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Abstract

Objective: To determine normative values for weight-bearing, countermovement leg extension
(“jump”) tests in the oldest men and characteristics of those not completing vs. completing tests.

Design: 201416 cross-sectional exam.

Setting: Six U.S. sites from the Osteoporotic Fractures in Men (MrOS) Study.
Participants: Community-dwelling men (N=1,841) aged 84.5+4.2 (range: 77-101) years.
Interventions: N/A.

Measurements: Jump tests on a force plate measured lower-extremity muscle peak power/kg,
velocity and force/kg at peak power, with normative values for 5-year age groups and by
limitations in moderate-intensity activities of daily living (ADLs) and climbing several flights
of stairs.

Results: Jump completion was 68.9% (N=1,268/1,841) and 98% (1,242/1,268) had =1
analyzable trial/participant. Exclusions primarily were due to poor mobility and/or balance: 24.8%
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(456/1,841) prior to and 6.4% (N=117/1,841) after attempting testing. Peak power was 20.8+5.3
W/kg, with 1.2+0.3 m/s for velocity, and 16.7+£1.9 N/kg for force at peak power. Each 5-year age
group >80 years had subsequently 10% lower power/kg, with 30% lower power/kg at >90 vs. <80
years (all p<0.05). Velocity and force/kg at peak power were 24% and 9% lower respectively, at
>90 vs. <80 years (all p<0.05). Limitations in both moderate ADLs and climbing several flights
of stairs were associated with 16% lower age-adjusted power/kg, equivalent to 5-10 years of
aging, with 11% and 6% lower age-adjusted velocity and force/kg respectively, vs. those without
limitation (all p<0.05). Men not completing vs. completing jumps had older age, higher BMI,
lower physical activity, more comorbidities, worse cognition, more IADLs/ADLSs and more falls
in the past year (all p<0.05). Post-jump pain occurred in 4.6% (58/1,268), with 2 participants
stopping testing due to pain. Only 24/1,242 (2%) had all trials/participant without flight (i.e.,
inability to lift feet), with 323/1,242 having =1 trial/participant without flight (total of 28%). No
serious adverse safety events (e.g., injury) occurred.

Conclusions: A multicenter cohort of oldest men with a range of function had higher declines
in jump power/kg and velocity vs. force/kg across each 5-year age group >80 years. Future
research should examine age- and functional-related declines in jJump measures related to physical
performance decline, falls, fractures, and disability.

Keywords
Epidemiology; functional performance; muscle; jump

Introduction

Lower-extremity muscle power (force*velocity) may be a differential or independent
determinant of physical function and falls compared to traditional lower-extremity muscle
strength (1-4) and predicts mortality independently of strength and muscle mass (5). Similar
to strength declines, lower muscle power is associated with comorbid conditions of old

age (6). Growing evidence has indicated that a more marked age-related power decline
compared to strength decline exists (7—11). Population studies often measure isometric
strength (maximum isometric force), which is a component in recent sarcopenia definitions
(12). Age-related strength declines have been found to be three times greater than muscle
mass declines, implying that muscle function loss occurs prior to mass loss and is not fully
explained by decreased muscle mass (13, 14). Therefore, while characterization of muscle
power loss may be important in predicting future functional decline in old age, age-related
decline has not been well described for the “oldest old”, aged >80 years, and normative
values from large studies are not available.

Typical muscle power tests assess isolated single/multi-joint muscle groups independently
of an individual’s function, often using non-weight bearing seated positions in which a
participant pushes against a fixed load (e.g., power rig) or as a % of 1 repetition maximum
(1RM) (6). Weight-bearing muscle power tests have previously used repeated chair stands,
which do not allow the maximum body acceleration throughout the entire push-off phase
due to voluntary deceleration of the movement (e.g. by antagonist muscle contraction).
Countermovement jumps are weight-bearing tests assessing muscle power ballistically,
separating its components into velocity and force at peak power, and allowing absolute
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maximum power to be generated, which may more closely approximate functional abilities
related to daily living. Since older adults with poor function are at higher risk of disability,
falls and fall injuries (15-18), “functional power” may be a more appropriate muscle
function predictor.

Although jump protocols have been developed for older adults using force plates, past
studies did not include older adults unable to lift the feet off the ground or normative
values for the oldest ages (11, 19-26). Additionally, our novel protocol allowed power to
be calculated without flight (i.e. inability to jump), which may enable lower functioning
older adults to be measured compared to previous jump test protocols. The objective of the
study was to determine: 1) normative values for muscle power and its force and velocity
components from weight-bearing countermovement jump tests in a large multicenter
study of community-dwelling men aged 77-101 years with a range of function, and 2)
characteristics of those not completing vs. completing tests. We hypothesized that the jump
tests would provide normative ranges by age and functional level for the oldest old men,
those able to complete testing would have fewer chronic conditions and better physical
function, and that men with older ages and poorer self-reported function would have lower
jump power, force and velocity.

The Osteoporotic Fractures in Men (MrOS) Study is a longitudinal cohort initially designed
to evaluate risk factors for osteoporosis and fractures in ambulatory men aged =65 years.
Baseline visits occurred between March 2000 and April 2002 at six U.S. sites (N=5,994;
aged 73.7+5.9 years) (27). Eligibility criteria included ability to walk without assistance

or walking aid; provide self-reported data and informed consent as approved by the site-
specific institutional review board; residence near a clinical site; and absence of bilateral hip
replacement or severe diseases/conditions. Of 5,994 men, 3,570 did not have a follow-up
visit in 2014-16 (2,822 deaths, 386 prior terminations, 362 refusals) when the jump test
was implemented. Of those with 2014-16 visit, 1,841/2,424 (75.9%) were included and
583/2,424 (24.1%) with only questionnaires were excluded, as these participants did not
have eligibility assessed for in-person measures or attend the clinic visit.

Force plate equipment and software

Jump test

The Advanced Mechanical Technology Inc. (AMTI) AccuPower force plate (Netforce
Acquisition Software Version 3.05.01 with Accugait RS-232 setting and Biosoft Analysis
software version 2.3.0) collected force signals at a 1000 Hz sampling rate.

Exclusions were due to health-related issues (unable to walk or stand either with or without
an aid, self-reported severe pain, or in the past 6 months: spinal surgery, lower extremity
surgery, knee or hip replacement) or other safety and/or logistical reasons (e.g., examiner
deemed test unsafe, unable to perform without orthotics, shortened visit). Further exclusions
included inability or refusal to perform tests, failure to understand instructions, or severe
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pain. Three calf rise trials were completed as a warm-up prior to a practice jump. Three
countermovement jumps (4-5 maximum, if =1/3 had data quality/technical problems) on the
force plate were performed. Instructions were to jump as quickly and as high as possible
without pausing between bending the knees, land smoothly, stand up straight and remain
still. Clinical examiners were trained to identify safety issues and data quality/technical
issues. Pain (scale of 0-10, “0”=none to “10”=severe pain) and location of pain were
reported, with testing stopped for severe pain.

Jump test data processing

Force plate data were transferred to the University of Pittsburgh Reading Center and
reviewed with the Southern Denmark University Processing Center (SDUPC). Valid trials
were batch analyzed by SDUPC with custom-designed MatLab software (19-22). Briefly,
the vertical velocity of the body center of mass was obtained by time integration of the
instantaneous acceleration. Power (P) was calculated continuously as the product of force
(F) times velocity (v): P=F*v as previously described (19, 20). Body weight per trial,
determined from the force plate during the most stable 200 ms prior to movement, was used
to standardize peak power and force at peak power by body weight. Data outside of valid
pre-specified ranges, extreme SD outliers, and jumps without flight time were individually
reviewed. Either the trial with highest jump height, or highest peak power if all jump trials/
participant were without flight, was selected for analysis. Analytic variables from selected
trials were: peak concentric power (Watts/kg body weight), velocity (m/s) at peak power,
and force (Newton/kg body weight) at peak power.

Quality control and reproducibility

Sites performed weekly calibration of the force plates, with the first several months of

data reviewed to verify proper operation of the plates. In comparison to the expert review
(PC, ESS, MEW) and evaluation of the first 50 participants at each site, clinic examiners
identified 94% of safety (spotter stabilization during the test, failure to maintain stability
after landing), data quality (i.e., movement prior to the test, such as trunk/lower body
swaying, and/or pausing substantially between starting movement and before jumping) and
technical problems (lacking 1-2 seconds of data prior to movement, jump not during the
recording time, excessive external plate vibration during recording, incorrect plate/software
settings, unrecorded/unsaved trials). The intra-person jump reproducibility (N=11; N=6 at
site 1 and N=5 at site 2) was assessed as a further quality control check. Two sites completed
testing twice on the same day with two separate examiners per site (N=3 discordant, N=8
concordant). Signed rank tests, paired t-tests and intraclass correlation coefficients (ICCs)
were used for comparing intra-person measures. Two-sided t-test approximations for the
Wilcoxon rank sum test were used for coefficients of variation (CVs) within participants.
Although not statistically powered as a main finding, the two same-day measures (N=11) of
peak power/kg, velocity and force/kg had high 1ICCs (0.85, 0.92, 0.93, respectively) and low
CVs (7.2%, 4.7%, 2.8%, respectively) for intra-person measures.

Descriptive characteristics

Age, race, tobacco use and alcohol consumption (28), hip/joint pain and any fall in the
past year (y/n) were from self-administered questionnaires. BMI was calculated from

J Nutr Health Aging. Author manuscript; available in PMC 2022 March 29.
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balance beam scale weight and Harpenden stadiometer height. Average SBP and DBP
were measured with BP Tru automated blood pressure monitor (29). Total hip bone mineral
density (BMD) was assessed by DXA (30). Cognitive function was scored using Teng
3MS (31) and executive function was scored with Trails B (32, 33). Total number of
medications was calculated from current prescription medications brought to the clinic
visit and recorded by staff. Comorbidities included diabetes (self-reported treated by doctor/
hypoglycemic use), hypertension (self-reported treated by doctor/antihypertensive use) and
self-reported history of congestive heart failure (CHF), myocardial infarction (Ml), stroke,
Parkinson’s Disease and chronic obstructive pulmonary disease (COPD). Physical activity
total energy expenditure was collected from accelerometry (SenseWear armband; N=1,088)
(34, 35). Total number of instrumental activites of daily living (IADL) impairments was
self-reported and calculated from difficulty (yes/no): 1) walking 2/3 blocks outside on

level ground; 2) climbing up 10 steps without rest; 3) preparing meals; 4) doing heavy
housework; 5) shopping for groceries/clothes. Self-reported health and activities of daily
living (ADL) impairments were measured by the SF-12 questionnaire: 1) excellent/good
health for age (vs. fair/poor/very poor); 2) limitations in moderate-intensity activities (yes/
no); 3) limitations in climbing several flights of stairs (yes/no); 4) limitations in work/
activities due to physical health (yes/no); 5) pain interfering with normal work moderately/
quite a bit/extremely (vs. none/little). The SF-12 physical health summary scale was scored
from physical function questions using norm based methods with regression weighting (36,
37).

Statistical analyses

Results

Normative values for peak power/kg, velocity, and force/kg were described, including
analysis of variance (ANOVA) for means and Wilcoxon ranked-sum test for medians with
pairwise comparisons across 5-year (<80, 81-85, 86-90, >90 years) age groups (with 3-year
age groups from <80 to >90 years as supplemental analyses), and self-reported limitations
for moderate ADLs and climbing several flights of stairs. Skewness <1 and >-1 and
kurtosis <2 and >-2 indicated symmetric distributions. Linear regression adjusted for age
was used to calculate age-adjusted means by functional limitations. Descriptive statistics by
jump trials and by participant were calculated. Descriptive characteristics were compared
using two-sided t-tests and Chi-square tests of proportions for those with jump tests and

>1 analyzable trial (n=1,242) vs. without completion of jump tests (n=573), as well as
subgroups without jump tests that were excluded from testing (n=456/573) and attempted
but did not complete jump tests (n=117/573). All analyses used SAS version 9.4 (SAS
Institute, Cary, NC).

In men aged 77-101 years, completion of the jump test was 68.9% (N=1,268/1,841),

with 24.8% (456/1,841) excluded primarily due to poor mobility and/or poor balance. An
additional 6.4% (N=117/1,841) that attempted but did not complete jumps were often unable
(N=38) or refused (N=5) to perform the practice calf rises due to balance issues. Other
exclusions were for severe pain prior to calf rises (N=2) or during practice jumps (N=8),
inability to understand calf rise (N=2) or jump instructions (N=2), refusal to attempt a

J Nutr Health Aging. Author manuscript; available in PMC 2022 March 29.
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practice jump test (N=34), and unrecorded/unsaved tests (N=26). No serious adverse safety
events (e.g., fall or injury) occurred. Post-jump pain was reported in 4.6% (58/1,268), with
only 2 participants stopping further testing due to pain. Analyzable trials existed for 98%
(1,242/1,268) of participants with tests.

Peak power/kg (20.8+5.3 W/kg), velocity at peak power (1.2+0.3 m/s), and force/kg
(16.7£1.9 N/Kkg) at peak power had normal distributions with wide ranges (Figure 1la-c;
Table 1). Normative values for 5-year age groups (Figure 2a-c; Table 1) indicated that
overall mean and median values were lower with each increasing age group >80 years.
However at older age groups, the range expanded in the lower values but remained fairly
consistent in the upper range of values for normal distributions without skewness or issues
with kurtosis. Each 5-year age group >80 years had a 10% lower of power/kg, with 30%
lower power/kg at >90 years vs. <80 years (all p<0.05; Figure 3). Velocity and force/kg at
peak power was 24% and 9% lower at >90 years respectively vs. <80 years (all p<0.05;
Figure 3). Results were consistent when 3-year age groups were considered (Appendix Table
A), though 90+ years vs. 87-89 years differences for force/kg were not significant.

The overall age-adjusted mean and median values for peak power/kg, velocity and force/kg
at peak power were lower with each limitation and lowest for the combined limitations
(Table 2). For limitations, the range expanded in the lower range of the values and remained
fairly consistent with the upper range of values, with normal distributions and no skewness
or issues with kurtosis. Men with both self-reported difficulties in moderate ADLs and
climbing several flights of stairs had 16% lower age-adjusted power/kg, a magnitude
equivalent to 5-10 years of aging, with a 11% and 6% lower age-adjusted velocity and
force/kg, respectively, vs. those without limitations (all p<0.05). Power/kg was 5% lower for
limitations only in moderate-intensity ADLs and 11% lower for limitations only in climbing
several flights of stairs, with 2% and 8% lower velocity respectively and 2% and 3% lower
force/kg respectively (all p<0.05 vs. no limitations).

Participants not completing vs. completing tests were older, had higher BMI, lower physical
activity, more hip/joint pain, poorer self-reported health, more comorbidities (diabetes, CHF,
MI, stroke, Parkinson’s disease, COPD, medication use), worse cognitive and executive
function scores, more IADLs and ADLs, and were more likely to fall in the past year

(Table 3). No differences in smoking, drinking or BMD existed between any of the groups.
Participants excluded from jumps vs. those attempting and not completing tests had lower
SBP and DBP, more CHF, worse cognitive function scores, more IADLs and poorer self-
reported health; however other characteristics did not differ.

Only 24/1,242 (2%) had all trials/participant without flight. However an additional N=323
had =1 trial/participant without flight, for a total of 28% including N=24 with all trials
without flight. Of 26/1,268 (2%) with all trials excluded from analyses, technical (N=21)
and data processing problems (N=5) existed. Data quality issues (7%=332/4,714) were due
to data collection (N=142), technical (N=151), or data processing problems (N=39). Of total
trials (range 1-5 trials/participant: mean 3.9+0.9; median=3), 93% (N=4,382/4,714) had
good data quality.

J Nutr Health Aging. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

STROTMEYER et al. Page 7

Discussion

This study was the first to implement jump tests in a large multicenter cohort of older

adults with a range of function and comorbidities and showed substantially lower power and
velocity at the oldest ages from the late 70s to 101 years. With increasing 5-year age groups,
power and velocity at peak power were 10% and 7% lower respectively with overall lower
power of 30% and overall lower velocity of 24% from <80 years to >90 years. While the
force at peak power was also lower over these ages, the magnitude was 3 times less. Our
findings may imply that the higher disability and loss of physical function at the oldest ages
is due to disproportionately higher decreases in functional power and velocity vs. force.

Our protocol in >1,500 community-dwelling men captured a wide range of dynamic,
functional peak power as well as velocity and force at peak power. Importantly, we
characterized peak power also in participants without flight during the jump test, unlike
previous protocols in older adults (11, 19-26, 38). Through custom designed software, peak
power was obtained for 98%, including a third of participants having =1 jump without
flight. The lower values with wider ranges in the oldest adults and with functional limitation
suggested that jump power was able to differentiate within poor functioning individuals,
which may not possible for traditional weight-bearing measures (e.g., chair rise). Our future
analyses will focus on jump measures predicting objectively measured functional decline,
falls, fractures, and disability at the oldest ages.

Muscle power may decline faster with age than strength (7, 8, 11, 20) with power decline
potentially affected by age-related diseases and conditions (6). Men with a range of physical
function and chronic conditions were able to complete testing, though had overall fewer
chronic conditions and better physical function than those excluded or attempting and unable
to complete jumps. Our data indicated a 3 times higher decline in power (10% lower with
each 5-year age group) vs. the force component of muscle power (3% lower with each
5-year age group) through the oldest ages. Lower mean jump peak power/kg was found
compared to our past studies of older men (19, 21, 39) possibly due to our inclusion of ages
to 101 years with more comorbidities and poorer physical function. For example, higher
odds of combined mobility issues were noted in Korean older adults that were not able to
jump (38) and we included these individuals. Past smaller cross-sectional studies also found
lower jump peak power at older ages (11, 19, 39-42) and relationships with lower BMD
(43) and sarcopenia (26, 39, 44). Poor strength predicts incident falls (45), lower physical
function (13, 46, 47) mobility disability (48) hospitalization (49, 50) and mortality (51,

52). Peak power, though cross-sectionally associated with falls and physical function (14,
26, 39, 53-57) is not extensively investigated vs. strength as a predictor of future geriatric
outcomes.

The lack of flight during a jump test likely captures specific attributes of the power-load
relationship due to body movement biomechanics whereas non-weight bearing methods

to assess muscle power (e.g., leg press) would not. Assessing muscle power under weight-
bearing conditions has two main advantages: 1) the power output not only depends on the
muscle group properties but also reflects dynamic postural control ability in addition to other
neuromuscular determinants (e.g. timing of joint to joint muscle activation) (58); and 2)

J Nutr Health Aging. Author manuscript; available in PMC 2022 March 29.
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muscle power is tested under real-life conditions with higher external loading corresponding
to the subject’s body weight, which due to the power-load relationship may be remarkably
different compared to the absolute muscle power that the same individual could generate
with with lower loading (e.g., leg press test with 30% of 1RM) (59). Therefore, individuals
with non-flight jump tests are likely at higher risk for prospective geriatric functional
outcomes.

Our study had several additional strengths. Previous studies have not had characterized
normative data for the oldest ages and our large sample size aged 77-101 years allowed
description of the magnitude of differences in lower power, velocity and force at peak
power by 5-year age groups >80 years. Jump trials without flight were common in the
oldest adults and our custom designed software allowed analysis of these trials. Our
protocol prioritized participant safety through conservative exclusions for poor balance,
mobility issues and pain. Correspondingly, only 2 participant tests stopped for pain and

no participants experienced a fall or injury related to the jump test. The viability of jump
tests in multicenter studies was supported by consistent reproducibility and reliability as in
previous single-center studies (22, 23), high examiner competency, and high data quality.

Jump tests may not be practical for general clinical care but are likely well suited for
specialized clinics (e.g. falls clinic), and clinical trials, in which measuring small changes in
functional power over a short period of time in response to treatment or an intervention

is desirable. Harnesses may be needed for observational studies to ensure safety for
participants with mobility or balance issues. Force plate methodology required extensive
data processing with engineering algorithms addressing a variety of patterns and ranges of
data, which may not be feasible for many studies. Although force plate costs are similar to
other equipment to measure lower-extremity muscle power and strength, currently available
commercial software does not include automated data algorithms to analyze jumps without
flight, which is needed to efficiently process data for large studies in older adults. Our
population was community-dwelling oldest men and largely white; therefore populations
with diverse demographic characteristics need to be examined.

Conclusions

The jump test for peak power was able to be implemented in a large multicenter cohort

of the oldest old men, with a range of function and lower jump power/kg and velocity vs.
force/kg across each 5-year age group >80 years. Future studies should investigate if jump
tests predict prospective geriatric outcomes of physical performance decline, falls, fractures,
and disability, particularly vs. maximal strength tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Distribution of peak power (W/Kkg) (% participants, N=1,242)

J Nutr Health Aging. Author manuscript; available in PMC 2022 March 29.

Page 13



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

STROTMEYER et al.

20
N 1,242
Minimum 041
Maximum 1.98
Mean 1.23
129 Median 122
Std Deviation 0.23
® 10
5 |
e e e e
02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 1.7 18 19 20 21 22
Figure 1b.

Distribution of velocity (m/s) at peak power (% participants, N=1,242)
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Distribution of force (N/kg) at peak power (% participants, N=1,242)
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Figure 2b.
Distribution of velocity (m/s) at peak power by 5-year age groups (% participants by age
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Distribution of force (N/kg) at peak power by 5-year age groups (% participants by age

group, N=1,242)
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Figure 3.
Lower peak power (W/kg), velocity (m/s) and force at peak power (N/kg) by 5-year age

groups vs. reference group <80 years (N=1,242)
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