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THE rapid growth in the population of older adults in the 
United States has led to considerable interest in the risk 

factors and processes underlying physical disablement  
(1–3). Rantanen and colleagues (4) have demonstrated that 
muscle weakness is a critical risk factor for becoming func-
tionally limited or disabled in the future. Muscle strength is 
also a strong predictor of 400-m walk performance (5). 
Equally important are accumulating data suggesting that  
elevated body mass index (BMI) poses increased risk for 
functional limitations and disability (6,7).

The literature is replete with studies of either muscle 
strength or obesity and their association with functional 
limitations, but only a few studies have examined the asso-
ciation of both muscle weakness and obesity on mobility 
limitation or gait speed in older adults (8–10). In these studies, 
limitations in walking or mobility were assessed with self-
report of difficulty walking 400–500 m (sometimes in com-
bination with climbing a flight of stairs), using a gait speed 
below 1.2 m/s or examining decline in gait speed over time. 
To date, no studies have examined the association of muscle 
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strength and obesity on event rates in a widely used perfor-
mance measure of mobility in older adults at high risk for 
mobility disability.

The Lifestyle Interventions and Independence for  
Elders pilot (LIFE-P) was a single-blind, multicenter, ran-
domized controlled trial of a physical activity intervention 
compared with a successful aging intervention in seden-
tary functionally limited older adults (aged 70–89 years, 
Short Physical Performance Battery score ≤ 9) who were 
able to complete a 400-m walk test (400-MWT) in 15  
minutes or less (11). Major mobility disability was defined 
as the inability to complete the 400-MWT in 15 minutes or 
less (12,13) and was reassessed every 6 months for up to 
18 months. The current study was a secondary analysis of 
the LIFE-P study. The goals of the current study were to 
evaluate how baseline strength and BMI predicted inci-
dence of major mobility disability and changes in gait 
speed across 18 months after controlling for intervention 
assignment and a number of risk factors previously linked 
to disability.

Methods

Study Design, Recruitment, and Participants
The study design, eligibility criteria, and recruitment pro-

cedures of LIFE-P have been described in detail previously 
(12,14). Participants were eligible for LIFE-P if they were 
aged 70–89 years, had a sedentary lifestyle (<20 min/wk 
spent in structured physical activity during the past month), 
were able to walk 400 m in 15 minutes or less without  
sitting and without using an assistive device, and were func-
tionally limited (Short Physical Performance Battery score 
≤ 9). Participants were ineligible if they had uncontrolled or 
severe chronic disease or illnesses that would likely interfere 
with physical activity or a Mini-Mental State Examination 
score less than 21. Written informed consent was obtained; 
the National Institutes of Health and Institutional Review 
Boards for all participating institutions approved the protocol 
and consent forms.

Between April 2004 and February 2005, 424 participants 
were enrolled. Follow-up was planned for 12–18 months, 
depending on the date of randomization and included semi-
annual clinic visits for data collection. All standard assess-
ments were conducted by trained research staff blinded to 
intervention assignment.

Measurements
Four hundred-meter walk test.—For the 400-MWT, 

participants were asked to walk 10 laps of a 40-m course 
(20 m out and 20 m back) at their usual pace. Participants 
were allowed to stop and rest in a standing position for a 
maximum of 60 seconds per stop, but they were not allowed 
to sit. Major mobility disability was defined as the inability 
to complete the 400-MWT in 15 minutes or less without 

sitting. If the 400-MWT could not be assessed at follow-up, 
a committee of investigators masked to intervention group 
adjudicated the outcome. Available information at follow-up 
was reviewed, and major mobility disability was determined 
to be present if 4-m walking speed was slower than 0.4 m/s 
at a home or clinic assessment, the participant was unable to 
walk across a room without assistance from another person 
or assistive device as evident from observation or self- or 
proxy-report collected in-person or over the telephone or 
medical records documented that the participant was unable 
to walk (eg, bed or wheelchair bound). The major mobility 
disability outcome was defined as indeterminate if informa-
tion was insufficient to adjudicate the outcome. Persistent 
major mobility disability was defined to be failure of the 
400-m walk at two successive scheduled visits at any time 
during follow-up. Deaths were verified from proxies, death 
certificates, and medical records.

Grip strength.—Right and left handgrip strength was 
measured in kilograms using a handheld dynamometer  
(Jamar Handheld Dynamometer; J.A. Preston Corporation, 
Clifton, NJ). If the participant reported current flare-up of 
pain in the wrist or hand or had undergone fusion, arthro-
plasty, tendon repair, synovectomy, or other related surgery 
of the hand or wrist in the past 3 months, the affected side 
was not tested. Prior to data collection, a practice session 
was conducted to acquaint participants with the instrument 
and adjust it appropriately. Each measurement was made 
with the participant seated, elbow slightly flexed, wrist in a 
neutral position, and the interphalangeal joint of the index 
finger at a 90° angle. The participant was instructed to 
squeeze the handle with maximal effort for 3–5 seconds. 
The measurement was repeated after a 10-second pause for 
recovery. The average of the two trials from the stronger 
hand was used in the analyses. We compared individuals in 
the lowest and highest sex-specific quartiles with those in 
the middle of our grip strength distribution. For women, the 
lowest and highest quartiles were defined by 18 and 26 kg, 
respectively; for males, these cut-points were 28 and 41 kg, 
respectively.

Body mass index.—Body mass was measured to the nearest 
0.1 kg using a calibrated scale with the participants wearing 
light clothes and no shoes. Body height was measured to the 
nearest millimeter using a wall-mounted stadiometer. BMI 
was calculated as body mass (kg) divided by height (m) 
squared (kg/m2). In our analyses, we used the standard BMI 
cut-points of less than 25, 25–29.9, and 30 kg/m2 or more.

Covariates.—Baseline risk factors included as covariates 
in our analyses were determined, as follows. Sex, age,  
ethnicity, and education were based on self-report. Global 
cognitive function was based on the Mini-Mental State  
Examination (15). Depressive symptoms were based on the 
Center for Epidemiological Studies–Depression Scale (16). 
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The prevalence of comorbid clinical conditions was  
determined using self-reported physician-diagnosed disease 
information.

Statistical Methods
Analyses were limited to the 406 (96%) of the LIFE-P 

cohort for whom baseline measures of grip strength and 
BMI were available.

Distributions of population characteristics for anthropo-
metric measures, body composition, and measures of physical 
function were expressed as means and standard deviations 
for continuous variables and frequency and percentage for 
categorical variables.

Proportional hazards regression was used to assess the 
association between muscle strength and BMI, respectively, 
and the development of major mobility disability. Persistent 
mobility disability was defined to be failure of the 400-m 
walk at two successive scheduled visits at any time during 
follow-up. Time was measured from randomization; par-
ticipants were censored at the time of their last on-study 
measurement. Intervention assignment was included as  
a covariate in all models. Sex, race, and education were  
included as categorical covariates; the comorbidity index, 
Center for Epidemiological Studies–Depression, and Mini-
Mental State Examination were included as continuous  
covariates. Two degrees of freedom tests were used to assess 
differences among the three groups defined by levels of grip 
strength and by levels of BMI. We examine the consistency 
of relationships between women and men using tests of  
interaction.

The associations between muscle strength, BMI, and the 
interventions and 400-m walk gait speed over time (among 
those able to complete the walk) were assessed with general 
linear models.

Results
The demographic and health characteristics of the LIFE-P 

sample are shown in Table 1. Participants with lower grip 
strength tended to be older and were less likely to be African 
American. Participants with higher BMI tended to be younger 
but had more comorbidities. Grip strength and BMI were 
positively related (p = .005). Random intervention assign-
ment was balanced across levels of grip strength; however, 
participants with BMI more than 30 kg/m2 were more likely 
to have been assigned to the physical activity intervention 
than those with lower BMI. Detailed descriptions of the 
baseline characteristics of the LIFE-P sample have been 
previously published (14). To summarize this study, the 
mean age of the sample was ~77 years and 67% reported 
education beyond high school. Nearly one third of the sam-
ple was male, and approximately one quarter reported a race 
or ethnicity other than white. The majority of the sample 
was overweight or obese with a mean BMI of 30.3 kg/m2. Only 
6 participants had BMI less than 20 kg/m2 and 29 participants 

had BMI more than 40 kg/m2. Most participants (82%) 
reported their health as good or better.

Persistent mobility disability was observed for 17.4% of 
the individuals in the lowest sex-specific quartile of grip 
strength (and was not observable in 5.1% due to termination 
of follow-up). In the middle two and highest quartiles, the 
rates were 3.9% (9.8% nonobservable) and 3.9% (6.8% 
nonobservable), respectively. A chi-square test to compare 
the rates among observable individuals yields p < .001. 
Persistent mobility disability was observed for 8.2% of the 
individuals in the lowest BMI group (and was not observable 
in 8.2% due to termination of follow-up). In the middle and 
highest BMI groups, the rates were 4.6% (7.0% nonobservable) 
and 9.2% (8.7% nonobservable), respectively, with p = .22.

In Table 2, we present hazard ratios associated with sex-
specific categories of grip strength, adjusted for covariates. 
Adjustment for covariates did not change the nature of the 
association between grip strength and risk of major mobility 
disability. The striking finding from these data is the steep 
linear gradient of risk across the grip strength categories. In 
fully adjusted analyses, individuals in the lowest sex-specific 
quartile of grip strength at baseline had six times the risk of 
developing major mobility disability as compared with 
those in the highest sex-specific quartile at baseline.

In Table 3, we present hazard ratios associated with BMI 
categories, adjusted for covariates. Adjustment for covariates 
did not change the nature of the association between BMI 
and risk of major mobility disability. These data suggest 
that there may be a U-shaped relationship between BMI and 
the development of major mobility disability. That is, the 
risk of major mobility disability for participants with a BMI 
of 25–29 kg/m2 was approximately half that of participants 
in the lower and higher categories of BMI.

When both grip strength and BMI group were included in 
a model with covariate adjustment for intervention assign-
ment, grip strength was significantly related to the hazard 
for mobility disability (p < .001) but BMI was not (p = .11). 
A formal test for an interaction between the effects of grip 
strength and BMI found no evidence for synergism in the 
effects (p = .87). The associations that grip strength and 
BMI had with the hazard of mobility disability were reason-
ably similar between intervention groups based on tests of 
interactions, p = .15 and p = .96, respectively.

Individuals assigned to the physical activity intervention, 
compared with successful aging, averaged (SE) 0.03 (0.01) 
m/s greater gait speeds for the 400-m walk across time 
(based on a general linear model that included sex as a  
covariate). Grip strength was measured at 6 and 12 months 
and BMI at 12 months postrandomization. The physical  
activity intervention had little effect on changes in grip 
strength (p = .22) or BMI (p = .45) from baseline at these 
follow-up times. For each intervention arm, grip strength 
and gait speed were highly correlated (p < .001) at 6 and 
12 months, respectively, after covariate adjustment for gender. 
Similarly, at 12 months, BMI had significant cross-sectional 
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relationships with gait speed in both the successful aging  
(p = .004) and physical activity (p = .04) cohorts, with the 
slowest mean gait speeds being recorded among individuals 
with BMI more than 30 kg/m2. There was no association 
between baseline grip strength and subsequent changes in 
gait speed overall (and in either intervention arm).

Discussion
The aim of this study was to evaluate whether muscle 

strength and BMI at baseline predicted major mobility dis-
ability across 18 months while controlling for a number of 
risk factors previously linked to disability and the treatment 
effect in sedentary functionally limited older adults. We 

also examined whether changes in gait speed were related 
to baseline strength and BMI. The major results of this study 
were (i) muscle strength, assessed with a simple handgrip 
test, was an important predictor of mobility disability and (ii) 
overweight appeared to be protective for mobility disability 
as compared with normal or obese categories of BMI. We 
did not find any evidence for an interaction between muscle 
strength and obesity. Also, the associations of grip strength 
and BMI with mobility disability were distinct from the  
associations with changes in gait speed, for which we found 
no significant relationships.

In our study, grip strength was a significant predictor  
of risk for major mobility disability. From a screening  
perspective, grip strength has much appeal (17). The sharp 

Table 1.  Baseline Characteristics of Participants Grouped by Sex-Specific Grip Strength Percentiles and BMI: Comparisons Are Based on 
Chi-Squared Tests for Categorical Variables and Analyses of Variance for Continuous Variables

Risk Factor Lower Quartile, N = 94 Middle Two Quartiles, N = 218 Upper Quartile, N = 94 p Value

Grip strength
  Age (y) 78.5 (4.0) 76.8 (4.1) 75.1 (3.9) <.001
  Sex
    Female 67 (71%) 150 (69%) 65 (69%) .91
    Male 27 (29%) 68 (31%) 29 (31%)
  Race/ethnicity
    African American 11 (12%) 35 (16%) 29 (31%) .001
    White 71 (76%) 171 (78%) 58 (62%)
    Other 12 (13%) 12 (6%) 7 (5%)
  Education
    HS or less 27 (29%) 64 (29%) 32 (34%) .80
    College or more 47 (50%) 100 (46%) 39 (42%)
    Missing 20 (21%) 54 (25%) 22 (24%)
  Comorbidity index 1.5 (1.1) 1.8 (1.2) 1.6 (1.1) .19
  CES-D 7.6 (5.4) 7.3 (6.6) 6.5 (6.7) .45
  MMSE score 27.2 (2.4) 27.3 (2.3) 27.5 (1.9) .69
  Intervention assignment
    Successful aging 46 (49%) 107 (49%) 48 (51%) .94
    Physical activity 48 (51%) 111 (51%) 46 (49%)
  BMI, kg/m2 29.4 (6.7) 30.1 (5.5) 32.2 (7.8) .005

Risk factor <25 kg/m2, N = 61 25–29 kg/m2, N = 172 ≥30 kg/m2, N = 173 p Value

BMI
  Age (year) 78.3 (4.3) 77.4 (4.1) 75.7 (3.9) <.001
  Sex
    Female 45 (74%) 118 (69%) 119 (69%) .73
    Male 16 (26%) 54 (31%) 54 (31%)
  Race/ethnicity
    African American 6 (10%) 31 (18%) 38 (22%) .11
    White 52 (85%) 130 (76%) 118 (68%)
    Other 3 (5%) 11 (6%) 17 (10%)
  Education
    HS or less 16 (26%) 56 (33%) 51 (29%) .58
    College 26 (43%) 76 (44%) 84 (49%)
    Post college 19 (31%) 39 (23%) 38 (22%)
  Comorbidity index 1.3 (1.1) 1.7 (1.1) 1.8 (1.2) .01
  CES-D 7.3 (6.8) 7.2 (6.2) 7.1 (6.5) .96
  MMSE score 27.3 (2.1) 27.3 (2.3) 27.4 (2.2) .89
  Intervention assignment
    Control 33 (54%) 95 (55%) 73 (42%) .04
    Physical activity 28 (46%) 77 (45%) 100 (58%)
  Grip strength (kg) 22.9 (7.2) 25.1 (9.6) 26.2 (8.3) .01

Note: Provided are means (SD) and prevalences (percents). For women, the lowest and highest quartiles were defined by 18 and 26 kg, respectively; for males, 
these cut-points were 28 and 41 kg, respectively. BMI = body mass index; CES-D = Center for Epidemiological Studies–Depression; HS = high school; MMSE = 
Mini-Mental State Examination.
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increase in risk for mobility disability observed for partici-
pants with grip strength scores in the lowest sex-specific 
quartiles (18 kg for women and 26 kg for men) suggests that 
these values might be used in a clinical setting for risk strat-
ification. It is interesting to compare these values with the 
cut-points for mobility limitations (defined as gait speed  
< 0.8 m/s and self-reported inability to walk for 1 km) of  
20 kg in women and 30 kg in men identified by Lauretani 
and colleagues (18) and cut-points for mobility limitation 
(defined as self-reported difficulty walking 500 m or climbing 
one flight of stairs) for women (21 kg) and men (37 kg) 
identified by Sallinen and colleagues (19). The consistency 
across different studies using different outcomes is remarkable 
and lends support for the use of this simple test in clinical 
practice.

We observed a U-shaped relationship between BMI and 
risk of mobility disability. A potential protective effect of 
an overweight BMI in older adults has been reported in a 
number of studies that have data across the entire spectrum 
of BMI, from underweight (BMI < 18 kg/m2) to morbid 
obesity [BMI ≥ 40 kg/m2 (20–23)]. Outcomes in these studies 
have included self-reported activity of daily living disability, 

self-reported functional illness, self-reported ability to walk 
without assistance, (i) across a small room, (ii) up and down 
stairs, and (iii) half a mile, and disability-free life expec-
tancy. Our study is unique in showing this U-shaped rela-
tionship for BMI and failure on an objective test of physical 
function.

The effect of obesity on mobility has become an important 
question because of the increasing number of overweight 
and obese older adults. Although existing data suggest that 
overweight and Class 1 obesity confer reduced risk for mor-
tality (24), living longer with overweight and obesity may 
be problematic if one has to contend with reduced mobility 
and poorer health as a result of excess fat mass (7,25). Our 
data clearly show that obesity increases the risk of mobility 
disability in older adults.

The role of obesity as compared with muscle strength in 
the disablement process is not clear primarily because the 
majority of studies have examined these two factors in  
isolation or examined muscle mass as opposed to strength 
(26–30). In the current study, the hazard ratios associated 
with lower muscle strength were considerably greater than 
those for categories of obesity. Interestingly, Misic and 

Table 2.  Risk of Major Mobility Disability After 6, 12, and 18 Months and Baseline Grip Strength

Model

Grip Strength

Lower Quartile Middle Quartiles Upper Quartile

Number of participants 94 218 94
Numbers of events 27 25 5
Total years of follow-up 109.8 252.8 115.8
Rate of failure (events per person-year) 0.25/pyr 0.10/pyr 0.04/pyr

Relative hazard ratio (95% confidence intervals) p Value

Adjustment for intervention assignment 6.47 (2.40–6.47) 2.39 (0.91–6.28) 1.00 <.001
Additionally adjusted for age 5.77 (2.17–15.34) 2.23 (0.84–5.91) 1.00 <.001
Additionally adjusted for sex, ethnicity, and education 5.97 (2.21–16.10) 2.26 (0.85–6.02) 1.00 <.001
Additionally adjusted for comorbidities and CES-D score 6.55 (2.40–17.88) 2.12 (0.79–5.68) 1.00 <.001
All of above and MMSE 6.11 (2.24–16.66) 1.95 (0.72–5.24) 1.00 <.001

Note: CES-D = Center for Epidemiological Studies–Depression; MMSE = Mini-Mental State Examination.

Table 3.  Risk of Major Mobility Disability After 6, 12, and 18 Months and Baseline BMI

Model

BMI

<25 kg/m2 25–29.9 kg/m2 ≥30 kg/m2

Number of participants 61 172 173
Numbers of events 10 17 30
Total years of follow-up 72.0 203.6 205.7
Rate of failure (events per person-year) 0.14/pyr 0.08/pyr 0.15/pyr

Relative hazard ratio (95% confidence intervals) p Value

Adjustment for intervention assignment 1.00 (0.49–2.06) 0.54 (0.29–0.98) 1.00 .09
Additionally adjusted for age 0.80 (0.38–1.67) 0.46 (0.25–0.86) 1.00 .04
Additionally adjusted for sex, ethnicity, and education 0.78 (0.36–1.66) 0.45 (0.24–0.84) 1.00 .03
Additionally adjusted for comorbidities and CES-D score 0.95 (0.44–2.06) 0.50 (0.26–0.92) 1.00 .06
All of above and MMSE 0.97 (0.45–2.08) 0.48 (0.26–0.90) 1.00 .04

Note: BMI = body mass index; CES-D = Center for Epidemiological Studies–Depression; MMSE = Mini-Mental State Examination.
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colleagues (31) reported that muscle quality was a much 
stronger predictor of lower extremity function as compared 
with fat mass. In contrast, Zoico and colleagues (32,33) 
reported that fat mass was more important than muscle 
mass or strength as a predictor of disability. However, they 
used a modified activity of daily living scale to assess dis-
ability. Muscle mass and strength may not be as relevant to 
the performance of activities of daily living compared with 
the 400-MWT. Similarly, in cross-sectional analyses, Lebrun 
and colleagues (34) concluded that fat mass was more 
important than muscle strength as a risk factor for poorer 
physical performance and disability in postmenopausal 
women. Our data suggest that the risk of major mobility 
disability as a result of poor strength may be greater than 
that posed by having a normal or obese BMI. However, an 
important consideration in evaluating the consequences of 
obesity on function is the nature of the physical task. For 
example, obesity might not be particularly detrimental to 
limited movement within the home or walking short distances 
on level ground. However, walking for longer distances or 
raising the body center of mass from a chair or up a flight of 
stairs may be considerably compromised by a high BMI.

An obvious question of interest is whether an interaction 
existed between strength and obesity, for example, whether 
the associations between mobility disability and obesity 
were less pronounced among individuals with greater grip 
strength. We tested the interaction between grip strength 
and BMI, and it was not significant (p = .87). Stenholm and 
colleagues (8) showed a gradient of greater prevalence of 
walking limitation with lower handgrip strength within all 
three body fat percentage categories but the interaction  
between fat percentage and handgrip strength was not sig-
nificant (p = .43). More recently, in a longitudinal analysis 
from the InCHIANTI Study, Stenholm and colleagues (10) 
reported that obese participants with low muscle strength 
(isometric strength of the knee extensors) had a higher risk 
of developing mobility disability (defined using self-report 
of the ability to walk 400 m or climb one flight of stairs) 
over the 6-year follow-up compared with those without 
obesity or low muscle strength. Similar to the earlier study, 
they found no significant interaction between muscle 
strength and obesity, which they suggested was indicative 
of an additive as opposed to a multiplicative effect on  
mobility disability. In this study, they also reported that 
obese older adults with low muscle strength had a steeper 
decline in gait speed over the 6-year follow-up, but this  
effect was substantially attenuated in those over 80 years. 
Our data are consistent with this result because we did not 
find any significant associations between grip strength, 
BMI, and gait speed in our sample of older adults who had 
an average age of 77 years. Also, our follow-up of 1 year 
may have limited the opportunity for declines in gait speed.

There are several limitations inherent in the current study. 
We used BMI, which is an imperfect measure of body  
composition. However, Zoico and colleagues (33) reported 

that high body fat as well as high BMI was associated with 
greater probability of developing functional limitations, and 
Stenholm and colleagues (8) found similar results whether 
they used BMI or body fat. Also, the use of grip strength 
rather than the strength of a lower extremity muscle group 
such as the quadriceps muscles might be seen as a limita-
tion. The strong association observed between grip strength 
and the risk of major mobility disability suggests that grip 
strength might be an indicator of general body strength, but 
grip strength was not sensitive to the physical activity inter-
vention. A strong association between handgrip strength 
and the strength of other muscle groups (18,35,36) has been 
reported. Recently, Newman and colleagues (37) reported 
that muscle strength, but not muscle mass, was related to 
mortality and also showed that isometric grip strength pro-
vided risk estimates very similar to quadriceps strength 
measured on an isokinetic dynamometer. Our findings are 
based on data from volunteers for a physical activity clinical 
trial, which may not generalize to other populations. It is 
also possible for mobility disability status to change, that is, 
individuals can recover. We did not account for lifelong or 
recent changes in body mass or composition in our analy-
ses. The analyses we presented on persistent mobility dis-
ability are consistent with our hazard ratio results and 
suggest that recovery is poorest in those with the lowest grip 
strength and normal or obese BMI. Therefore, our results 
were not affected by changes in mobility disability status. 
Finally, a major issue for future research in this area is the 
clear delineation of what is meant by mobility disability and 
major mobility disability. For example, mobility disability 
has been defined in several ways (4,10,11,38–41). Adoption 
of standard definitions would assist efforts to integrate and 
understand the relationships between muscle strength, BMI, 
and mobility.

Ferrucci and colleagues (42) have argued that the com-
plex nature of disability presents a challenge when trying to 
identify a single risk factor on which to intervene. They sug-
gested targeting common factors that increase the risk of 
disability regardless of specific causes. It is encouraging 
that recent evidence shows that weight loss and physical  
activity can significantly improve physical function in obese 
older adults (43,44). Our data underscore the importance of 
muscle strength and BMI as risk factors for mobility dis-
ability and provide support for studies of caloric restriction 
and resistance exercise training designed to target these risk 
factors. However, overweight in older adults at risk for  
mobility disability may be protective for major mobility 
disability. Finally, failure on a performance measure of 
physical function appears to provide a unique assessment of 
functional decline in older adults distinct from assessment 
of gait speed.
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