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Abstract
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10.70252/MTMZ3396 Manual wheelchair users have been shown to have low functional capacity and limited
ability to perform activities of daily living. Conventional protocols for assessing physical attributes such as muscle
function in this population have unique boundaries such as expensive testing equipment and procedures not
specific to wheelchair propulsion. The measurement of muscle function using electronic handgrip dynamometry
has shown promise in assessing additional characteristics beyond strength capacity alone. This study aimed to
determine the correlations of electronic handgrip dynamometry derived strength, time to peak force generation,
fatigability (22.40£10.12%), isometric control, and asymmetry with aerobic capacity in ambulatory young adults.
We included 34 recreationally active ambulatory adults aged 23.76+3.57 years. Muscle function was assessed using
electronic handgrip dynamometry. Aerobic capacity was examined using the six-minute wheelchair push test
(1112.17+92.84ft). Fatigability (22.40+10.12%) showed a significant, near moderate negative correlation (r=-0.345,
p<0.05) with push test outcomes, while the correlation with all other measures was not-significant. Our findings
show that electronic handgrip dynamometry derived fatigability is related to aerobic capacity in those who use
manual wheelchairs. Given the relationships shown in the current study, electronic handgrip dynamometry has
promise for assessing functional health in persons with disabilities, which has particular relevance for SCI, and
could be used in clinical practice and physical medicine and rehabilitation (PM&R) as a tool to examine functional
capacity in applicable populations. However, future research is warranted to assess the concurrent validity of the
additional measures of handgrip strength assessing muscle function.

Keywords: Hand strength, humans, wheelchair, muscle strength, muscle strength
dynamometer, morbidity

Introduction

In the United States, there are roughly 3.6 million Americans that use wheelchairs as mobility
aides, including, but not limited to those with spinal cord injuries, multiple sclerosis, and
cerebral palsy.!? Conditions deriving from motor function impairments, neurological deficits,
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and musculoskeletal limitations associated with manual wheelchair users are shown to lead to
strain during daily activities. The strain during wheelchair ambulation in household activities
limits performing basic self-care tasks.3 Such strain is due to the predominant overuse of upper
limb muscles during wheelchair propulsion. Because of these limitations paired with a greater
susceptibility for upper extremity impairments associated with overuse, wheelchair users tend
to have low physical health, decreased functional and aerobic capacity, which is a measure of
cardiorespiratory fitness and a major component of physical ability.>-”

Components of physical capacity, such as aerobic capacity, in wheelchair users are currently
assessed in laboratory settings with field tests that have been developed by modifying existing
tests used in ambulatory populations.? Field tests are considered conventional for assessing
aerobic capacity in manual wheelchair users. However, in comparison with laboratory
protocols, specific boundaries exist and are associated with the cost of specialized equipment,
lack of specificity with traditional wheelchair propulsion, and external factors which induce
propulsion variability.®-1>2 Knowing the limitations of current field tests, the development of a
valid and accessible protocol for assessing physical capacity in manual wheelchair users is
clinically important.

Handgrip strength (HGS) is a convenient and reliable assessment of strength capacity that is
often measured with hydraulic handgrip dynamometry.’31# Although HGS protocols and
equipment has a long-standing use for health and human performance, only muscle strength is
being measured.’> Electronic handgrip dynamometry has emerged for assessing multiple
muscle function attributes beyond strength capacity while preserving feasibility. Such attributes
may include asymmetry, fatigability, time to peak force generation, and isometric force control.6
These additional measures have not been well assessed in manual wheelchair users.
Furthermore, it is known that the upper extremities have limited functional capacity and are
more fatigable in those who use manual wheelchairs, indicating a possible link between
additional measures of muscle function measured with electronic handgrip dynamometry and
modified field tests, such as the 6-minute push test (6MPT), a valid and reliable test for assessing
aerobic capacity in those who use wheelchairs.>17.18

Therefore, the primary purpose (purpose 1) of this study was to determine the correlations
between maximal handgrip strength, time to peak force generation, fatigability, isometric
control, and asymmetry and the propulsion outcomes during the 6MPT in ambulatory young
adults using wheelchairs. Using ambulatory adults with no prior wheelchair experience allowed
for equal wheelchair propulsion experience in all participants to decrease variability in
propulsion test outcomes when trying to find the initial relationship with muscle function. A
secondary purpose (purpose 2) was to evaluate the relationships between the four additional
grip tasks stated above and maximal HGS in young ambulatory adults using wheelchairs. It was
hypothesized increased maximal handgrip strength, handgrip rate of force development,
handgrip fatigability, handgrip isometric control, and no handgrip asymmetry will be valid
predictors for assessing functional capacity measured via the six-minute push test and that there
will be a positive correlation between handgrip rate of force development, handgrip isometric
control, and handgrip asymmetry on maximal handgrip strength, as well as a negative
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correlation between handgrip fatiguability and maximal grip strength in young ambulatory
adults using wheelchairs.

Methods
Participants

A cross-sectional design was utilized to complete this investigation. The Northern Michigan
University Institutional Review Board approved all study protocols (HS23-1374). To account for
any missing data and adhere to the recommended minimum number of individuals for 80%
power in a single group cross-sectional design to obtain a correlation coefficient of 20.50, the
researcher recruited 34 participants. Sample size was calculated using a priori power analysis
(G Power, Aichach Germany) and collected pilot data consisting of 10 participants. Effect size
was set at 0.5 with a power of 0.80. The researcher recruited by word of mouth, email list serves,
flyers, and oral presentations.

We recruited individuals between the ages of 18 and 35 years old who met the current physical
activity guidelines for Americans!®, and had no prior manual wheelchair experience. Persons
were excluded if they 1) had any musculoskeletal injuries, health conditions, or surgical
procedures within the last six-months that limited physical functioning (e.g., fractures, sprains,
arthritis); 2) were not ready to participate in physical activity as determined by the PAR-Q+2;
3) were not ambulatory; or 4) were unable to complete dynamometer testing on both hands due
to pain, arthritis, or a surgical procedure. Each session lasted between 30- and 60-minutes in
duration.

Protocol

This research was carried out fully in accordance to the ethical standards of the International
Journal of Exercise Science.?! Participants were recruited by word-of-mouth on Northern
Michigan Universities campus. Prior to study testing, individuals were asked to avoid strenuous
physical activities for 48 hours prior to their visit and maintain habitual sleeping, eating, and
hydration patterns. Participants attended one session that lasted up to 60 minutes, beginning
with a review of an informed consent form explaining all aspects of the study prior to taking
part in any study procedures. Participants were also asked to complete a PAR-Q+, and the
International Physical Activity Questionnaire (IPAQ-SF) to screen for risk associated with
performing physical activity and assess physical activity, respectively. Once written informed
consent was provided, and if the participant met all inclusion criteria, data collection began with
obtaining all measures of HGS. All study protocols were approved by the Northern Michigan
University Institutional Review Board.

Gripping tasks were recorded using a Biopac electronic handgrip dynamometer (Biopac
Systems; Goleta, CA) and MP36 Student Lab software. Previous research suggests that Biopac
handgrip dynamometers are highly reliable and valid for determining handgrip force.?> The
Biopac dynamometer allows for kilograms of force to be digitally recorded in real-time for the
duration of a grip task.?® Guidelines for measuring HGS informed our procedures.?* Specifically,
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participants were comfortably seated in a chair with forearms in a 90-degree resting position,
wrist neutral, and hand slightly over the arm of the chair with thumbs facing upwards. A trained
interviewer explained and demonstrated all handgrip protocols before participants completed
a practice trial. Standardized verbal encouragement was provided for all participants. Block
randomization was used to determine hand start. Participants performed two trials on both
hands for each task at a sampling rate of 50 Hz with a minimum of 60-seconds rest between all
assessment trials. All grip tasks were performed in the following order.

For maximal HGS, participants were seated in a chair with their elbow rested at 90-degrees. The
trained interviewer advised the participant to squeeze the dynamometer as hard as possible,
exhaling while squeezing before releasing the muscle contraction. The greatest recorded HGS
value regardless of hand was used for analysis. Next, the time to peak force generation was
calculated by instructing the participant to squeeze the dynamometer as fast as possible, and
delta t was determined from rest to the single highest-performing measure.?> The highest-
performing continuous score was included for the purposes of the analysis with 60-seconds of
rest between trials.

Fatigability was measured next by having participants squeeze the dynamometer at maximal
effort for as long as possible or until they could no longer maintain 75% of their maximal effort.26
A corresponding grip force curve was generated from the collected data. Fatigability was then
calculated from the fatigability index equation, which utilizes the area under the curve (kg/s),
peak force (kg), and duration of contraction (sec). The equation being used is fatigue index = {1-
[area / (peak force * duration)]} * 100.

Isometric control was measured by having the participant squeeze the dynameter at 25% of their
maximal value determined by their maximal HGS for each hand for a total of 10-seconds with a
force tracing visible to participants. The coefficient of variation was determined over the middle
eight-seconds using the best-performing submaximal HGS force control value for analysis.
Lastly, the highest recorded HGS values on either hand were used to calculate the asymmetry
ratio (non-dominate HGS (kilograms)/dominant HGS (kilograms)). Since asymmetry ratios
could be <1.0, any asymmetry ratios <1.0 were inversed to make all ratios 21.0 to improve
interpretability.16

Finally, the 6-Minute Push Test (6MPT) was conducted following all grip tasks on a course
consisting of a 30-m loop marked by two cones 15-m apart with 30 in. wide lanes marked
between the cones on either side to ensure between-subject reliability. The 6MPT was modeled
after the 6-Minute Walk Test (6MWT), therefore, American Thoracic Society (ATS)
administration instructions and guidelines for the 6 MWT were followed, including the standard
patient instruction script.l” A Quickie 2 manual wheelchair (Quickie Wheelchairs, Phoenix
Arizona) was used to conduct the propulsion test. Once in the wheelchair, participants were
given five-minutes to become acclimated to wheelchair propulsion and the mechanics of making
turns. After the acclimation period, participants rested for an additional five-minutes; once they
returned to a near resting state, they were instructed to position themselves at the designated
starting position on the test course. At the starting position, a pretest script was used to instruct
the participant to propel as far as possible within the six-minute time frame at a comfortable
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pace as if they were pushing around the grocery store.!% Participants were also advised that they
may slow down or stop at any point during the test but time would not stop until the test was
completed or the participant requested to end the test. A stopwatch began the moment the
participant began propulsion, and the participants were instructed to stop where they were as
soon as the stopwatch reached six-minutes. Total distance was measured by counting the
number of laps completed and the distance from the end cone to the stopping point.

Statistical Analysis

SPSS Software version 28.0 (IBM; Armonk, NY) was used for the analyses. Descriptive statistics
were reported as mean * standard deviation for continuous variables or frequency (percentage)
for categorical variables. The data were visually inspected for outliers and it was determined
that parametric assumptions were met. To accomplish Purpose 1, individual Pearson correlation
analyses were used to measure the relationships and determine effect size of strength, time to
peak force generation, fatigability, isometric control, asymmetry, with 6MPT distance. To
complete Purpose 2, Pearson correlation analyses were used to evaluate the relationship
between maximal HGS and 1) rate of handgrip force development 2) fatigability 3) isometric
control, and 4) asymmetry. The strength of the associations was interpreted as: r<0.10 is
negligible, r=0.10-0.39 is weak, r=0.40-0.69 is moderate, and r=0.70 is strong.?” An alpha level of
0.05 was used for all analyses.

Results
Table 1. Participant Descriptive Statistics.
n=34
Participant Age (years) 23.76+3.57
Standing Height (centimeters) 173.23+8.28
Weight (kilograms) 76.11+12.62
BMI (kg/m?) 25.09+3.45
Right Hand Dominant (n (%)) 29 (85.3)
Left Hand Dominant (n (%)) 5(14.7)
Female (n (%)) 20 (58.8)
Weekly MVPA (min) 685.19+655.19*
Six-Minute Push Test Distance (feet) 1112.17+92.84
Maximal Handgrip Strength (kilograms) 41.85+9.65
Handgrip Time to Peak Force Generation 0.140+0.037
(seconds)
Handgrip Fatiguability (%) 22.40+£10.12
Handgrip Isometric Control (% variation) 2.35£1.20
Handgrip Asymmetry (OR) 1.10£0.08

*n=33, one outlier removed; Moderate to vigorous physical activity (MVPA).

The descriptive statistics of the participants are shown in Table 1. There were weak to near
moderate negative associations between strength, time to peak force generation, fatigue,
isometric control, and asymmetry and the outcomes of the 6MPT (Purpose 1) shown in Table 2.
The association between fatiguability and the 6MPT was the only relationship shown to be
significant. Weak associations were found between the additional measures of grip strength
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assessing muscle function and maximal HGS (Purpose 2), although insignificant. Concurrent
validity of the additional measures of grip strength cannot be determined due to the statistical
findings. All correlation data for both purposes is shown in Table’s 2 and 3.

Table 2. Results for Correlation of all Measures of Handgrip Strength with 6-Minute Push Test (6MPT)

Outcome Measure 6MPT 95% CI
Maximal Handgrip Strength r=-0.14; p=0.42 -0.458 - 0.206
Handgrip Time to Peak Force Generation r=-0.10; p=0.58 -0.422 - 0.249
Handgrip Fatiguability r=-0.35; p=0.05* -0.612 - 0.008
Handgrip Isometric Control =-0.19; p=0.27 -0.500 - 0.154
Handgrip Asymmetry r=0.20; p=0.27 -0.155 - 0.499

* denotes significance

Table 3. Results for Correlation of Additional Measures of Handgrip Strength with Maximal Handgrip Strength

Outcome Measure Maximal Handgrip Strength 95% CI
Maximal Handgrip Strength r=1.00 -
Handgrip Time to Peak Force r=-0.12; p=0.49 -0.442 - 0.226
Generation
Handgrip Fatiguability r=-0.28; p=0.10 -0.568 - 0.060
Handgrip Isometric Control r=-0.24; p=0.18 -0.531 - 0.112
Handgrip Asymmetry r=-0.32; p=0.06 -0.597 - 0.015
Discussion

The purpose of this study was to determine the correlations between maximal strength, time to
peak force generation, fatigability, isometric control, and asymmetry to a 6MPT test in
ambulatory young adults using wheelchairs. Fatiguability and aerobic capacity as measured by
the 6MPT were negatively associated, and this association was of weak approaching moderate
strength. Although there were no statistically significant correlations between the additional
muscle function measures (i.e., time to peak force generation, fatigue, isometric control, and
asymmetry) and the 6MPT, there is some evidence suggesting weak association between these
measures of muscle function and estimated aerobic capacity estimated by the 6MPT in manual
wheelchair users.

The secondary purpose was to evaluate the relationship between the additional grip tasks to
maximal HGS. No statistically significant correlations were found when comparing the four
additional measures to maximal HGS. However, there is some evidence of weak negative
relationships between all additional measures and maximal HGS. When considering these
findings, fatiguability may be a useful estimate of aerobic capacity in clinical populations. While
clinicians should continue to use gold standard methods such as laboratory procedures utilizing
metabolic data, or field tests such as the validated 6MPT when assessing aerobic capacity in
manual wheelchair users whenever possible, the findings of this study suggests, fatiguability
may have utility. The evidence of the presented relationships showed additional measures of
grip strength measured by electronic handgrip dynamometry may be used in conjunction with
maximal HGS to assess muscle strength and function.
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We found a negative weak association between maximal HGS and the outcome of the 6MPT
distance which is used to estimate aerobic capacity. These findings are inconsistent with the
hypothesis and previous research. Although there is a lack of evidence existing that shows the
relationship between measures of handgrip measured with electronic handgrip dynamometry
on aerobic capacity, there are proposed mechanisms as to why HGS and aerobic exercise may
be linked. Aerobic exercise induces mitochondrial adaptations and elicits changes in different
growth factor levels in skeletal muscle tissue leading to positive protein turnover balance and
improves muscular strength and hypertrophy.?® The mechanisms of strength adaptations from
aerobic activity can be supported from the findings in a study by Crane et al., wherein it was
found that the active participants had higher relative HGS compared to those in the sedentary
group.?” These findings were thought to be derived from greater upper limb habitual activity
similarly seen in high mechanical loads on the upper extremity during wheelchair propulsion.3?
Similarly to Crane et al.’s findings, a study aiming to evaluate the effects of maximum aerobic
capacity and ratings of perceived exertion on muscular strength via handgrip and endurance in
83 male students and office workers, a strong significant relationship between HGS and VO;
max was observed, as well as a weak, approaching moderate relationship between HGS
endurance and VO max.3!

In parallel to our results that show associations between handgrip time to peak force generation
and isometric control with maximal HGS, Klawitter et al. found positive moderate and negative
moderate relationships between handgrip rate of force development, and submaximal force
control to maximal strength, respectively.!® The associations found in in this pilot study utilizing
the same methods with electronic handgrip dynamometry examining the aspects of muscle
function in master’s age endurance athletes were stronger than those found in our study, but
help to further strengthen the evidence of a relationship between additional measures of HGS
to assess muscle strength and function as well as the validity of utilizing electronic handgrip
dynamometry.

With the evidence of a relationship between the additional measures of HGS measuring muscle
strength and function, this information may have clinical significance in the manual wheelchair
population. Previous research has shown there to be shorter time to peak force generation when
measuring rate of force production at 100 milliseconds.3? Rate of force development can be
considered as an important factor for the performance of motor tasks and activities of daily
living. Rodriguez-Rosell stated that the rate of force development following the onset of a
muscle contraction and evaluated at different time intervals (0-300 ms) can provide insight into
the physical conditions of individuals such as the influence of neural and intrinsic contractile
properties on rate of force development changes. For example, the early phase of rate of force
development (<100 ms) has been shown to be mainly influenced by neural drive and intrinsic
muscle properties, whereas the rate of force development after 100 ms may be more related to
adaptive mechanisms promoting increases in maximal muscle strength.3®* Knowing that, rate of
force development would have been a better assessment of neuromuscular function than time
to peak force generation. The assessment of rate of force development may be important for
subpopulations that use manual wheelchairs including individuals with MS, which leads to
neurodegeneration and loss of motor control.?* In addition, Uyguar et al. investigated handgrip
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rate of force development and relaxation scaling factors in 12 individuals with MS and twelve
controls to determine if upper extremity motor impairments could be detected. This study found
that rate of force development was reduced in those with MS, indicating a reduced ability to
produce high handgrip rate of force development over submaximal ranges. A reduced ability to
produce high handgrip rate of force development is thought to be due to central neuromuscular
systems rather than peripheral, which include muscle fiber type.3®> These findings suggest that
we can now possibly use handgrip rate of force develop to assess the disease progression in
those with MS.

Although not statistically significant, we found there was evidence supporting a weak
association between handgrip asymmetry and maximal HGS, which is also clinically relevant to
wheelchair users. Individuals with handgrip asymmetry alone have been shown to have 9%
greater odds for future accumulating morbidities and when asymmetry is also combined with
weakness the odds of future accumulating morbidities increases to 46%.%° Handgrip asymmetry
has also been shown to be associated with functional disability in aging Americans. A study
utilizing data of over 18,000 Americans aged 250 years from 2006-2016 found increased odds for
future activity of daily living (ADL) disability to be 11% in individuals with any handgrip
asymmetry alone and 81% for both handgrip asymmetry and weakness!8. Knowing the risk of
functional disability is important as impairments to both instrumental and basic activities of
daily living are shown to be highly associated with negative health outcomes including
premature mortality and chronic morbidity.3”3 It is especially important to assess manual
wheelchair users as individuals in this population report approximately nine ADL or
instrumental ADL (IADL) limitations, which impacts their ability to live independently and is
higher than that of individuals who use walkers, crutches, or canes.?

This study had some limitations with the first being that participants were not manual
wheelchair users. Therefore, our findings may not be generalizable to manual wheelchair users
as a whole, but we tried to simulate such use. Additionally, a pacing strategy is often required
to perform well during the 6MPT and we observed that several participants struggled with
maintaining the same pace throughout the test. Also, one wheelchair was used for all
participants and may not have been the appropriate size for some of the larger participants
which made regulating tire pressure difficult. Another limitation was the assessment of time to
peak force generation rather than rate of force development which is a better assessment of
neuromuscular function. Finally, sample size was calculated without considering covariates
which may have led to statistically insignificant findings.4

Future research should utilize individuals who are manual wheelchair users now that there
appears to be evidence of an initial relationship between additional measure of HGS and aerobic
capacity. The relationships shown between the additional measures of HGS and maximal HGS
indicate the need for more research to assess the concurrent validity electronic handgrip
dynamometry as a tool to measure muscle function by comparing the additional measures of
HGS to each of their respective assessments.

We found that handgrip fatiguability has a negative association of weak, approaching strength
with aerobic capacity, as estimated by the 6MPT. Additionally, we found there is evidence of

International Journal of Exercise Science http:/ /www.intjexersci.com

( ]
l177j



Int ] Exerc Sci 18(5): 170-181, 2025

associations between all additional measures of handgrip and maximal handgrip strength. The
findings of this thesis study may be useful for informing clinicians to implement electronic
handgrip dynamometry measurements to not only assess muscle function in manual wheelchair
users, but also aerobic capacity. Handgrip rate of force development and asymmetry are
variables that show promise for assessing muscle function and predicting functional limitations
in manual wheelchair user’s population.
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