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ABSTRACT

International Journal of Exercise Science 17(4): 1155-1166, 2024. Electronic handgrip dynamometry
allows for multiple muscle function aspects to be feasibly measured, yet their relationship with lower extremity
muscle function is unknown. We sought to determine the relationships between upper and lower extremity
mechanical isometric muscle strength, rate of force development (RFD), and endurance by limb dominance in
resistance trained adults. The analytic sample included 30 adults aged 32.1 + 13.5 years. An electronic handgrip
dynamometer ascertained upper extremity strength capacity, RFD, and endurance. Lower extremity strength, RFD,
and endurance were collected with the isometric feature on an isokinetic knee dynamometer. Limb dominance was
self-reported. Pearson correlations were used for the analyses. Each muscle function attribute on the dominant limb
of the upper and lower extremities were correlated: r = 0.76 (p < 0.01) for strength, r = 0.37 (p = 0.04) for RFD, and
r=-0.48 (p < 0.01) for endurance. Although strength from the non-dominant limbs were correlated (r = 0.67; p <
0.01), no significant correlations were observed for REFD (r = 0.20; p = 0.29) and endurance (r = —0.21; p = 0.26). For
adults aged 18-34 years, only upper and lower extremity strength was correlated on the dominant (r = 0.69; p <
0.01) and non-dominant limbs (r = 0.75; p < 0.01); however, strength (r = 0.88; p < 0.01) and endurance (r = =0.68; p
= 0.01) were correlated in adults aged 35-70 years. Upper and lower extremity fatigability was likewise correlated
in females (r = —0.56; p = 0.01). Our findings suggest that electronic handgrip dynamometry derived strength, RFD,
and endurance could be a whole-body indicator of these muscle function attributes given their relationships with
the lower extremities. These findings underscore the promise of handgrip dynamometry in routine muscle function
assessments across different age groups.
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INTRODUCTION

Muscle function is comprised of several attributes such as strength, rate of force development
(RFD), and endurance. These mechanical aspects of muscle function are necessary to understand
health and human performance. For example, strength capacity, RFD, and muscle endurance
are associated with frailty, mobility, and diabetes, respectively (14, 32, 40). Moreover, strength
decreases injury risk in athletes (34), RFD is linked to jumping distance and fall prevention (2,
23), and muscle endurance is associated with aerobic capacity and walking energetics (29).
Given that specific characteristics of muscle function are uniquely associated with health and
human performance, it is important to appropriately measure these aspects for their assessment.

Although evaluating muscle function is central for health and human performance, measuring
individual aspects of muscle function can pose challenges. Specifically, measuring strength,
RFD, and fatigability could be limited by access to equipment, the functional abilities of persons
undergoing testing, and risk of injury while examinations are in process (22). Such limitations
may reduce the safety and inclusiveness for performing muscle function examinations. Multiple
assessment methods should similarly be considered for certain characteristics such as strength
(6). Therefore, new and feasible methods for assessing muscle function should be sought to help
circumvent barriers to testing.

Handgrip strength is a convenient and reliable assessment of overall muscle strength that
generalizes to muscle function (3). The isometric grip force generated during measures of
handgrip strength is related to lower extremity strength, thereby supporting maximal handgrip
strength as an overall strength capacity assessment (4, 5). Given that handgrip strength has
procedural ease and presents whole body strength capacity utility, handgrip strength
measurements have emerged as part of health and human performance examinations (7, 20).
Indeed, handgrip strength is feasible and provides insights regarding muscle strength; however,
traditional methods and tools (e.g., hydraulic handgrip dynamometers) for evaluating handgrip
strength only allow for the collection of maximal strength, thereby overlooking other attributes
of muscle function such as RFD and endurance (28). These challenges underscore the necessity
for innovative methods that can more comprehensively assess muscle function attributes,
including in the context of upper-lower extremity relationships. As such, improvement
opportunities exist for expanding handgrip strength measurements to be more inclusive of other
muscle function attributes.

Electronic handgrip dynamometers allow for the collection of other characteristics of muscle
function beyond maximal strength while maintaining feasibility (16, 19). The electronic
capabilities of these sophisticated dynamometers permit the observation of force-time curves in
real time, thereby allowing other muscle function characteristics to be evaluated, including RFD
and endurance. These capabilities may also serve as an approach for increasing safety and
inclusiveness in muscle function testing. Despite known correlations between handgrip strength
and general muscle function, the unilateral relationships between electronic handgrip
dynamometer and extremity-derived RFD and endurance remain unknown. This investigation
sought to determine the relationships between upper and lower extremity isometric strength,
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RFD, and endurance by limb dominance in resistance-trained adults. We hypothesize that
correlations will exist between the upper and lower extremities for these muscle function
metrics.

METHODS

Participants

A single-visit cross-sectional design was utilized for the study. We pre-specified the recruitment
of at least 30 participants as a recommended statistical power proxy for pilot studies (15, 36).
Given we wanted to capture a wide age demographic (e.g., master’s athletes), participants were
included if they were aged 18-70 years (24), and met muscle strengthening recommendations
for at least a year from the Physical Activity Guidelines for Americans (26). Persons were
excluded if they had any musculoskeletal injury, health condition, or surgical procedure within
the previous 6 months that limited physical performance, were not ready to engage in physical
activity as determined by the PAR-Q+, or were unable to grasp a handgrip dynamometer or
extend their knee due to pain, arthritis, or a surgical procedure.

Flyers, social media, registries, and word-of-mouth were used for study recruitment. Those
interested in our investigation contacted a trained interviewer to complete a pre-consent
screening questionnaire to determine study eligibility. Given our study criteria, n = 11 persons
were excluded for not meeting muscle-strengthening recommendations, and n = 1 was excluded
due to knee arthritis. Additionally, a single participant did not arrive at our laboratory after
scheduling a visit, and n = 16 were excluded for invalid testing. This research was carried out
fully in accordance to the ethical standards of the International Journal of Exercise Science (25).
Written informed consent was provided by all participants before engaging in study procedures.
The North Dakota State University Institutional Review Board approved all protocols.

Protocol

Participants were asked to complete a self-report demographics questionnaire. Standing height
and body mass was collected with a Seca stadiometer (Seca; Chino, CA). Body mass index was
calculated as kg/m?2. A Biopac SS25LA electronic handgrip dynamometer (Biopac Systems;
Goleta, CA), was used to collect strength, RFD, and fatigability. The electronic dynamometer
was integrated with a Biopac Student Lab Basic System Acquisition Unit. Calibration of the
handgrip dynamometers occurred before data collection. Guidelines for measuring handgrip
strength were used to inform our protocols (28). Before handgrip testing, all participants were
asked to sit in a chair with their feet flat on the floor, back against the rest, and arms on the rest
their hand a neutral position. Trained interviewers explained, demonstrated, and provided
verbal encouragement during all handgrip tasks. Participants were allowed a practice trial
before engaging in handgrip testing. The order of the hand tested first was block randomized,
and participants completed 3 measures for each handgrip task, alternating between hands, with
approximately a minute of rest between measurements (27). To reduce fatigue from performing
multiple grip tasks while elevating task familiarity, we ordered each handgrip assessment: 1)
strength, 2) rate of force development, and 3) fatigability.
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For the maximal strength measurement, participants squeezed the electronic handgrip
dynamometer on a single hand with maximal effort, exhaling while squeezing, and then
released the dynamometer. The highest recorded handgrip strength in kilograms on each hand
was included in the analyses.

RFD is often observed as a time component of maximal force production. Accordingly, to
determine the RFD, participants were instructed to squeeze the dynamometer “as fast and hard
as possible for about a second” after receiving a verbal que to start. RFD was calculated as peak
force (kilograms) normalized to time (seconds), and the highest performing value from this grip
task on each hand was included in the analyses (9).

Participants were asked to squeeze the dynamometer with maximal effort on a single hand for
as long as possible to measure fatigability. The duration of the grip force task ended when a
participant fatigued to 50% of their maximal handgrip strength or if they voluntarily released
the dynamometer (8). A corresponding grip force curve was generated, and fatigue was

determined from the fatigability index (18): (1 - ( ))xlOO%. The lowest fatigability

index on each hand, which represents greater resistance to fatigue, was included in the analyses.

Real Area

Ideal Area

A Biodex System 4 Pro (Biodex; Shirley, NY) was used to measure lower extremity muscle
function. Before lower extremity testing, each participant was securely positioned on the Biodex
using standard procedures. The order of leg tested first was block randomized to be compatible
with the handgrip tasks, and participants completed the protocol in full before the other leg was
tested. After standardizing range of motion to each participant, a leg was stationed at 60° of knee
flexion (i.e., 0° is full extension) (30). Before the knee extension tasks, a trained interviewer
explained the protocol. The execution of each isometric knee extension task was ordered in
alignment with the grip tasks to reduce fatigue and elevate familiarity: 1) strength, 2) RFD, and
3) fatigability. For strength measurements, participants extended at the knee with maximal
effort for 5 seconds, exhaling on extension, and then relaxed. A total of three trials were
conducted on each leg with 30-seconds of rest period between sets. The highest performing knee
extension torque value (N -m) on each leg was included in the analyses.

To measure RFD of the knee extensors (or rate of torque development), interviewers instructed
participants to extend their knee “as fast and hard as possible for about a second”. RFD was
calculated as peak torque (N - m) normalized to time in seconds. Each leg had 3 trials, and the
highest-performing RFD from each leg was included in the analyses (9).

Given that the Biodex System 4 Pro does not allow for the observance of a torque-time curve
during testing, we conducted a repetition-based protocol for inducing fatigue which was
modeled from another investigation (38). Specifically, participants were asked to complete 12
isometric knee extensions successively with maximal effort for 5 consecutive seconds, allowing
for 3 seconds of rest between each repetition. We calculated fatigability on each leg with the raw
torque data (N - m) as the difference in the mean from the last 3 repetitions from the mean of the
first 3 repetitions (38).
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Statistical Analysis

All analyses were conducted with SAS 9.4 software (SAS Institute; Cary, NC). The descriptive
characteristics of the participants were presented as mean + standard deviation for continuous
variables and frequency (percentage) for categorical variables. Given that our experimental
design placed credence in unilateral muscle function assessments, we performed our analyses
stratified by limb dominance. Accordingly, we performed Pearson correlations for upper and
lower limb strength, RFD, and fatigability for the dominant and non-dominant limbs. As an
additional analysis, we also quantified the relationships between upper and lower strength,
RFD, and fatiguability for the dominant and non-dominant limbs by age group (18-34 years (i.e.,
non-master’s athletes); 35-70 years (i.e., master’s athletes)) and sex. An interpretation of
correlation coefficients for medicine was utilized (1). An alpha level of 0.05 was used for all
analyses.

RESULTS

The descriptive characteristics of the participants are presented in Table 1. Of the 30 participants,
25 (83.3%) were right hand dominant and 13 (43.3%) were aged 35-70 years. Figure 1 displays
the relationships between upper and lower extremity strength, RFD, and fatigability for the
dominant limbs. Each aspect of muscle function on the dominant limbs for the upper and lower
extremities were fairly-to-moderately correlated: r = 0.76 (p < 0.01) for strength, r = 0.37 (p = 0.04)
for RFD, and r = -0.48 (p < 0.01) for fatigability. The correlations between upper and lower
extremity strength, RFD, and fatigability from the non-dominant limbs are shown in Figure 2.
While strength from the upper and lower non-dominant limbs was moderately correlated
(r=0.67; p < 0.01), no significant correlations existed for rate of force development (r = 0.20;
p =0.29) and fatigability (r = —0.21; p = 0.26).

Table 2 presents the correlations between upper and lower extremity strength, rate of force
development, and fatigability by age group. For adults aged 18-34 years, upper and lower
extremity strength was moderately correlated on the dominant (r = 0.69; p < 0.01) and non-
dominant limbs (r = 0.75; p < 0.01). However, for adults aged 35-70 years, moderate-to-strong
significant correlations were observed for upper and lower extremity limb strength (r = 0.88;
p <0.01) and fatigability (r = —0.68; p = 0.01). The correlations between upper and lower
extremity strength, rate of force development, and fatigability by sex are shown in Table 3.
Dominant limb fatigability was fairly correlated (r = —0.56; p = 0.01) in females.
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Table 1. Descriptive characteristics of the participants.

Overall (n = 30)

Age (years) 321+13.5
Female (1 (%)) 19 (63.3)
Non-Hispanic (1 (%)) 29 (96.7)
Married (n (%)) 12 (40.0)
Completed Bachelor’s Degree or Higher (1 (%)) 15 (50.0)
Right Hand Dominant (2 (%)) 25 (83.3)
Right Leg Dominant (1 (%)) 26 (86.7)
Self-Rated Health (11 (%))

Excellent 7 (23.3)

Very Good 18 (60.0)

Good 5 (16.7)
Standing Height (cm) 171.8+9.1
Body Mass (kg) 80.5+17.7
Body Mass Index (kg/m?2) 271+39
Dominant Handgrip Strength (kg) 32.8+12.6
Dominant Handgrip Rate of Force Development (kg/s) 109.7 £45.9
Dominant Handgrip Fatigability+ 30.4+£75
Non-Dominant Handgrip Strength (kg) 30.9+10.0
Non-Dominant Handgrip Rate of Force Development (kg/s) 96.3£32.2
Non-Dominant Handgrip Fatigability* 314+72
Dominant Leg Extension Strength (N - m) 166.6 +47.9
Dominant Leg Extension Rate of Force Development (N -m/s)t 601.3 £ 223.8
Dominant Leg Extension Fatigability (N - m) 20.0+12.6
Non-Dominant Leg Extension Strength (N - m) 1711 +44.0
Non-Dominant Leg Extension Rate of Force Development (N - m/s)t 645.2 £ 168.0
Non-Dominant Leg Extension Fatigability (N -m) 16.9+13.7

tCould also be referred to as rate of torque development. fDetermined from the fatigability index.

Table 2. Correlations between upper and lower extremity strength, rate of force development, and fatigability by
age group.

Aged 18-34 Years (n =17) Aged 35-70 Years (1 = 13)

Dominant Limbs

Strength r=0.69;p <0.01 r=0.88;p <0.01
Rate of Force Development r=0.32;p=0.20 r=0.50; p = 0.08
Fatigability r=-0.23;p=0.36 r=-0.68;p=0.01
Non-Dominant Limbs

Strength r=0.75;p <0.01 r=0.54;p=0.05
Rate of Force Development r=022;p=0.37 r=0.18;p=0.55
Fatigability r=-041;p=0.09 r=0.08;p=0.79
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Figure 1. Relationships between upper and lower extremity strength, rate of force development, and fatigability for dominant limbs. A = strength;
B = rate of force development; C = fatigability. Green = fitted regression line; Red = 95% confidence ellipse.
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Figure 2. Relationships Between upper and lower extremity strength, rate of force development,
strength; B = rate of force development; C = fatigability. Green = fitted regression line; Red = 95%
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Table 3. Correlations between upper and lower extremity strength, rate of force development, and fatigability by
sex.

Female (1 =19) Male (n =11)

Dominant Limbs

Strength r=10.40; p = 0.08 r=047,p=0.14

Rate of Force Development r=0.15p=0.52 r=022;,p=0.50

Fatigability r=-0.56;p=0.01 r=-038;p=024

Non-Dominant Limbs

Strength r=032;,p=0.17 r=0.57;p=0.06

Rate of Force Development r=034;p=0.14 r=-0.10;p =0.76

Fatigability r=0.12;p=0.60 r=-0.38;p=023
DISCUSSION

The principal findings of this pilot investigation found that electronic handgrip dynamometer-
derived strength, RFD, and fatigability were related to lower extremity strength, RFD, and
fatigability in resistance-trained adults. Specifically, strength, RFD, and fatigability were fairly-
to-moderately correlated between the upper and lower extremities on the dominant limbs, but
only a significant correlation was observed for non-dominant upper and lower extremity
strength. Similar patterns were observed when considering the age group, such that strength
was correlated between the upper and lower extremities, but the magnitude of the correlation
elevated in persons aged 35-70 years. Moreover, fatigability was correlated between the upper
and lower extremities for those aged 35-70 years, but not in persons aged 18-34 years. Our
tindings suggest that electronic handgrip dynamometry has promise to serve as a whole-body
indicator of strength, RFD, and fatigability.

Limb dominance may factor into performance in unilateral muscle function assessments such
as those performed in our investigation. For example, muscle function and coordination tend to
be better in dominant extremities relative to non-dominant (12). As such, the role of coordination
on the dominant extremities may explain why we observed significant correlations for strength,
RFD, and endurance. A large proportion of the population is right hand dominant, but this
proportion is dissimilar for the lower extremities (21). Changes in limb dominance may occur
depending on injuries or overuse. Voletta et al. (36) found that limb dominance changed
depending on the task, wherein tasks that are manipulative the right limbs are preferred, but
when involve stability, the left limbs might be favored.

Our findings align with previous studies that have found a relationship between upper and
lower extremity strength as measured by dynamometry (4, 5, 34). Sports medicine practitioners
should carefully select strength and conditioning tests for examining human performance (22).
For example, while algorithmic flowcharts help to guide test selection, athlete abilities should
also warrant attention (11, 38). Limb dominance and age may factor into the findings, but we
advise caution in defining dominance as it is largely task dependent. Handgrip protocols as a
non-invasive tool for assessing strength, RFD, and fatigue could be useful in older populations
with a specific metabolic demand. Given the novelty of electronic handgrip dynamometry in
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assessing several measures of muscle function for human performance, more research is needed
to specify measurement utility and response to intervention.

While limb dominance may have factored into our findings, age and sex may have also been
influential. For example, males exhibit steeper muscle function decline relative to females,
especially in the lower extremities (10). Muscle strength and mass likewise decrease with age,
which may help to elucidate our observed correlations for strength and fatigability in master’s
athletes in the dominant limbs (32). Sex-based differences in our findings could be underpinned
by endocrine and muscle fiber type, as females have a greater prevalence of slower-twitch fibers,
which enables slower oxidative fibers and higher oxidative capacity for elevated endurance and
recovery (13). Such findings support the need to examine sex as a biological variable for human
performance research (17).

Some limitations should be noted. We included a sample of resistance trained athletes, limiting
our findings” generalizability. Other protocols for ascertaining lower extremity fatigability, such
as a sustained isometric contraction, may have altered our correlations, but tools to measure
were not available. Similarly, other knee angles while seated during testing may have changed
lower extremity muscle function performance. We chose to evaluate strength before RFD to
elevate familiarization of the novel handgrip testing and to reduce spuriousness in RFD
measurements such that participants knew the differences in contraction speed. Future research
may examine the role of electronic handgrip dynamometer derived strength, RFD, and
fatigability on the lower extremities in community-dwelling older adults for helping to expand
the usage of electronic handgrip dynamometry into clinical settings.

Our findings showed that upper extremity strength, RFD, and endurance, as measured with
electronic handgrip dynamometry, were related to the same metrics in the lower extremities in
resistance-trained adults. Limb dominance and age may also factor into the findings. These
results suggest that electronic handgrip dynamometry may serve as a whole-body indicator of
muscle strength, RFD, and endurance. Electronic handgrip dynamometry could be especially
useful for muscle function testing when considering low injury risk, accelerated time to
recovery, and inclusiveness in abilities for a possible wide range of athletes.
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