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Assessing muscle function in older adults has become 
an important topic in the field of geriatric research. Aging 
is associated with changes in body composition and func-
tional capability, including a reduction in muscle mass and 
muscle function (Morley, 2012). These age-related reduc-
tions have been named sarcopenia (Fielding et al., 2011). 
Recent estimates indicate that up to 45% of older adults 

in the United States experience sarcopenia, depending 
on which population is studied and which definition is 
used (Janssen, Shepard, Katzmarzyk, & Roubenoff, 2003). 
Older adults with sarcopenia are at greater risk for falls, 
fractures, and head injuries (Buehring, Krueger, & Binkley, 
2010; Morley, 2012). Compromised muscle function in 
older adults was found to be an independent predictor of 
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increased use of long-term care facilities, hospitalization, 
disability, and mortality (Clark & Manini, 2010; Hirani et 
al., 2015; Landi et al., 2013).

Assessment of sarcopenia requires measurement of 
muscle function. Key physical units necessary to quantify 
muscle function include: force (Newtons [N]), velocity 
(m/s), and power (watts [W]). Muscle force relates to 
the force exerted to get the body moving, or the direct 
muscle forces imparted to the skeleton during movement. 
Common tests assessing muscle force are grip strength 
or knee extensor strength. These tests require a maximal 
muscle contraction to create a peak force. Muscle force is 
one of the primary regulators of bone mass and an impor-
tant determinant of bone and joint health in older adults. 
Muscle force is strongly correlated with bone strength, 
bone size, total bone area, and femoral neck bone mineral 
density (Hardcastle et al., 2014; Pojednic et al., 2012; Ranta-
lainen et al., 2009; Runge & Hunter, 2006). Muscle velocity 
(or movement velocity) is the rate of motion (speed) in a 
specific direction. The best example of a test measuring 
velocity is the 4-m walk to assess gait speed. Velocity (e.g., 
gait speed) slows with aging and is a key component in the 
onset of functional impairments in older adults.

Muscle force and velocity are significant determinates 
of power production and functional task performance 
in older adults (Pojednic et al., 2012). Muscle power is 
defined as the ability to generate as much force as possible 
and as quickly as possible. It is calculated as the product 
of force and velocity. Thus, altered neural or muscular 
ability affecting either factor (force or velocity) will con-
tribute to declines in power and potentially physical func-
tion (Pojednic et al., 2012). Examples of tests measuring 
power are the chair-rise test and countermovement jumps. 
Muscle power is a valuable measure for identifying age-
related physical impairments and strongly correlates with 
physical capability, mobility, the risk of falling, and sarco-
penia (Caserotti, Aagaard, Simonsen, & Puggaard, 2001; 
Runge & Hunter, 2006; Runge, Rittweger, Russo, Schiessl, & 
Felsenberg, 2004; Siglinsky et al., 2015; Singh et al., 2014).  
Leg power is often corrected for body weight (W/kg).

Several traditional muscle function measures have been 
developed, validated, and used to assess muscle function 
in older adults (Siglinsky et al., 2015). Among these, gait 
speed is one of the most frequently used methods. It is 
measured as the time taken to walk 4 m or another dis-
tance achieved during a 2-minute timeframe. Gait speed 
is a predictor for falls, fractures, hospitalization, caregiver 
need, and mortality among older adults (Montero-Odasso 
et al., 2005; Studenski et al., 2011). The chair-rise test is 

measured by the time required to rise from a chair five 
times without using its arms. After first assessing if the 
individual is able to rise once successfully, he/she will be 
asked to rise from a chair five times and time to complete 
the five chair rises will be recorded. Repeated chair-rise 
performance is strongly related to fall and hip fracture 
risk among older adults (Cawthon et al., 2008). The grip 
strength test assesses muscle strength using a hand-grip 
dynamometer. Grip strength is associated with important 
clinical measures, including disability, length of hospital 
stay, postoperative complications, and mortality in older 
adults (Bohannon, 2015). Low grip strength is also asso-
ciated with various causes of death, including myocardial 
infarction, stroke, fall, and fracture (Leong et al., 2015).

However, many of the traditional tests have limitations: 
they often cannot be used over a wide range of perfor-
mance levels and have drawbacks for testing older adults 
who have very high or low functional ability. For example, 
self-selected usual gait speed has a ceiling effect because at 
some point the individual is walking at a faster pace than 
his/her usual pace or even jogging/running. The chair-rise 
test has a floor effect because individuals who cannot rise 
from the chair cannot be measured. Often these measures 
only examine particular aspects of muscle function (e.g., 
balance, power, force) and few provide a quantitative mea-
sure (e.g., force, velocity, power). For example, the tradi-
tional chair-rise test requires maximal power (W) but is 
reported in seconds (Buehring et al., 2013; Puthoff, 2008; 
Siglinsky et al., 2015). Other limitations of these tests 
include dichotomous (pass/fail) determinations and being 
prone to human errors as the final results depend on the 
times taken by individual examiners (Buehring et al., 2013; 
Siglinsky et al., 2015).

Therefore, quantitative methods for the precise mea-
surement of muscle function in older adults over a broad 
range of performance is desirable. The National Insti-
tute of Nursing Research (NINR; 2011) has emphasized 
extending nursing science through the integration of bio-
logical sciences and supporting and employing new inno-
vative technologies for research questions and methods. 
These technologies should include methods to optimally 
assess muscle function in older adults. Muscle mecha-
nography is an innovative technology that quantitatively 
assesses muscle function parameters in older adults using 
a ground reaction force platform (GRFP). The purpose of 
the current article is to introduce muscle mechanography 
as a method to assess muscle function in older adults. The 
review covers the mechanism of muscle mechanography, 
different types of tests, parameters that can be obtained by 
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using muscle mechanography, measurement procedures, 
reproducibility, and safety.

MUSCLE MECHANOGRAPHY
Muscle mechanography can quantitatively assess 

muscle function (force, velocity, power, center of gravity/
sway) using a GRFP. Movements that can be measured 
include heel rise, chair rise, hopping, jumping, and static 
balance positions (e.g., semi-tandem or tandem stance). A 
variety of GRFP systems have been used in research set-
tings (Buehring et al., 2010; Matheson et al., 2013; Ranta-
lainen et al., 2010; Rittweger, Schiessl, Felsenberg, & Runge, 
2003; Singh et al., 2014). One of the most commonly used 
systems is the Leonardo Mechanograph®. 

Principle of Measurement
The Leonardo Mechanograph GRFP comprises two 

symmetrical left- and right-sided force plates, which mea-
sure and quantify any asymmetries in individuals’ physi-
ological movements. A mass (e.g., body weight) creates a 
vertical ground reaction force on the plates, which elicits 
changes in electrical resistance in the GRFP’s sensors that 
are proportional to the exerted force. The voltage changes 
are measured at a frequency of 800 Hz by four strain gauge 
force detectors located in each force plate (eight total force 
sensors). The collected voltage reading is transferred via a 
USB 2.0 connection to a personal computer running the 
Leonardo Mechanography software (Binkley & Specker, 
2008; Matheson et al., 2013; Rittweger et al., 2003; Veilleux 
& Rauch, 2010). From the measured voltage and changes 

in voltage over time, the software can calculate other 
muscle function parameters, such as velocity and power. 
Several software versions are available and the most recent 
includes reference data for individuals ages 3 to 99 years.

Muscle Function Parameters Obtained Using Muscle 
Mechanography

Unlike traditional muscle function tests, muscle mech-
anography directly measures the applied force vector and 
calculates measures of force, velocity, power, jump height, 
and sway (i.e., the change of the center of gravity during a 
balance test) (Buehring et al., 2010; Matheson et al., 2013; 
Rittweger et al., 2003). The Leonardo system also reports 
the Esslinger Fitness Index, an age- and sex-adjusted mea-
sure of power assessed during countermovement jumps. 
Operational definitions of the variables available through 
Leonardo mechanography are presented in the Table.

MEASUREMENT PROCEDURES 
Platform Quality Assurance

Although no standardized procedure exists, it is the 
current authors’ recommendation that the platform should 
be calibrated at least weekly to assure accuracy and preci-
sion of the static properties before performing any tests. 
In addition, it should be calibrated every time it is moved 
from one location to another. Three 20-kg Troemner cast 
iron grip handle weights were used for calibration in the 
current authors’ studies. These weights are stacked in one 
corner of the platform and the measurement of the weight 
is recorded. This process is repeated for each of the other 

TABLE

Operational Definitions of the Variables 
Available Through Muscle Mechanography

Variable Definition
Force The total force exerted on the platform to get the body moving, which also causes acceleration. 

Force is exerted by movements. Force is calculated by multiplying the body’s mass with its accel-
eration. Force (Newton) = mass (kg) x acceleration (m/s).

Velocity Velocity is the rate of motion (speed) in a specific direction. It is calculated by integrating accelera-
tion over time.

Power Power is a necessary parameter to measure movement. Movement is the action of force 
along a specific distance in a certain time, which is measured as power. Power is also used to 
describe the rate at which energy is used. It is calculated by multiplying force and velocity. 
Power = force x distance/time = force (N) x velocity (m/s).

Esslinger Fitness Index (EFI) This is the performance of movement. The EFI represents the maximum jump power relative to 
body weight for one’s age (ages 3 to 99 years) and gender-matched reference population.

Jump height Jump height is defined as the displacement of the body’s center of gravity. Integration of velocity 
over time results in displacement of center of gravity/jump height.
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three corners. In addition, two weights are placed side by side 
in the middle of the platform with a third weight placed on 
top to obtain a central measurement. If any measurements are 
outside of the ±0.5-kg limit, recalibration is needed.

Test Procedures
Several tests and movements can be performed on the 

GRFP. All tests are generally easy to understand as they are 
natural movements that most individuals have performed 
throughout their lives (e.g., rising on the toes, rising from a 
chair, hopping/jumping). However, it is recommended that 
participants receive standardized instructions and that the 
tests be demonstrated by a trained staff member. In addi-
tion, older adults should wear a gait belt while performing 
tests and at least two staff members should be present to 
ensure the individual’s safety. Staff should be ready to assist 
the participant who is wearing a gait belt in case he/she 
loses balance (Figure 1).

Heel-Rise Test. The main outcomes of this test are 
velocity and power. The test comprises heel rises with the 
goal of achieving the maximum speed of their upward 
movement. After standing still on the force platform, par-
ticipants should be instructed to rise on their tiptoes by 
lifting their heels from the force platform as quickly as pos-

sible after hearing a single-tone beep (Veilleux & Rauch, 
2010). A double-audible tone indicates the end of the test. 
Participants are asked to perform three heel raises and the 
heel raise with the greatest height is used for analysis. This 
test is useful for older adults who have a degree of func-
tional disability that limits their ability to participate in the 
jump and chair-rise tests.

Chair-Rise Test. The major outcomes of this test are 
force, velocity, and power. In addition, this test evaluates a 
movement that is highly relevant in everyday life (Veilleux 
& Rauch, 2010). A specific bench is installed on the force 
plate for the purpose of this test. After sitting on the bench 
with feet on the ground, participants are instructed to cross 
their arms over their chest, then stand up straight and sit 
down again as fast as possible. If participants rise success-
fully, they are instructed to repeat this five times as quickly 
as possible. These are exactly the same instructions as for 
the traditional chair-rise test, but muscle power is reported 
instead of time. The rise with the highest maximum power, 
or an average of several rises (three to five), is analyzed.

Single Two-Legged Countermovement Jump. This test 
has been extensively used among older adults in research 
settings (Buehring et al., 2010; Matheson et al., 2013; 
Rittweger et al., 2003; Runge et al., 2004; Siglinsky et al., 
2015; Singh et al., 2014). The main outcome of this test is 
power (usually body weight corrected power [W/kg] is 
reported), but velocity and force can also be examined. To 
perform the test, participants stand on a platform, with a 
foot on each side, as still as possible. After standing still 
on the platform for at least 2 seconds, participants’ body 
weight is recorded. Participants should be instructed to 
perform the jump as quickly and as high as possible, using 
both legs after hearing a single-tone beep. Participants 
should stand up straight and remain still after landing on 
the platform for at least 2 seconds until a double-tone beep 
indicates the end of the test (Buehring et al., 2010; Veil-
leux & Rauch, 2010). Participants can jump freely, without 
any arm movement restrictions (Figure 2). This procedure 
is repeated several times, with the goal to get three coun-
termovement jumps deemed valid by the software. Par-
ticipants should be given time to rest and recover between 
jumps. Depending on the participant’s ability to lift off the 
platform completely and stand still before and after the jump, 
it might not always be possible to record three valid jumps. 
The jump with the greatest height is selected for analysis. 

Serial One- or Two-Legged Jumps (Hopping). Although 
this type of test measures force, velocity, and power, it is 
used to assess maximal jump force, which is correlated 
with bone strength, bone size, bone strength indices, total 

Figure 1.  Example of older adult participant performing a counter-
movement jump under supervision of two trained staff members.
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bone area, and tibial strength strain index (Hardcastle et 
al., 2014; Rantalainen et al., 2009; Runge & Hunter, 2006). 
Participants are instructed to hop on one forefoot or 
both forefeet with their knee almost straight and without 
touching the ground with their heel. Participants should 
hop 10 times. The software detects and eliminates hops if 
heels hit the ground; the hop with the highest force is used 
for analysis (Veilleux & Rauch, 2010).

Balance Assessment/Measurement of Sway. This test 
can be used to assess balance, coordination, and fall-risk 
assessment in older adults. Participants try to stand as still 
as possible in a comfortable upright position with both 
arms hanging free and a foot on each side of the platform 
for a specific period of time (e.g., 10 seconds). Various 
feet positions and open or closed eyes, such as used by the 
Romberg, semi-tandem, and tandem stands, can be chosen 
to increase difficulty. Instructions for these foot positions 
are identical to the ones used in validated test batteries, 
such as the short physical performance battery (Guralnik 
et al., 1994). During these tests, the position of the center 
of pressure (COP) on the platform is recorded. In addition 
to the traditional scoring of these balance tests, outcome 
parameters (e.g., total COP path length [m], sway area 
[m2], mean velocity [m/s]) can be measured. These param-
eters can be used to describe the direction and extent of 
postural sway. The smaller the COP path length or sway 
area, the better the stability. The velocity (i.e., COP path 
length divided by trial duration) represents the amount of 
activity required to maintain stability; the smaller the COP 
velocity, the better the postural control (Treffel et al., 2016).

SAFETY OF MUSCLE MECHANOGRAPHY
Muscle mechanography has been used in many research 

studies across various populations, including young and 
older adults (Buehring et al., 2015; Dietzel, Felsenberg, & 

Armbrecht, 2015; Hardcastle et al., 2014; Matheson et al., 
2013; Rittweger et al., 2003; Runge et al., 2004; Siglinsky et 
al., 2015; Singh et al., 2014), athletes (including master ath-
letes) (Ireland et al., 2015; Michaelis et al., 2008), as well as 
children and adolescents (Binkley & Specker, 2008; Fricke, 
Weidler, Tutlewski, & Schoenau, 2006; Veilleux & Rauch, 
2010). None of these studies reported pain, falls, or frac-
tures while using muscle mechanography. Furthermore, 
in the current authors’ unpublished data of more than 
300 older adults, all participants were able to complete 
most tests on the platform (<5% were not able to perform 
countermovement jumps). Mild joint pain was the only 
complaint, but there were no lasting adverse events.

Buehring et al. (2015) conducted a study to examine the 
safety of jumping mechanography (using countermove-
ment jumps) in an older population including individuals 
with osteoporosis and prior vertebral fracture. Jumping 
mechanography was determined to be a safe and useful 
method. Self-reported pain did not change after counter-
movement jumps and no injuries or new vertebral frac-
tures were sustained, even in individuals with low bone 
mass density and previous vertebral fractures (Buehring et 
al., 2015). Individuals older than 90 with moderate control 
of balance, who were unable to perform the repeated chair-
rise test, were able to complete other tests, including coun-
termovement jumps, without any complaints or adverse 
events (Rittweger et al., 2003). Very frail individuals may 
ask for more assistance to complete countermovement jumps 
and some may only be able to perform heel rises. Evidence 
supports the safety of muscle mechanography in older adults.

REPRODUCIBILITY OF MUSCLE 
MECHANOGRAPHY

The reproducibility of muscle mechanography has been 
examined in several studies (Fricke et al., 2006; Matheson 

Figure 2. Sequence of a countermovement jump: (A) before the jump, the participant stands in an upright position on the force platform as 
still as possible; (B) the participant squats as quickly as possible before the jump; (C) the participant jumps as high as possible; (D) the partici-
pant begins the smooth landing stage; and (E) the participant stands up straight and as still as possible.

A B C D E
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et al., 2013; Rittweger et al., 2003; Veilleux & Rauch, 2010). 
Buehring et al. (2015) have recently found that jumping 
mechanography (i.e., using countermovement jumps) 
has excellent test–retest reliability compared to other 
traditional muscle function tests in 97 adults age 70 and 
older. Jumping mechanography and grip strength had the 
highest intraclass correlation coefficients (ICC) (0.93 and 
0.95, respectively), whereas traditional chair rises and gait 
speeds had lower ICCs (0.81 and 0.76, respectively). 

Other literature supports the finding that jumping 
mechanography and gait speed perform better than Timed 
Up and Go, 10-m gait speed, and chair-rise tests (Rittweger 
et al., 2003). Jumping mechanography has good test–retest 
reliability, with low intra-subject, short-term error (3.6%); 
large inter-subject coefficient of variation (45.4%); and a 
high test–retest correlation coefficient (r = 0.99) (Rittweger 
et al., 2003). Good reproducibility results of muscle mech-
anography are further supported in samples of children 
and middle-aged adults (Matheson et al., 2013; Veil-
leux & Rauch, 2010). Interrater coefficients of variation 
were <0.6% for the two-leg countermovement jumps and 
intrarater coefficients of variation were <5.3% for all vari-
ables (Matheson et al., 2013). Veilleux and Rauch (2010) 
reported coefficients of variation ranged from 3.4% to 7.5% 
for multiple one- and two-legged jumps, single two-legged 
jumps, and heel-rise tests.

Muscle mechanography is a method that has well-
documented reliability, reproducibility, and promises to 
be a sensitive test to detect even small functional changes 
in older adults. In addition, it has less test variability than 
other traditional muscle function tests (e.g., gait speed, 
chair rise).

IMPLEMENTING MUSCLE MECHANOGRAPHY IN 
NURSING RESEARCH

Most nursing research studies involve the collection of 
data through traditional methods, such as self-reporting 
or observation tools. Using innovative and advanced 
methodology in nursing research is highly recommended 
(NINR, 2011). A growing body of evidence indicates that 
identifying muscle power, with specific attention to the 
contribution of force and velocity, is a critical component 
in the design of intervention strategies aimed at amelio-
rating muscle function and physical ability in older adults 
(Pojednic et al., 2012). Muscle mechanography provides 
in-depth knowledge of the individual contributions of 
force and velocity to muscle power so interventions can 
be tailored to optimize the most influential component. 
Muscle mechanography can also be used to evaluate the 

potential of nursing therapeutic interventions in older 
adults (Caserotti et al., 2001; Dietzel et al., 2015; Ran-
talainen et al., 2010; Runge et al., 2004; Singh et al., 2014; 
Tsubaki et al., 2016). 

The current review highlights potential advantages of 
muscle mechanography, including (a) that it is computer-
ized (making it less prone to human error and variation), 
(b) being able to report actual physical units of interest 
for particular tests, (c) assessing a wide range of physical 
ability (less ceiling or floor effects), and (d) that it is repro-
ducible and safe in older adults. Muscle mechanography 
can assist nursing researchers toward building a compre-
hensive picture of the muscle function in older adults, 
predicting the onset of physical decline, and identifying 
the changes in muscle function parameters potentially 
more precisely than traditional methods (Buehring et al., 
2015; Fricke et al., 2006; Matheson et al., 2013; Pojednic et 
al., 2012; Rittweger et al., 2003; Veilleux & Rauch, 2010). 
Because of these advantages, muscle mechanography has 
the potential to reduce the sample size, duration, and total 
cost of research studies.

Despite all these advantages, muscle mechanography 
has some limitations. First, although the method can be 
performed by most older adults, some may be unable to 
perform some tests due to severe frailty or significant phys-
ical impairments. However, even very frail older adults can 
perform at least one or two of the available tests. Second, 
studies are lacking to determine whether muscle mecha-
nography results can be used to predict outcomes such as 
fractures, hospitalizations, and mortality. As researchers 
become familiar with muscle mechanography and begin 
incorporating this technology into more studies, data will 
be available to fill gaps in evidence. Muscle mechanography 
correlates well with measures of maximal force, such as 
grip strength and muscle mass, and also traditional muscle 
tests (Siglinsky et al., 2015). Many studies show that these 
muscle function parameters are associated with health 
outcomes among older adults. For example, muscle force 
correlates with bone health in older adults (Hardcastle et 
al., 2014; Rantalainen et al., 2009), and muscle power cor-
relates with age (Buehring et al., 2010; Rantalainen et al., 
2010; Runge et al., 2004), fall risk (Caserotti et al., 2001; 
Runge & Hunter, 2006; Runge et al., 2004), impaired phys-
ical performance and activities of daily living (Caserotti et 
al., 2001; Dietzel et al., 2015; Runge et al., 2004; Tsubaki 
et al., 2015), and sarcopenia (Siglinsky et al., 2015; Singh 
et al., 2014). As such, although no direct evidence exists 
that muscle mechanography can predict health outcomes, 
the correlation of muscle mechanography with traditional 
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muscle function tests suggests that it could. Jumping 
mechanography has already been integrated into prospec-
tive studies and outcome results should be available in the 
next few years.

CONCLUSION
Muscle mechanography is an innovative and safe 

research tool for measuring muscle function in older adults 
that offers several advantages to currently used methods. 
Muscle mechanography is consistent with the movement 
toward an increased use of highly innovative technology to 
quantitatively measure health status and outcomes. More 
research is needed to examine whether muscle mechanog-
raphy can predict health outcomes such as falls, fractures, 
loss of independence, hospitalizations, and mortality.

REFERENCES
Binkley, T.L., & Specker, B.L. (2008). Muscle-bone relationships in the 

lower leg of healthy pre-pubertal females and males. Journal of 
Musculoskeletal & Neuronal Interactions, 8, 239-243.

Bohannon, R.W. (2015). Muscle strength: Clinical and prognostic 
value of hand-grip dynamometry. Current Opinion in Clin-
ical Nutrition and Metabolic Care, 18, 465-470. doi:10.1097/
MCO.0000000000000202

Buehring, B., Hind, J., Fidler, E., Krueger, D., Binkley, N., & Robbins, 
J. (2013). Tongue strength is associated with jumping mechanog-
raphy performance and handgrip strength but not with classic 
functional tests in older adults. Journal of the American Geriatrics 
Society, 61, 418-422. doi:10.1111/jgs.12124

Buehring, B., Krueger, D., & Binkley, N. (2010). Jumping mechanog-
raphy: A potential tool for sarcopenia evaluation in older individ-
uals. Journal of Clinical Densitometry, 13, 283-291. doi:10.1016/j.
jocd.2010.04.002

Buehring, B., Krueger, D., Fidler, E., Gangnon, R., Heiderscheit, B., & 
Binkley, N. (2015). Reproducibility of jumping mechanography 
and traditional measures of physical and muscle function in 
older adults. Osteoporosis International, 26, 819-825. doi:10.1007/
s00198-014-2983-z

Caserotti, P., Aagaard, P., Simonsen, E., & Puggaard, L. (2001). 
Contraction-specific differences in maximal muscle power 
during stretch-shortening cycle movements in elderly males and 
females.  European Journal of Applied Physiology,  84, 206-212. 
doi:10.1007/s004210170006

Cawthon, P.M., Fullman, R.L., Marshall, L., Mackey, D.C., Fink, H.A., 
Cauley, J.A.,…Ensrud, K.E. (2008). Physical performance and 
risk of hip fractures in older men. Journal of Bone and Mineral 
Research, 23, 1037-1044. doi:10.1359/jbmr.080227

Clark, B.C., & Manini, T.M. (2010). Functional consequences of 
sarcopenia and dynapenia in the elderly. Current Opinion in 
Clinical Nutrition and Metabolic Care, 13, 271-276. doi:10.1097/
MCO.0b013e328337819e 

Dietzel, R., Felsenberg, D., & Armbrecht, G. (2015). Mechanography 
performance tests and their association with sarcopenia, falls and 
impairment in the activities of daily living: A pilot cross-sectional 
study in 293 older adults. Journal of Musculoskeletal & Neuronal 
Interactions, 15, 249-256. 

Fielding, R.A., Vellas, B., Evans, W.J., Bhasin, S., Morley, J.E., Newman, 
A.B.,…Zamboni, M. (2011). Sarcopenia: An undiagnosed condi-

tion in older adults. Current consensus definition: Prevalence, 
etiology, and consequences. International working group on sar-
copenia. Journal of the American Medical Directors Association, 
12, 249-256. doi:10.1016/j.jamda.2011.01.003 

Fricke, O., Weidler, J., Tutlewski, B., & Schoenau, E. (2006). 
Mechanography—A new device for the assessment of 
muscle function in pediatrics. Pediatric Research, 59, 46-49. 
doi:10.1203/01.pdr.0000191580.07644.1c 

Guralnik, J.M., Simonsick, E.M., Ferrucci, L., Glynn, R.J., Berkman, 
L.F., Blazer, D.G.,…Wallace, R.B. (1994). A short physical per-
formance battery assessing lower extremity function: Associa-
tion with self-reported disability and prediction of mortality and 
nursing home admission. Journal of Gerontology, 49, M85-M94.

Hardcastle, S.A., Gregson, C.L., Rittweger, J., Crabtree, N., Ward, K., & 
Tobias, J.H. (2014). Jump power and force have distinct associa-
tions with cortical bone parameters: Findings from a population 
enriched by individuals with high bone mass. Journal of Clinical 
Endocrinology & Metabolism, 99, 266-275. doi:10.1210/jc.2013-
2837 

Hirani, V., Blyth, F., Naganathan, V., Le Couteur, D.G., Seibel, M.J., 
Waite, L.M.,…Cumming, R.G. (2015). Sarcopenia is associated 
with incident disability, institutionalization, and mortality in 
community-dwelling older men: The concord health and ageing 
in men project. Journal of the American Medical Directors Asso-
ciation, 16, 607-613. doi:10.1016/j.jamda.2015.02.006 

Ireland, A., Degens, H., Ganse, B., Maden-Wilkinson, T., Wilks, D., & 
Rittweger, J. (2015). Greater tibial bone strength in male tennis 
players than controls in the absence of greater muscle output. 
Journal of Orthopaedic Translation, 3, 142-151. doi:10.1016/j.
jot.2015.04.001 

Janssen, I., Shepard, D.S., Katzmarzyk, P.T., & Roubenoff, R. (2003). 
The healthcare costs of sarcopenia in the United States. Journal 
of the American Geriatrics Society, 52, 80-85. doi:10.1111/j.1532-
5415.2004.52014.x 

Landi, F., Cruz-Jentoft, A., Liperoti, R., Russo, A., Giovannini, S., 
Tosato, M.,…Onder, G. (2013). Sarcopenia and mortality risk 
in frail older persons aged 80 years and older: Results from 
ilSIRENTE study. Age and Ageing, 42, 203-209. doi:10.1093/
ageing/afs194 

Leong, D.P., Teo, K.K., Rangarajan, S., Lopez-Jaramillo, P., Avezum, 
A., Jr., Orlandini, A.,…Yusuf, S. (2015). Prognostic value of grip 
strength: Findings from the Prospective Urban Rural Epide-
miology (PURE) study. The Lancet, 386, 266-273. doi:10.1016/
S0140-6736(14)62000-6

Matheson, L.A., Duffy, S., Maroof, A., Gibbons, R., Duffy, C., & Roth, 
J. (2013). Intra- and inter-rater reliability of jumping mechanog-
raphy muscle function assessments. Journal of Musculoskeletal & 
Neuronal Interactions, 13, 480-486.

Michaelis, I., Kwiet, A., Gast, U., Boshof, A., Antvorskov, T., Jung, 
T.,…Felsenberg, D. (2008). Decline of specific peak jumping 
power with age in master runners. Journal of Musculoskeletal & 
Neuronal Interactions, 8, 64-70. 

Montero-Odasso, M., Schapira, M., Soriano, E.R., Varela, M., Kaplan, 
R., Camera, L.A., & Mayorga, L.M. (2005). Gait velocity as a single 
predictor of adverse events in healthy seniors aged 75 years and 
older. Journals of Gerontology. Series A, Biological Sciences and 
Medical Sciences, 60, 1304-1309. doi:10.1093/gerona/60.10.1304

Morley, J.E. (2012). Sarcopenia in the elderly. Family Practice, 
29(Suppl. 1), i44-i48. doi:10.1093/fampra/cmr063

National Institute of Nursing Research. (2011). Bringing science to life: 
NINR strategic plan. Retrieved from https://www.ninr.nih.gov/
sites/default/files/ninr-strategic-plan-2011.pdf



24 Copyright © SLACK Incorporated

Taani, Kovach, & Buehring

Pojednic, R.M., Clark, D.J., Patten, C., Reid, K., Phillips, E.M., & 
Fielding, R.A. (2012). The specific contributions of force and 
velocity to muscle power in older adults. Experimental Geron-
tology, 47, 608-613. doi:10.1016/j.exger.2012.05.010

Puthoff, M.L. (2008). Outcome measures in cardiopulmonary phys-
ical therapy: Short physical performance battery. Cardiopulmo-
nary Physical Therapy Journal, 19, 17-22. 

Rantalainen, T., Nikander, R., Heinonen, A., Multanen, J., Häkkinen, 
A., Jämsä, T.,…Sievänen, H. (2010). Neuromuscular performance 
and body mass as indices of bone loading in premenopausal 
and postmenopausal women. Bone,  46, 964-969. doi:10.1016/j.
bone.2010.01.002

Rantalainen, T., Sievänen, H., Linnamo, V., Hoffrén, M., Ishikawa, M., 
Kyröläinen, H.,…Heinonen, A. (2009). Bone rigidity to neuro-
muscular performance ratio in young and elderly men. Bone, 45, 
956-963. doi:10.1016/j.bone.2009.07.014

Rittweger, J., Schiessl, H., Felsenberg, D., & Runge, M. (2003). Repro-
ducibility of the jumping mechanography as a test of mechanical 
power output in physically competent adult and elderly sub-
jects. Journal of the American Geriatrics Society, 52, 128-131. 
doi:10.1111/j.1532-5415.2004.52022.x 

Runge, M., & Hunter, G. (2006). Determinants of musculoskeletal 
frailty and the risk of falls in old age. Journal of Musculoskeletal 
and Neuronal Interactions, 6, 167-173.

Runge, M., Rittweger, J., Russo, C.R., Schiessl, H., & Felsenberg, D. 
(2004). Is muscle power output a key factor in the age-related 
decline in physical performance? A comparison of muscle cross 
section, chair-rising test and jumping power. Clinical Physi-

ology and Functional Imaging, 24, 335-340. doi:10.1111/j.1475-
097X.2004.00567.x 

Siglinsky, E., Krueger, D., Ward, R.E., Caserotti, P., Strotmeyer, E.S., 
Harris, T.B.,…Buehring, B. (2015). Effect of age and sex on 
jumping mechanography and other measures of muscle mass 
and function. Journal of Musculoskeletal & Neuronal Interactions, 
15, 301-308. 

Singh, H., Kim, D., Kim, E., Bemben, M.G., Anderson, M., Seo, D., 
& Bemben, D.A. (2014). Jump test performance and sarcopenia 
status in men and women, 55 to 75 years of age. Journal of Geriatric 
Physical Therapy, 37, 76-82. doi:10.1519/JPT.0b013e3182a51b11

Studenski, S., Perera, S., Patel, K., Rosano, C., Faulkner, K., Inzi-
tari, M.,…Guralnik, J. (2011). Gait speed and survival in older 
adults. Journal of the American Medical Association, 305, 50-58. 
doi:10.1001/jama.2010.1923

Treffel, L., Dmitrieva, L., Gauquelin-Koch, G., Custaud, M.A., Blanc, 
S., Gharib, C., & Millet, C. (2016). Craniomandibular system and 
postural balance after 3-day dry immersion. PLoS One, 11, 1-16. 
doi:10.1371/journal.pone.0150052

Tsubaki, A., Kubo, M., Kobayashi, R., Jigami, H., Sugawara, K., & 
Takahashi, H.E. (2016). Maximum power during vertical jump 
and isometric knee extension torque alter mobility performance: 
A cross-sectional study of healthy individuals. Physical Medicine 
and Rehabilitation, 8, 19-27. doi:10.1016/j.pmrj.2015.04.012 

Veilleux, L., & Rauch, F. (2010). Reproducibility of jumping mecha-
nography in healthy children and adults. Journal of Musculoskel-
etal & Neuronal Interactions, 10, 256-266.


