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Abstract
Upper limb motor fatigability is an important debilitating factor for activities of daily living in clinical pediatric populations.
However, the reliability of fatigability protocols in these populations is currently unknown. Therefore, the current study inves-
tigates test-retest reliability of a static and dynamic motor fatigability protocol for grip and pinch strength in typically developing
children (TDC). Eighty-nine TDC (35 boys, 54 girls; mean age 10 years 11 months) used a grip and pinch dynamometer for static
(sustained) and dynamic (repeated) contractions during 30s. For static motor fatigability (SFI), mean (Fmean) and SD (Fvar) of
force were calculated, and for dynamic motor fatigability, F mean and number of peaks (Npeaks) were calculated. Intraclass
correlation coefficients (ICC) were calculated. ICCs of F mean in static and dynamic motor fatigability were high (ICC: 0.94—
0.96 and 0.91-0.98). ICCs were moderate to high for F var (ICC: 0.67-0.85). The SFI showed moderate ICCs (ICC: 0.69—0.77).
ICCs were moderate to high for N peaks (ICC: 0.78-0.91).

Conclusion: The results suggest that static and dynamic motor fatigability in for grip and pinch can be used reliably in TD
children aged 6-18 years.

What is Known:

*Psychometric properties of motor fatigability protocols using grip and pinch in children are lacking.

*Motor fatigability in grip and pinch is an important debilitating symptom in multiple neurologic populations.
What is New:

«Static fatigability can be investigated using a 30-s maximum sustained grip strength protocol in children.
*Dynamic fatigability can be investigated using a 30-s maximum repeated grip strength protocol in children.
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Abbreviations
AUC Area under the curve
CI Confidence Interval

COSMIN  Consensus-based standards for the selection of
health measurement instrument

CP Cerebral palsy

DFI Dynamic fatigue index

Fmean Mean force

Fvar Standard deviation of force

HAUC Hypothetical area under the curve

ICC Intraclass correlation coefficient

Kg Kilograms

LOA Limits of agreement

MS Multiple sclerosis

MVC Maximum voluntary contraction

™MVC Repeated maximum voluntary contraction

SD Standard deviation

SDD Smallest detectable difference

SEM Standard error of measurement

SFI Static fatigue index

sMVC Sustained maximum voluntary contraction
TD Typically developing

Introduction

Fatigue may have a detrimental impact on everyday functioning
in patients with a neurological disorder [1-4]. In young adults
with cerebral palsy (CP), general fatigue (76%), pain (88%), and
joint deformities (86%) have been reported as major health prob-
lems [5]. In children with unilateral CP, in whom one side of the
body is affected, perceived fatigue is associated with decreased
motor performance and strength [4]. Also, in other pediatric pop-
ulations, such as pediatric stroke, juvenile idiopathic arthritis, and
Duchenne muscular dystrophy, the presence of fatigue in general
has been reported and is known to affect activities of daily living
and quality of life [4, 6, 7].

In this study, fatigue is defined according to the taxonomy
of Kluger et al. (2013) [8, 9]. Fatigue is divided into “trait
fatigue,” constant and independent of time or daily activities,
and “state fatigue” (fatigability), dependent on daily activities
and therefore fluctuating in time. Here, “state fatigue” or fati-
gability is defined as “a decline in one or more aspects of
performance during continuous execution of a prolonged task
or comparing performance on a probe task before and imme-
diately after prolonged execution of a separate fatigue-
inducing task™ [8, 10]. Fatigability can be further divided into
two domains, cognitive (using cognitive tasks) and motor
(using motor tasks). In this study, we focus on the motor
domain, defined as “the magnitude or rate of change of motor
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performance on an objectively measured reference criterion
after any type of voluntary activity or exercise” [8, 10].
Furthermore, static motor fatigability and dynamic motor fa-
tigability can be distinguished, depending on the type of task
performed [11]. For static motor fatigability, persons perform
a sustained maximal voluntary contraction (sMVC) over a
given period of time, whereas in dynamic motor fatigability,
persons perform repeated maximal voluntary contractions
(rMVC) over a given period of time [11].

In pediatric populations, motor fatigability has been investi-
gated in children with CP using several measurement protocols
with different outcome measures such as the static fatigue index
(SFI); EMG measures; and muscle endurance for the hands,
elbows, and shoulders [12—17]. These studies report conflicting
results which might be influenced by the lack of research on
clinimetric properties of these protocols in pediatric populations
[12—17]. Further research in this area is warranted.

In adults with multiple sclerosis (MS), static motor fatiga-
bility is measured using a 30-s sustained strength task and
dynamic motor fatigability using a 30-s repeated strength task
[11, 18]. For static motor fatigability, the SFI is calculated by
comparing the actual area under the force-time curve (AUC)
to a hypothetical area under the curve (HAUC), if there was no
fatigability. A higher SFI represents a higher static motor fa-
tigability [11, 18]. As well as SFI, other parameters may be
relevant in quantifying fatigability in children such as the
mean force and the standard deviation of force. For static
motor fatigability, mean force and standard deviation (SD)
of force can be calculated in the first and third parts of the
30-s force-time curve. Static motor fatigability could then
present as a decrease in mean force and/or an increase in SD
of force with time.

Previous research in MS patients has quantified that dy-
namic motor fatigability was measured using the dynamic
fatigue index (DFI) [13]. The DFI is calculated as the ratio
between the first three and last three peak forces in the 30-s
repeated strength task. However, for DFI, mean force and the
number of peaks may also be relevant. Here, the 30 s period
can again be divided into three parts, with the mean force and
the number of peaks in each part being calculated. A decrease
in force and/or a decrease in number of peaks between the first
and third parts indicates a higher motor fatigability.

Despite that several protocols are proposed for measuring
static and dynamic motor fatigability in pediatric populations,
data on reliability is lacking [12—17]. A clinimetrically sound
protocol in typically developing (TD) children is warranted to
develop norm-values for motor fatigability in children. This in
turn could support the understanding and interpretation of data of
pediatric populations such as cerebral palsy, juvenile idiopathic
arthritis, Duchenne muscular dystrophy, and spinal muscular
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atrophy regarding the presence and severity of motor fatigability.
The static and dynamic motor fatigability protocols that will be
investigated in the current study are mainly based on protocols
found to be reliable in MS patients [2, 11, 18-20]. The aim of this
paper is to investigate the test-retest reliability of two new motor
fatigability protocols in TD children.

Methods
Participants

Typically developing children from different primary schools,
high schools, youth movements, and friends and family of the
researchers, in Belgium were invited to participate between
December 2018 and December 2019. Numbers were based
on the consensus-based standards for the selection of health
measurement instruments (COSMIN) guidelines which state
that at least 100 children need to be included for a good study
design [21]. Children were included if they were (1) aged
between 6 and 18 years, (2) cognitively capable of under-
standing the instructions, (3) Dutch speaking, and (4) willing
to participate which was assessed using dialog with the child
prior to testing. Parents were asked to fill in a questionnaire to
identify health-related problems, such as neurological, ortho-
pedic, or cognitive disorders. Children were excluded if they
suffered any type of upper limb motor disorder (neurological
and/or orthopedic) or a cognitive disorder. Children were ex-
cluded if they suffered any type of upper limb motor disorder
(neurological and/or orthopedic) or a cognitive disorder.

Information on age, gender, and self-reported preferred hand
was gathered. The dominant hand was defined as the hand with
which children wrote or colored. Children were asked not to
participate in intensive fatigable exercises of the upper limb in
the day before and on the day of testing. Children and/or parents
gave written informed consent prior to the measurements. This
research was approved by the Medical Ethical Committee of
Hasselt University (CME2018/069).

Measurements

Each child was measured twice by the same tester, with a
minimum of 24 h and a maximum of 1 week between mea-
surements. Children were seated in a chair with their feet flat
on the floor, back against the backrest, shoulders in neutral
position, and elbows in 90 degrees. There was no support of
the shoulder. The forearm and elbow were leaning on an arm-
rest, and wrist in neutral position [12]. The grip meter and
pinch meter were not additionally supported by the tester.
Positioning of the children was always standardized across
tests. Five testers (physiotherapists) performed the measure-
ments. All were trained by the lead investigator (LB) who
provided a detailed, standardized protocol. Furthermore, a

detailed log was written after the testing of each child, noting
any uncertainties during measurements. All grip and pinch
strength and fatigability measurements were performed with
the Biometrics E-LINK H500 Hand Kit (Biometrics Ltd.,
UK). Forces are given in kilograms (kg). The handle position
of the E-LINK H500 Hand Kit can be adjusted to the size of
the hand. There are three different positions, and the correct
position was determined so that the end of the handlebar ap-
proximates the distal end of the metacarpal. The grip meter
and pinch meter were not additionally supported by the tester.

Measurement procedures

First, children performed three maximum voluntary contrac-
tions (MVC) with the grip and pinch dynamometer with each
hand. After each MVC, a 30-s rest was provided. The mean of
the three trials was used for further analyses.

Second, static motor fatigability was measured during a 30-
s sustained maximal contraction with the grip and pinch dy-
namometer. Both hands were tested. Instructions were stan-
dardized across testers, and children were asked to squeeze as
hard as possible for 30 s, while visual feedback on the remain-
ing time was provided. The execution was defined as success-
ful if the children reached the peak force within the first 10 s of
the measurement. This ensured the ability to correctly calcu-
late the outcome measurements.

Third, dynamic motor fatigability was assessed also over a
30-s time period. Children squeezed repeatedly as hard and
fast as possible. Again, verbal instructions and encouragement
were standardized across testers and every time children were
shown visual feedback on the remaining time. The measure-
ment was defined as successful if the children squeezed re-
peatedly at any pace over the entire 30 s.

For both static and dynamic motor fatigability, no test ses-
sion was scheduled because in that way, motor fatigability
could be present more than was actually the case. Also, be-
cause of the easy nature of both tasks, a test session would not
be necessary.

Outcome measures
Fatigability parameters

Static motor fatigability was quantified by calculating three
outcome measures: mean force (Fean), SD of force (F,g,),
and the static fatigue index (SFI) [11]. To calculate these, peak
force within the first 10 s was identified, and the curve prior to
peak force was excluded from calculation. For calculating the
outcome measures, Fi,.., and Fy,, the remaining time was
divided into three equal parts. Within the first and the third
parts, mean force was calculated (Feant> Finean3), as well as
the SD of force (Fya1, Fyvars) (Fig. 3a). Test-retest reliability

@ Springer
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was calculated for F .., and F,, for the first and third parts of
the force-time curve.

To calculate SFI, as in the study of Surakka et al. (2004),
two areas were identified: first, an area under the force-time
curve (AUC) and, second, a hypothetical area under the curve
(HAUC) mimicking a situation where strength would have
been sustained at maximum level during the trial [18]. The
SFI was then calculated by using the following equation:
SFI=100% x 1 — (AUC/HAUC) [11] (Fig. 1b). Following
this equation, a higher SFI represents more fatigability in grip
and pinch.

To calculate dynamic fatigability, two outcome measures
were used, Frean and Npeais. First, the 30-s force-time curve
was divided into three equal parts. Within the first and third
parts, the mean forces were calculated (Fcant> Fimeans) and the
number of peaks counted (Npeaksi, Npeaks3) (Fig. 2). Test-retest
reliability of dynamic fatigability was calculated for F ., and
Npeaks in the first and third parts of the force-time curve.

Statistical analysis

Descriptive statistics are presented for the participants (age,
gender, handedness) and are presented with a mean (SD)/
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Fig. 2 Schematic representations of outcome measures for dynamic
fatigability. Bullets, peaks; horizontal line, Fcan
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median (IQR), whichever appropriate, or number of partici-
pants with that characteristic (gender, handedness).

To investigate reliability and agreement, three steps in the
analyses were used:

Reliability

First, Bland-Altman plots with limits of agreement (LOA)
were used to investigate absolute agreement between the
two measurements [22, 23]. The LOA were established by
the following: mean difference +1.96 * SD of the difference
between the two test measurements.

Second, Bland-Altman plots were visually checked for
heteroscedasticity. To confirm or reject this, Kendall’s tau
(1) was used to indicate the correlation between the absolute
difference and the corresponding means. Kendall’s T1<0.1
indicates that the use of absolute analysis such as ICCs is
appropriate [22, 23].

The last step in investigating how well patients can be
distinguished from each other was calculated using ICCs
and 95% confidence intervals (CI) with a two-way random
model [21]. ICCs were calculated in both the entire group of
children, aged 6-18 years, as well as two subgroups: 6—
11 years (n=35) and 12-18 years (n=56). ICCs were
interpreted as follows: < 0.40, low reliability; 0.40-0.79, mod-
erate reliability; and 0.80—1.00, good reliability [24]. Given
the explorative character of the study, no hypotheses were
formed regarding the expected magnitude of the ICC values.

Statistical analysis was performed using SPSS Statistics 25
(IBM SPSS Statistics 25, ©IBM Armonk, NY, US).

Results
Participants

A total of 108 children responded to the invitation and were
included in to the study. For static motor fatigability and dy-
namic motor fatigability, two children did not have successful
measurements due to technical issues, and 17 did not attend
the second testing. A total of 89 children with complete
datasets were included in the analysis (median age, 11 years
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Fig. 3 Bland-Altman plot of measurements 1 and 2 of the handgrip task
for the dominant hand. The middle lines show the mean difference
between the two measures (smaller dash) and zero (solid line), and the
upper and lower dashed lines show the limits of agreement. The x-axis
shows the mean of both measures, and the y-axis shows the difference
between both measurements. The blue dots show the younger children
(611 years), and the red dots show the older children (1218 year)

(IQR: 6); mean age, 10.90 (SD) 3,62); range, 6—18 years) of
which 35 were boys and 54 girls. Fifty-six children were aged
between 6 and 11 years and 35 between 12 and 18 years; 79
children were right-handed.

Bland-Altman plots

For all outcome measures, Bland-Altman plots were per-
formed and LOAs calculated. An example of the Bland-
Altman plot for F,,..n of static motor fatigability in the dom-
inant hand is shown in Figure 3 [22, 23]. The smaller dashed

line shows the mean systematic difference between T1 and T2
measurements which is close to 0 indicating a small system-
atic error [21]. The upper and lower dashed lines show the
random error. In this case, more than 95% of cases fall be-
tween the dashed lines indicating a normal distribution. This
figure shows that the variability in the difference between T1
and T2 is similar across the entire range of means between T1
and T2 indicating homoscedasticity. Also, the number of ex-
treme values in the total group was small (4 out of 89 chil-
dren). All Kendall’s T values were <0.1, indicating that no
cases of heteroscedasticity were identified and that no log
transformations were needed. The remaining plots of all out-
come measures are included in the supplementary material.

Test-retest reliability in static motor fatigability

All results regarding the reliability analyses are shown in
Table 1. Details on ICC values in 6-11-year-old children
and 12—18-year-old children are presented in Supplementary
Tables 2 and 3. For the grip meter, ICCs of the mean force
(Fmeant and Fcanz) were 0.95 and 0.96 in the dominant and
0.95 and 0.94 in the non-dominant hand respectively, indicat-
ing good reliability. For the variability (SD: Fy, and Fy3),
ICCs were 0.74 and 0.81 in the dominant and 0.82 and 0.67 in
the non-dominant hand, respectively, indicating moderate to
good reliability. ICC ranges were similar for both 611 year
old children and 12—18 year old children.

For the pinch meter in the dominant hand, ICCs of the
mean force (Feant and Freans) were 0.95 and 0.94; they were
the same in the non-dominant hand indicating good reliability.
For the variability (SD: F,, and F,3), the ICCs were 0.71
and 0.69 in the dominant and 0.85 and 0.71 in the non-
dominant hand, respectively, which again indicates moderate

Table 1 Results of static and dynamic motor fatigability protocols

Static motor fatigability Dynamic motor fatigability

Hand grip Pinch grip Hand grip Pinch grip
Dom hand ICC CI ICC CI ICC CI ICC CI
Fmean 1 0.95 0.923-0.970 0.95 0.921-0.970 Fmean 1 0.98 0.961-0.984 0.93 0.886-0.958
Fmean 3 0.96 0.929-0.974 0.94 0.905-0.963 Fmean 3 0.97 0.951-0.981 0.91 0.864-0.943
FVarl 0.74 0.599-0.835 0.71 0.536-0.813 Npeaksl 0.78 0.548-0.876 0.85 0.646-0.925
FVar3 0.81 0.707-0.882 0.69 0.502-0.804 Npeaks3 0.81 0.544-0.907 0.91 0.848-0.940
SFI 0.69 0.535-0.799 0.76 0.633-0.843
N-Dom hand ICcC CI ICC CI ICC CI ICC CI
Fmean 1 0.95 0.923-0.970 0.95 0.909-0.967 Fmean 1 0.97 0.948-0.983 0.93 0.882-0.952
Fmean 3 0.94 0.903-0.959 0.94 0.902-0.961 Fmean 3 0.97 0.952-0.980 0.92 0.876-0.947
FVarl 0.82 0.722-0.883 0.85 0.767-0.909 Npeaksl 0.89 0.618-0.951 0.91 0.848-0.945
FVar3 0.67 0.480-0.785 0.71 0.534-0.815 Npeaks3 0.84 0.587-0.919 0.90 0.734-0.948
SFI 0.77 0.648-0.848 0.76 0.641-0.845

Abbreviations: N-Dominant non-dominant, /CC intraclass correlation coefficient, C/ 95% confidence interval
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to good reliability. Again, ICC ranges in reliability were sim-
ilar for both age groups.

For the SFI of the grip and the pinch meter, the ICC values
ranged between 0.69 and 0.77 for both hands which indicates
moderate reliability. For the 6—11-year-old children, ICCs
ranged from 0.58 to 0.83 and for the 12—18-year-old children
from 0.48 to 0.83, which indicates moderate to good
reliability.

Test-retest reliability in dynamic motor fatigability

For the grip meter, ICCs for F,can1 and Fiean3 were 0.98 and
0.97 in the dominant and 0.97 and 0.97 in the non-dominant
hand which indicates good reliability. For the grip meter, ICCs
0f Npcaks1 and Npears3 were 0.78 and 0.81 in the dominant and
0.89 and 0.84 in the non-dominant hand, respectively, indicat-
ing moderate to good reliability. For both age groups, these
reliability ranges were similar for Fyean; and Fpeans. However,
for Npeaksi and Npeas3, the ICC range in the 6-11-year-old
children was from 0.81-0.90 indicating good reliability.

For the pinch meter, the ICCs of Fycan and Feanz were
0.93 and 0.91 in the dominant and 0.93 and 0.92 in the non-
dominant hand, respectively. Good reliability was also found
in both age groups. For the pinch meter, the ICCs of Npcaxs1
and Npeas3 were 0.85 and 0.91 in the dominant and 0.91 and
0.90 in the non-dominant hand, respectively. Again, good
reliability was found also in both age groups.

Discussion

/ align="center"/ align="left"/cgqizThis study investigated the
test-retest reliability of two static and dynamic motor fatiga-
bility protocols in TD children. Based on the ICCs, we are
confident that these protocols can be used in TD children
receiving reliable data. The protocols are useful to develop a
reference database to investigate the presence and severity of
motor fatigability using grip and pinch in pediatric popula-
tions. Static and dynamic motor fatigability were investigated
in grip and pinch strength using two 30-s maximum exertion
protocols. For static motor fatigability, mean (F ean) and SD
(F,ar) of forces in the first and last thirds of the trial were
calculated as well as the SFI. For dynamic motor fatigability,
mean force (Fiean) and number of peaks (Npeaxs) in the first
and last thirds of the trial were calculated. It is the first time
that this calculation method regarding static and dynamic mo-
tor fatigability is introduced in children.

Mean forces (Fican) showed good reliability and small
95% CI for both static and dynamic motor fatigability. For
static motor fatigability, this is in line with reliability studies
in the hands using peak strength measures in TD children [25,
26]. In these studies, peak force was calculated as the mean
over three 3—4-s maximum voluntary contractions (MVC),
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instead of a sustained 30-s maximum exertion protocol, as in
this study [25, 26]. This could have had an influence on the
reliability results. However, although the protocols measure
different aspects of force, they both seem equally reliable in
TD children.

A novelty of this study was the investigation of variability
(Fyar) for static motor fatigability and the number of peaks
(Npeaks) for dynamic motor fatigability. Both outcome mea-
sures showed moderate to good reliability based on ICCs.
However, ICCs were slightly lower and 95% CI were wider
than those of F, .., in both static and dynamic motor fatiga-
bility. Also, confidence intervals in Fy, and Npeas were larger
than in Fpcan. For Fyy and Npeays, no comparable studies on
reliability were found, but it is possible that ICCs were influ-
enced by the complex calculations to receive the final out-
come measures. Future research in pediatric populations needs
to identify which outcome measure for static and dynamic
motor fatigability is preferable based on reliability, validity
and feasibility.

The SFI has been used previously to investigate static fati-
gability in CP patients [12], without available results on reli-
ability. In TD children, ICC values indicated moderate reli-
ability for all outcome measures. In healthy adults, similar
reliability was found, while in MS patients, higher reliability
was found compared to our study in TD children [11, 18].
Between-subject variability in relation to within subject vari-
ability is important for the level of ICC as higher variability
between subjects results in higher ICCs. This could possibly
explain the differences in ICCs in healthy adults, MS patients,
and TD children [11, 27].

In addition to calculating the ICC values for the 6—18
group, also ICC values were calculated per age range, i.e.,
6—11 years and 12—18 years. Although reliability in the youn-
ger children was still moderate to good, ICC values were
generally lower compared to the total group as well as the
older children. These lower ICCs may be partly explained
by the smaller sample size (N =35), which decreased
between-subject variability. Nonetheless, these lower ICCs
in the younger children indicate that more caution is needed
when using the protocols in this age range in comparison to
older children.

Based on ICCs in both the entire group as well as in the
subgroups and Bland-Altman plots, sufficient reliability and
agreement can be assumed for Fyycan, Fyar, and Npeais in both
the first and last parts of the force-time curve. However, since
in this study motor fatigability has been defined as: “the mag-
nitude or rate of change of motor performance on an objec-
tively measured reference criterion after any type of voluntary
activity or exercise,” a calculation has to be performed to
measure the change between the first and last parts of the
force-time curve. Surakka et al. (2004) and Schwidd et al.
(1999) have used the ratio between the first and last parts of
the curve to describe the change in Feo, [11, 18]. We propose
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to use this ratio for the calculation of motor fatigability in
different patient populations in the future.

Furthermore, current data were collected within a large
age range, at several times of the day, with more than one
therapist, and within in a (possibly) noisy school environ-
ment making the test condition not very standardized.
This may have influenced our results on reliability.
However, these test conditions were close to the clinical
practice which allows generalization of the results.
Another aspect that may have standardized testing further
would be to consider using the Edinburgh Handedness
Inventory.

Last, the small number of children in this study is not
sufficient yet to use as a reference database. However,
because the data showed good reliability, the data can
provide as an initial step in building a database as a ref-
erence to compare TD children with other pediatric pop-
ulations in a cross-sectional situation.

For future research, the next step should be to assess the
reliability of these protocols for motor fatigability in patient
populations. Also, the standard error of measurement (SEM)
and smallest detectable difference (SDD) should be investi-
gated to ensure the usability of these outcomes to measure
change over time [28, 29].

To summarize, we conclude that our results indicate a
moderate-to-good reliability for static and dynamic motor fa-
tigability protocols for grip and pinch strength in TD children
aged 6 to 18 years in a cross-sectional design. In the future,
reliability of these protocols in other pediatric populations
should be investigated.
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