and chronic conditions (see
Table 4). Among participants free of ADL disability at baseline with at least two follow-up
contacts (n = 665), 126 participants (18.9%) developed ADL disability over the 3-year
follow-up (median follow-up, 2.6 years). Neither deficient nor insufficient 25(OH)D levels
were significantly associated with increased risk of developing ADL disability.

In secondary analyses, we examined the association between 25(OH)D levels and physical
function stratified by race. In whites (n = 823), the results were similar (data not shown).
However, while the trends were similar in blacks (n = 165), the associations were no longer
significant. Because osteoporosis has been associated with frailty in older adults and vitamin
D supplements, along with calcium, are typically recommended to patients with
osteoporosis, we also examined the association between 25(OH)D levels and physical
function restricted to participants who did not report having osteoporosis (n = 754). The
associations between 25(OH)D and physical performance, muscle strength, and mobility and
ADL disability among participants without osteoporosis were similar to those found in the
entire cohort at baseline (data not shown). Among participants who did not report having
osteoporosis or mobility disability at baseline (n = 512), participants with deficient 25(OH)D
levels were at significantly increased risk of developing mobility disability compared to
those with sufficient 25(OH)D levels after adjusting for sociodemographic characteristics
and season (HR (95% CI): 1.71 (1.12–2.62)); however, after further adjustment for health
behaviors and chronic conditions, the association was attenuated and no longer significant
(1.29 (0.82–2.03)).

DISCUSSION
In the CHS All Stars, 25(OH)D deficiency was common among community dwelling adults
of advanced age and was associated with poorer physical performance, lower muscle
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strength, and both prevalent and incident mobility disability after adjusting for
sociodemographic characteristics, season, health behaviors, and chronic conditions. Older
adults with deficient 25(OH)D levels had significantly lower SPPB scores than those with
sufficient 25(OH)D levels. Older adults with deficient 25(OH)D levels were also
approximately 50% more likely to report prevalent mobility and ADL disability.
Furthermore, because of its longitudinal nature, the current study is the first to show that
older adults with deficient 25(OH)D levels were at increased risk of developing mobility
disability over 3 years of follow-up.

Similar to previous cross-sectional studies in older adults (6–12), we found that adults of
advanced age with deficient 25(OH)D levels had significantly poorer physical performance
compared to those with sufficient 25(OH)D levels based on the SPPB. The mean SPPB
scores for individuals with deficient 25(OH)D levels were approximately 0.6 points lower
than that of those with sufficient 25(OH)D after adjusting for multiple confounders. Perera
and colleagues have previously reported that a difference of 0.5 points on the SPPB
represents a small albeit clinically meaningful difference (26). Of the individual SPPB
components, older adults with deficient 25(OH)D levels had significantly lower standing
balance scores compared to those with sufficient 25(OH)D levels after adjusting for
sociodemographic characteristics, season, health behaviors, and chronic conditions. Physical
performance, and balance in particular, may be one of the reasons why individuals with low
25(OH)D levels are at greater risk for falls (27).

Low 25(OH)D levels were associated with weaker muscle strength in previous studies (6–
9;12;15). While absolute grip and knee extensor strength were not associated with 25(OH)D
levels in the current study, older adults with deficient 25(OH)D levels had significantly
lower muscle strength after adjusting strength for body weight, potentially indicating poorer
muscle quality. The lack of an association with absolute muscle strength is likely due to
negative confounding of body size as larger individuals tend to be stronger but have lower
25(OH)D levels.

Older adults with deficient 25(OH)D levels were more than twice as likely to be at moderate
to high disability risk and 50% more likely to be at high disability risk, based on SPPB
scores of less than 10 or 7 or less (22), respectively, compared to those with sufficient
25(OH)D levels. Similarly, older adults with deficient 25(OH)D levels were approximately
50% more likely to report prevalent mobility and ADL disability. Previous studies have also
shown that low 25(OH)D levels are more prevalent among older adults with mobility and/or
ADL disability (8;16–18). However, because previous studies have been cross-sectional in
design, it is difficult to determine whether low 25(OH)D levels preceded the onset of
reported disability or whether individuals had low 25(OH)D levels since they were more
disabled and, because of limited outdoor activity, had less exposure to the sun and reduced
endogenous vitamin D synthesis.

Because of the longitudinal nature of the current study, we were able to examine whether
low 25(OH)D levels predict incident disability. Older adults with deficient 25(OH)D levels
were at increased risk of developing mobility disability over 3 years of follow-up. However,
low 25(OH)D levels were not associated with incident ADL disability. Thus, low 25(OH)D
levels may affect earlier stages of the disablement process (i.e., mobility disability) because
of vitamin D’s role in the musculoskeletal system but have less of an effect on later stages of
the disablement process (i.e., ADL disability) as other factors such as cognitive function and
psychological state may be more relevant.

Whether or not improving 25(OH)D levels, which can be done inexpensively and safely
with vitamin D supplementation, will improve physical performance and delay the onset of
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disability in older adults has not been determined. Randomized controlled trials of vitamin D
supplementation on physical performance and muscle strength among older adults have been
inconclusive (28;29). However, supplemental vitamin D doses of 800–1000 IU/d have been
suggested to prevent falls and fractures as well as other adverse health outcomes in older
adults (1;27;30). In the current study, participants with osteoporosis were less likely to have
deficient 25(OH)D levels. A possible explanation is that participants diagnosed with
osteoporosis have received recommendations to take a vitamin D-containing supplement
from their physician; however, information on vitamin D supplement use was not obtained
at the CHS All Stars visit. The associations between 25(OH)D levels and physical function
were similar when analyses were restricted to participants who did not report having
osteoporosis.

Important characteristics of the CHS All Stars cohort limit the generalization of these
findings. Only individuals who attended the All Stars Study clinic visit or had an in-home
visit (68% of the All Stars cohort) were included in these analyses. Thus, it is possible that
the association between low 25(OH)D and worse physical function may have been
underestimated since participants who were excluded are more likely to have had worse
physical function and lower 25(OH)D levels. Mobility and ADL disability were both based
on self-report. However, previous studies have shown that self-reported physical function is
valid and has clinical significance (31). Furthermore, the use of two consecutive reports of
mobility and ADL disability reduces the influence of transient disability. The observational
design of our study does not allow us to evaluate a causal association between 25(OH)D and
physical function. However, through its influence on calcium transport, uptake of inorganic
phosphate for the production of energy-rich phosphate compounds, and protein synthesis in
the muscle (32), it is biologically plausible that low 25(OH)D levels may result in poorer
physical performance, lower muscle strength and reduced physical function. Major strengths
of the current study are the advanced age of the study participants and the longitudinal
nature of the study with information on physical function collected over 3 years of follow-up
allowing an examination of the association between 25(OH)D levels and incident disability
risk.

In conclusion, vitamin D deficiency was common and was associated with poorer physical
performance, lower muscle strength, and prevalent mobility and ADL disability among
community-dwelling adults of advanced age. Moreover, vitamin D deficiency predicted
incident mobility disability over three years of follow-up. 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 physical
performance and disability and other health outcomes among older adults.
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Figure 1.
Distribution of 25-Hyroxyvitamin D (25[OH]D) Levels: CHS All Stars.
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