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Abstract

Background/aims—Weight-bearing jump tests measure lower extremity muscle power, 

velocity, and force, and may be more strongly related to physical performance than grip strength. 

However, these relationships are not well described in older adults.

Elsa S. Strotmeyer strotmeyere@edc.pitt.edu. 

Conflict of interest We have no conflicts of interest to declare.

Human and animal rights statement All procedures performed in studies involving human participants were in accordance with the 
ethical standards of the institutional and/or national research committee (University of Pittsburgh Institutional Review Board, 
Committee D, IRB # REN18050217/IRB980305) and with the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards.

Informed consent Informed consent was obtained from all individual participants included in the study.

HHS Public Access
Author manuscript
Aging Clin Exp Res. Author manuscript; available in PMC 2020 December 04.

Published in final edited form as:
Aging Clin Exp Res. 2020 April ; 32(4): 587–595. doi:10.1007/s40520-019-01421-1.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods—Participants were 1242 older men (mean age 84 ± 4 years) in the Osteoporotic 

Fractures in Men (MrOS) Study. Jump peak power (Watts/kg body weight), force (Newton/kg 

body weight) at peak power, and velocity (m/s) at peak power were measured by jump tests on a 

force plate. Grip strength (kg/kg body weight) was assessed by hand-held dynamometry. Physical 

performance included 400 m walk time (s), 6 m usual gait speed (m/s), and 5-repeated chair stands 

speed (#/s).

Results—In adjusted Pearson correlations, power/kg and velocity moderately correlated with all 

performance measures (range r = 0.41–0.51; all p < 0.001), while correlations for force/kg and 

grip strength/kg were weaker (range r = 0.20–0.33; all p < 0.001). Grip strength/kg moderately 

correlated with power/kg (r = 0.44; p < 0.001) but not velocity or force/kg. In adjusted linear 

regression with standardized βs, 1 SD lower power/kg was associated with worse: 400 m walk 

time (β = 0.47), gait speed (β = 0.42), and chair stands speed (β = 0.43) (all p < 0.05). 

Associations with velocity were similar (400 m walk time: β = 0.42; gait speed: β = 0.38; chair 

stands speed: β = 0.37; all p < 0.05). Force/kg and grip strength/kg were more weakly associated 

with performance (range β = 0.18–0.28; all p < 0.05).

Conclusions/discussion—Jump power and velocity had stronger associations with physical 

performance than jump force or grip strength. This suggests lower extremity power and velocity 

may be more strongly related to physical performance than lower extremity force or upper 

extremity strength in older men.
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Introduction

Weight-bearing power tests (i.e., jump tests) may more closely approximate the ability of 

older adults to perform activities of daily living (e.g., walking and chair rising) than non-

weight-bearing tests. However, power has often been assessed in a seated position with 

power rigs [1–4] or leg press [5, 6]. Past studies utilizing jump tests are limited, since they 

have traditionally reported power only for jumps with a flight phase (i.e., participant able to 

lift the feet off the ground) [4, 7–17]. The novel force plate jump testing methodology which 

we developed [18] also calculates power from jumps without a flight phase.

While both muscle power, the ability of a muscle to exert force quickly [7, 19], and strength 

are lower at older ages compared to younger ages, larger magnitudes of age-related decline 

have been described for power than for strength [8, 18, 20–23]. This suggests that power 

rather than strength may be an earlier indicator of age-related muscle function loss. 

Inconsistent relationships for both muscle power and strength with standard physical 

performance tests (i.e., usual gait speed, 400 m walk time, 6 min walking distance, chair 

stand speed, the Short Physical Performance Battery score, and stair climb time) have been 

found [1–6, 9–13, 24], possibly due to variability in power test protocols [25], particularly 

lack of task-based muscle function assessments such as the jump test.
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The extent to which muscle power and its components (force and velocity), and strength 

may be differentially associated with multiple physical performance measures is unclear, 

though critical for selecting the most appropriate muscle function tests to predict late-life 

functional decline and disability. We examined associations of our novel jump test measures 

(jump peak power, and velocity and force at peak power) and grip strength with physical 

performance (400 m walk time, 6 m usual gait speed, and 5-repeated chair stands speed) in 

older men. We hypothesized that jump peak power and velocity would be more strongly 

related to physical performance than jump force and grip strength.

Methods

Participants

The Osteoporotic Fractures in Men (MrOS) Study (http://mrosdata.sfcc-cpmc.net) is a 

multicenter, longitudinal cohort study designed to evaluate healthy aging, with a focus on 

risk factors for osteoporosis and fractures. Baseline visits occurred between March 2000 and 

April 2002 at six U.S. sites (N = 5994; aged 73.7 ± 5.9 years) [26, 27]. Initial eligibility 

criteria included age ≥ 65 years; ability to walk without assistance or walking aid; ability to 

provide self-reported data and informed consent; residence near a clinical site; and absence 

of bilateral hip replacement or any severe disease/condition that would result in imminent 

death. Of 5994 at baseline, 3570 did not have a follow-up visit in 2014–2016 (2822 deaths, 

386 prior terminations, 362 refusals), and 583 completed questionnaires only and did not 

have an in-person clinic visit. The remaining 1841 who completed a 2014–2016 clinic visit 

were included in current analyses.

Jump test

Advanced Mechanical Technology Inc. (AMTI) Accu-Power force plates (Netforce 

Acquisition Software Version 3.05.01) collected force signals from jump trials at a 1000 Hz 

sampling rate. As previously described [18], 24.8% (N = 456/1841) participants were 

initially excluded from attempting jump tests for reasons related to health (unable to walk or 

stand with/without an aid, self-reported severe pain, or selected surgeries in the past 6 

months: spinal or lower extremity surgery, or knee or hip replacement) or other safety/

logistical reasons (refusal, examiner deemed test unsafe, could not perform without 

orthotics, shortened clinic visit). An additional 6.4% (N = 117/1841) who attempted but did 

not complete jump tests were unable or refused practice tests mostly for balance-related 

issues, had severe pain during practice tests, or technical issues [18].

Three calf rises were completed as a warm-up before a practice jump. Three 

countermovement jumps (4–5 maximum if ≥ 1/3 jumps had data quality or technical 

problems) were performed on the force plate. Jump instructions were to jump as quickly and 

as high as possible without pausing between bending the knees and jumping, land smoothly, 

stand up straight, and remain still. Participants were not instructed on use of arms during 

jumps for a more free-living movement. Pain intensity (scale: 0–10; “0” = none, “10” = 

severe pain) and pain location were reported after jump tests; 4.6% (N = 58/1268) with jump 

tests reported post-jump pain with only two participants stopping further testing due to pain. 

No serious adverse safety events occurred.
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The University of Pittsburgh Reading Center and Southern Denmark University Processing 

Center (SDUPC) reviewed force plate data. SDUPC batch analyzed valid trials with custom-

designed software [7, 8, 14, 15, 18]. Calculation of analytical variables has been previously 

described [18]. Briefly, the vertical velocity of the body center of mass was obtained by time 

integration of the instantaneous acceleration. Either the trial with the highest jump height, 

due to instructions to jump as high as possible, or highest peak power if all jump trials/

participant were without flight, was selected for analyses, with 2.1% (N = 26/1268) excluded 

for technical and data processing problems with all trials. Body weight recorded during each 

test was used to standardize peak power and force at peak power. Analytic variables from 

selected trials were peak power (Watts/kg body weight), velocity (m/s) at peak power, and 

force (Newton/kg body weight) at peak power. Jump measures in a small subset had high 

reproducibility and reliability [18]. Participants with jump measures (N = 1242) were more 

likely than those without jump tests (N = 573) to complete grip strength (98% vs. 84%; p < 

0.05) and all physical performance measures (400 m walk time: 95% vs. 43%; gait speed: 

99% vs. 87%; chair stands speed: 96% vs. 54%; all p < 0.05) (Table 1).

Grip strength/kg

Jamar dynamometers (Sammons Preston Rolyan, Boling-brook, IL, USA) [28] were used to 

measure grip strength for two trials of both hands. Maximum grip strength was normalized 

to body weight (kg/kg body weight). After exclusions for recent hand pain/arthritis 

symptoms (N = 46/1841; 2.5%), hand surgery in the past 3 months (N = 1/1841; 0.05%), 

refusal (N = 39/1841; 2.1%), unable (N = 25/1841; 1.4%), or missing (N = 1/1841; 0.05%), 

grip strength data were available in 93.9% (N = 1729/1841).

400 m walk time

Time to walk 400 m (10 laps on 20 m course) at the participant’s usual pace without 

overexertion was recorded (N = 1447/1841; 78.6%) [29]. Exclusions were for inability to 

attempt the test due to use of a walking aid other than a single straight cane (N = 86/1841; 

4.7%), safety (N = 71/1841; 3.9%), shortened clinic visit (N = 50/1841; 2.7%), course 

obstruction/unavailability (N = 2/1841; 0.1%), refusal (N = 79/1841; 4.3%), or others (N = 

13/1841; 0.7%). Participants could rest for ≤ 60 s at any time during testing (without leaning 

on surfaces or sitting). Testing was stopped (N = 93/1841; 5.0%) for distress (e.g., labored 

breathing, confusion, unresponsiveness), pain, resting > 60 s, leaning on a surface twice 

during rest, requesting an assistive device other than a single straight cane, or requesting to 

stop.

Gait speed

Time to walk 6 m at the participant’s usual pace was recorded [27]. Gait speed was 

calculated from the fastest time of two trials (m/s) (N = 1763/1841; 95.8%). Exclusion was 

for inability to attempt the test (N = 78/1841; 4.2%).

Chair stands speed

Ability to rise once from a standard chair, and time to complete five-repeated stands, without 

using arms were recorded (N = 1524/1841; 82.8%). Exclusions were for missing data (N = 
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1/1841; 0.05%), inability to attempt the test (N = 106/1841; 5.8%), or refusal (N = 21/1841; 

1.1%). Men who attempted but did not complete the initial chair stand (N = 160/1841; 8.7%) 

or five-repeated stands (N = 29/1841; 1.5%) were included in analyses with a value of 0 

stands/second.

Covariates

Age, race, smoking status (current/past/never) and alcohol consumption (number of drinks/

day) [30], and any hip/joint pain in the past year and ≥ 1 fall in the past year were obtained 

from self-administered questionnaires. Body Mass Index (BMI) was calculated from weight 

(balance beam or digital scales) and height (Harpenden stadiometers; Dyved UK). Physical 

activity (PA) total energy expenditure was collected from accelerometry (SenseWear 

armband; Body Media, Inc., Pittsburgh, PA; N = 1088) [31]. Average systolic and diastolic 

blood pressures (SBP; DBP) were measured with BP Tru automated blood pressure monitors 

(Coquitlam, British Columbia, Canada) [32]. Total hip bone mineral density (BMD) was 

assessed by dual-energy X-ray absorptiometry (Hologic, Inc, Waltham, MA, USA) [33]. 

Brief global cognitive testing was performed using the Teng Modified Mini-Mental State 

(3MS) Examination [34] and executive function was measured using Trails B [35] 

completion time. Comorbidities included diabetes and hypertension (self-report physician 

diagnosis and/or medication use), and self-reported history of congestive heart failure 

(CHF), myocardial infarction (MI), stroke, and Parkinson’s Disease. Total number of 

medications was calculated from current prescription medications brought to the clinic visit 

[36].

Statistical analyses

Descriptive statistics included two-sided t tests and Chi-square tests of proportions to 

compare characteristics at the 2014–2016 clinic visit in men with jump measures (N = 1242) 

to those without jump tests (N = 573). Those with jump measures were stratified by gait 

speed to compare gait speed ≥ 1.0 m/s (N = 994/1242) vs. < 1.0 m/s (N = 246/1242) [37]. To 

determine if participants with jump measures and impaired function were comparable to 

those who did not complete jump tests, we compared gait speed groups ≥ 1.0 m/s and < 1.0 

m/s vs. without jump tests. The percent completing grip strength and physical performance 

measures were compared to percent completing jump tests. Partial Pearson correlations were 

calculated between jump measures, grip strength, and lower extremity physical performance, 

and adjusted for age, race, site, and height. Correlations with jump velocity were 

additionally weight-adjusted, since velocity was not weight-corrected. Separate stepwise 

multivariable-adjusted linear regression models were built to evaluate associations per 

standard deviation (SD) of jump measures and grip strength with physical performance. 

Covariates with p < 0.10 in any model (age, race, site, height, falls history, SBP, DBP, hip/

joint pain, BMD, Trails B, diabetes, hypertension, CHF, MI, stroke, Parkinson’s Disease, 

and total number of medications) were retained in all the final models. Standardized β 
coefficients were reported to compare results across all models. As a sensitivity analysis for 

the subset with the accelerometry measure, PA was added to final models. Analyses were 

conducted using SAS version 9.4 (SAS Institute, Cary, NC).

Winger et al. Page 5

Aging Clin Exp Res. Author manuscript; available in PMC 2020 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

All men with jump measures (N = 1242), as well as those with gait speed ≥ 1.0 m/s (N = 

994), were younger, had lower BMI, higher PA, higher DBP, higher SPB (gait speed ≥ 1.0 

m/s only), less hip/joint pain, better cognitive/executive function, lower prevalence of history 

of falls, fewer comorbidities, fewer medications, higher grip strength, and better physical 

performance vs. without jump tests (N = 573) (Table 2). Compared to men with jump 

measures and gait speed < 1.0 m/s, those with gait speed ≥ 1.0 m/s were younger, had lower 

BMI, higher PA, higher DBP, higher BMD, better cognitive/executive function, fewer 

comorbidities, fewer medications, and higher power/kg, velocity and force/kg. Those with 

jump measures and gait speed < 1.0 m/s were younger (85 ± 4 vs. 86 ± 5 years), had lower 

prevalence of history of falls (36% vs. 51%) and slower gait speed (0.88 ± 0.10 vs. 0.92 ± 

0.26 m/s) vs. without jump tests.

Jump power/kg was moderately correlated with grip strength/kg (partial r = 0.44; p < 0.001) 

and all physical performance measures (range partial r = 0.44–0.51; all p < 0.001) (Table 3). 

Jump velocity was also moderately correlated with all physical performance measures 

(range partial r = 0.41–0.45; p < 0.001), but only weakly correlated with grip strength/kg 

(partial r = 0.34; p < 0.001). All correlations of jump force/kg and grip strength/kg with 

physical performance (range partial r = 0.20–0.33; all p < 0.001) were weaker, as was the 

correlation of these strength measures to each other (partial r = 0.24; p < 0.001). In adjusted 

linear regression with standardized βs, 1 SD lower jump power/kg was associated with 

longer 400 m walk time (β = 0.47), slower gait speed (β = 0.42), and slower chair stands 

speed (β = 0.43) (Fig. 1; all p < 0.05) after adjustment. Jump velocity results were similar 

(400 m walk time: β = 0.42; gait speed: β = 0.38; chair stands speed: β = 0.37; all p < 0.05), 

while jump force/kg was more weakly associated with physical performance (range β = 

0.18–0.24; all p < 0.05). Similarly, grip strength was more weakly associated with physical 

performance (range β = 0.23–0.28; all p < 0.05) vs. jump power/kg and velocity. Both jump 

force and grip strength had β magnitudes typically 50% lower compared to jump power/kg 

and velocity in associations to performance. Results were not attenuated when PA was added 

to the final models (data not shown).

Discussion

Jump power/kg and velocity at peak power had magnitudes of associations with physical 

performance that were approximately twofold higher compared to jump force/kg and grip 

strength/kg. To our knowledge, this study is the first to compare jump power, as well as its 

distinct velocity and force components, to grip strength and multiple physical performance 

measures in a large multicenter epidemiologic study. Previous studies relating jump tests to 

physical performance have not included the oldest adults or participants unable to lift their 

feet off the ground, who were included with our novel methods [9, 10, 12, 13]. These studies 

potentially excluded individuals with worse physical function and likely resulted in samples 

with narrower ranges of physical performance and not representative of the population with 

mobility limitation. Our study had a wide range of function; 20% with jump tests had gait 

speed < 1.0 m/s and 28% had ≥ 1 jump without flight [18], suggesting that our more 

inclusive methodology may be more appropriate for individuals with poorer function and/or 
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risk for future functional decline. Functional, task-based power methods (e.g., jump tests) 

may more closely approximate the ability to perform activities of daily living compared to 

traditional strength measures, because the velocity of movement is incorporated. Weight-

bearing tests, such as jump tests, should be considered in studies of muscle function, 

especially for individuals excluded from seated tests (e.g., those with certain joint 

conditions, such as arthritis) and studies focused on performance-based outcomes.

Power and the velocity component for generating movement may be more important factors 

necessary for preventing functional loss at the oldest ages compared to force or strength. 

However, the relationships of power, velocity, and force with physical performance have not 

been previously included in one single study. In an earlier small study in men (N = 37, mean 

age: 80 ± 1 years), velocity measured with seated leg press had only a slightly higher 

association with 400 m walk gait speed (standardized β = 0.42, p = 0.005) than strength 

(standardized β = 0.36, p = 0.02), but the relationship of power to physical performance was 

not reported [38]. Two past studies of men and women aged 72 ± 5 years (range 69–81 

years) [13] and 65 ± 17 years (range 27–96 years) [9] reported unstandardized estimates and 

showed that power/kg and velocity were only weakly correlated with walking (6 min 

distance [13] and usual gait speed [9]); though moderately correlated with chair stands [9]. 

Our study had a similar mean and range for gait speed as this past study, though included 

only men at older ages (77–101 years) with a wider range of function [18]. We compared 

standardized estimates across various physical performance measures, since power, velocity, 

force, and grip strength each have distinct measurement units. Another study aged 76 ± 3 

years (range 71–87 years) that included jump tests and compared standardized estimates 

showed that lower jump power/kg had three times higher association with slower gait speed 

and two times higher association with chair stands time vs. jump force/kg [12]. We found 

estimates of jump power/kg and force/kg to physical performance with similar magnitudes 

as the previous studies, suggesting that the velocity component of power, rather than the 

force component, is likely more crucial for movement, and, therefore, physical function, in 

the oldest adults. The jump test may more closely estimate physical performance than seated 

muscle power tests or grip strength due to other neuromuscular factors (e.g., balance) that 

are required to complete this task-based, weight-bearing measure [39, 40].

Muscle power may be an earlier predictor of age-related muscle function loss vs. strength 

alone. The age-related decrease in area of Type II muscle fibers responsible for generating 

short, quick bursts of movement [41] may explain larger declines in muscle power and 

velocity compared to force. Past studies showing substantially lower power at older ages vs. 

younger ages than strength [8, 18, 20–23] have rarely included adults > 80 years. However, 

in our previously published study of MrOS men aged 77–101 years, for each 5-year increase 

in age, power/kg was 10% lower and velocity was approximately 7% lower, whereas 

force/kg was 3% lower [18]. Differences in power and velocity were even higher in 

magnitude in those > 90 vs. ≤ 80 years old (power: 30% lower; velocity: 24% lower; 

force/kg: 9% lower) [18]. As jump power and velocity may have larger age-related declines 

than jump force, these may be more strongly related to physical performance than strength.
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Strengths

Unlike many previous large epidemiologic studies in older adults, we had multiple measures 

of both muscle function and physical performance. Only a few studies measured both lower 

extremity muscle power and upper extremity grip strength in association with physical 

performance [1, 4, 9]. However, these studies had power tests in the seated position [1, 4] or 

did not calculate or compare both power and force to physical performance [1, 4, 9]. The 

novel force plate methodology developed for this study allowed inclusion of individuals 

unable to jump (i.e., unable to lift the feet off the ground). Among the oldest old ranging 

from 77 to 101 years, this method allowed us to include those who performed jump tests 

despite poor function (gait speed < 1.0 m/s), though had similar health (e.g., diabetes, 

hypertension, and myocardial infarction) and physical function (e.g., grip strength, 400 m 

walk time, and chair stands speed) to those without jump tests. MrOS also collected data on 

many covariates to adjust for independent associations of jump test measures and strength 

with physical performance.

Limitations

The cross-sectional study design does not allow us to establish temporal relationships or 

examine longitudinal decline in muscle function associated with performance-based 

measures. Our conservative approach for safety may have excluded some participants able to 

jump, largely for balance issues as evidenced by 51% of excluded men with falls in the past 

year vs. 34% with jump tests. Excluding these frail men limits generalizability. Additionally, 

our community-dwelling, largely white population of men limits generalizability. The time 

intensive data processing of jump trials due to custom-designed engineering algorithms 

limited feasibility for many large studies and immediate clinical application. Other muscle 

power measures were not collected and, therefore, not compared to jump power.

Conclusions

Jump test measures of lower extremity power/kg and velocity at peak power had two times 

higher association with multiple physical performance measures than jump force/kg or grip 

strength/kg. Weight-bearing power and velocity may be stronger predictors of poor physical 

performance than strength in the oldest adults. Functional power from weight-bearing tasks 

should be evaluated in diverse populations to determine if similar relationships are observed 

in a wider age range of older adults, women, or other race/ethnic groups. Future longitudinal 

studies should determine whether jump power and velocity are stronger predictors of 

physical performance decline and disability, such as loss of mobility, than jump force or 

traditional power/strength measures. If results are confirmed, interventions aimed at 

improving power and velocity may result in improved physical performance.
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Fig. 1. 
Associations of jump measures and grip strength with physical performance. *p < 0.05 for 

all jump measures and grip strength/kg, adjusted for age, race, site, height, falls history, SBP, 

DBP, hip/joint pain, BMD, Trails B, diabetes, hypertension, CHF, MI, stroke, Parkinson’s 

Disease, and total number of medications; †additionally adjusted for weight
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Table 1

Percent completion of grip strength and physical performance tests by jump test completion

% Total with jump measures (N = 1242) Total without jump tests (N = 573)

Grip strength 1222 (98.4) 481 (83.9)

400 m walk time 1174 (94.5) 248 (43.3)

6 m usual gait speed 1240 (99.8) 497 (86.7)

Chair stands speed 1191 (95.9) 309 (53.9)

All completion rates p < 0.05 comparing participants with jump measures vs. without jump tests
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