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ABSTRACT

Purpose. The evaluation has been limited to a single ability, such as agility or equilibrium, and has not been conducted in
a series of movements. In addition, a measurement method that is less burdensome for the participants has not been established.
In this study, we designed a new reaction balance test (RBT) that combines agility and equilibrium and examined its reliability
and validity.

Methods. The participants were 49 young people (17 males, 32 females). Their whole-body reaction time (WRT) and center
of pressure (COP) during a 30-second trial (COP30) of single-leg standing with open eyes were measured to determine their
agility and equilibrium, respectively. Overall, 4 COP parameters were evaluated during COP30. For RBT, the participants
were asked to quickly raise one leg after sensing a light stimulus and stand on the other leg for 10 seconds (COP10). The test
evaluated their single-leg reaction time (SRT) and the same 4 parameters as those in COP30.

Results. The intraclass correlation coefficients between agility (WRT and SRT) and equilibrium (total length [TL] at COP30
and COP10) were all > 0.81. In addition, no proportional error was observed for COP30 or COP10, only for TL of the non-
dominant leg. There were significant associations between WRT and SRT for agility and between COP30 and COP10 for
equilibrium for TL.

Conclusions. It was suggested that the reliability and validity of RBT could be improved by evaluating TL by using the

dominant leg for agility and the non-dominant leg for equilibrium.
Key words: fall avoidance ability, reaction time, center of pressure, postural control ability

Introduction

Falls occur when people exceed their postural con-
trol limits in response to disturbances that cause pos-
tural collapse [1]. This would explain why people rec-
ognize and react to disturbances before their posture
collapses and use appropriate response strategies rel-
evant to the situation [2]. Therefore, measuring and
evaluating agility (i.e., quick reaction to disturbance)
and equilibrium (i.e., postural control ability after the
reaction) are essential because these 2 abilities con-
struct fall avoidance movements.

Agility is ‘a rapid whole-body movement with
change of velocity or direction in response to a stim-
ulus’ [3]. It occurs when the body reacts to avoid a fall.
Therefore, decreased agility may delay reaction time [4]
and prevent appropriate response strategies for the
situation. Agility has been evaluated by using whole-

body reaction time (WRT), which is the time it takes to
perform a jumping motion upon recognizing a light
stimulus and then lift both feet off the measurement
mat [5, 6]. In addition, Lajoie and Gallagher [7] reported
that reaction times in fallers were slower than those
in non-fallers. However, agility should be evaluated
more safely because WRT with a jumping motion may
impose a heavy physical load on certain participants,
such as frail older adults and people with low physical
fitness levels. The risk of injury during measurement
is duly included in the evaluation. Although previous
studies [8, 9] have examined reaction times with the
participants in a sitting position, which is less burden-
some for them, this method is impractical for fall avoid-
ance movements.

Even if the body responds through agility and ap-
propriate response strategies are used, falls may still
occur if individuals cannot control their posture with
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their lower limbs. Equilibrium begins to decline in the
late 40s and worsens rapidly between the ages of 70
and 80 [10]. Sturnieks et al. [11] reported that age-
related changes in vestibular sensation, as well as in
the somatosensory and visual systems were among the
causes of equilibrium decline. Equilibrium is classi-
fied into static and dynamic postural control ability
[12]. Since it is easier to identify age-related decline in
the dynamic postural control ability than in the static
postural control ability [13], disturbance stimulation
methods using the EquiTest or a stimulated treadmill
have been used [14, 15]. However, the disadvantages
of these methods are that they can only be performed
in a laboratory environment and are burdensome for
the participants. On the other hand, measures of sin-
gle-leg standing with the eyes open are applied to eval-
uate static postural control ability [16, 17]. Among them,
the use of a stabilometer allows for a detailed evalu-
ation of equilibrium, as well as discrimination between
fall and non-fall groups by center of pressure (COP)
velocity [18] and sway area [19]. On the other hand,
the age-related decline is easier to identify in dynamic
postural control ability than in static postural control
ability, such as single-leg standing with the eyes open
[13]. Therefore, evaluating dynamic movements by
adding a task to single-leg standing with the eyes
open may allow for the evaluation of equilibrium in
conditions similar to actual fall situations.

Although previous studies reported that agility and
equilibrium were associated with fall risk in each of
the measures used, they only examined these 2 abili-
ties in relation to another specific ability. Falls are com-
mon in situations involving such disturbances as stum-
bles and slips [20]. Evaluating fall avoidance ability in
a sequence of movements is important because avoiding
a fall involves a sequence of 2 phases, namely, rapid
body reaction and postural control, using appropri-
ate response strategies. Therefore, we have developed
a new reaction balance test (RBT) that jointly assesses
agility and equilibrium. The purpose of this study was
to examine its reliability and validity.

Material and methods
Participants

A total of 49 healthy adults, of whom 17 were male
(M [SD] age: 20.5 [1.3] years, M [SD] height: 171.9
[5.1] cm, M [SD] weight: 66.9 [6.1] kg) and 32 were
female (M [SD] age: 20.2 [1.1] years, M [SD] height:
161.0 [5.9] cm, M [SD] weight: 54.7 [5.0] kg), were
selected as participants for this pilot study. The inclu-

sion criterion was the ability to perform the various
measurements, and the exclusion criteria were ina-
bility to perform the various measurements owing to
orthopaedic disease or pain, as well as potential ab-
normalities. The subjects received sufficient oral and
written explanations of the purpose of the study and
its measurements before it began.

Whole-body reaction time

Previous studies used WRT to measure agility [5, 6]
by applying a pressure-detecting measurement mat
(T.K.K. 5408; Takei Scientific Instruments, Niigata,
Japan). The participants stood on the mat with their
knees slightly bent. The examiner gave the subjects
a red light signal from a light stimulus generator set
up 2 m in front of them at the eye level and then in-
structed them to make a quick jumping motion once
they sensed it. WRT was the time from the red light
flashed to when both the participants’ feet left the mat.
A short WRT meant a superior degree of agility. A total
of 5 measurement trials were performed, and the av-
erage of 3 (i.e., excluding the maximum and minimum
data) was used as the representative value. Two prac-
tice trials were performed before the main trial to
deepen the individual’s comprehension of the method-
ology in advance. The same examiner performed all
measurements.

Single-leg standing with the eyes open

The COP during the task of single-leg standing with
the eyes open measured equilibrium with a stabilom-
eter (T.K.K. 5810; Takei Scientific Instruments, Niigata,
Japan), in accordance with a previous study [21]. The
sampling rate was set at 100 Hz. The participants stood
on one leg on the stabilometer for 35 seconds. They
were instructed to look at a marker set up 2 m in front
of them at the eye level and to place their hands on their
waist. The COP during the first 5 seconds of the task is
large [21]. Thus, we evaluated its parameters per sec-
ond (total length [TL], outer peripheral area [OPA],
rectangular area [RA], and standard deviation of the
elliptical area [SDA]), using only the data for the sub-
sequent 30 seconds (i.e., excluding the first 5 seconds;
COP30). Two trials of measurement were performed
for the dominant and non-dominant legs, and the av-
erage of the 2 was the representative value for each leg.
The dominant and non-dominant legs were determined
with the method by de Ruiter et al. [22]. The order of
trials for the dominant and non-dominant legs was
randomized. One trial for each leg was performed
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before the main trial to deepen the participant’s com-
prehension of the methodology in advance. The same
examiner performed all measurements.

Reaction balance test

The RBT’s combined measurement of agility and
equilibrium was performed by using a COP and re-
action time measurement device (Takei Scientific In-
struments, Niigata, Japan). We set up the measurement
mat to determine the pressure on each side on top of
the stabilometer and then asked the participant to
stand on it. The examiner gave the subject a red light
signal from a light stimulus generator set up 2 m in
front of them at the eye level and instructed them to
quickly raise one leg and stand on the other leg for
10 seconds (Figure 1).

RBT assessed agility from when the red light flashed
to when one leg of the participant left the mat (single-
leg reaction time [SRT]). It determined equilibrium by
measuring COP during the 10 seconds of single-leg
standing after the participant raised one leg (Figure 2).
The sampling rate was 100 Hz. We evaluated the same
4 parameters per second as those in COP30 (TL, OPA,
RA, and SDA), using the data for the entire duration
of COP10. Overall, 5 trials of measurement were per-
formed for the dominant and non-dominant legs,
and the average of 3 (i.e., excluding the maximum
and minimum data) was used as the representative
value for SRT. The representative data of COP10 were
the average values of the 3 trials used to calculate the
representative SRT data. We calculated the represent-

red light signal

light stimulus generator

+

(A) Start position stabilometer

measurement mat

(mm)

20

10
(B)
e A
©) o /’ . A
40 W .

e
\/20 20 40

(mm)

-10

— light stimulation

— single-leg raising

end of reaction balance test
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Figure 2. Example of centre of pressure data
of the reaction balance test

ative data of the dominant and non-dominant legs for
SRT and COP10. The order of trials for the dominant
and non-dominant legs was randomized. One trial
for each leg was performed before the main trial to
deepen the participant’s comprehension of the meth-
odology in advance. The same examiner performed all
measurements.

(B) Single-leg position

Figure 1. Measurement method of the reaction balance test. (A) The participant is standing on the measurement mat
on top of the stabilometer. (B) On perceiving the red light signal, the participant is raising one leg for 10 seconds
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Data analysis

Intraclass correlation coefficients (ICCs) were cal-
culated for each measurement parameter to examine
intertrial reliability. The ICCs of 3 trials (1, 1) were cal-
culated for WRT, SRT, and COP10, whereas those of
2 trials (1, 1) were calculated for COP30. ICCs > 0.81
were defined as almost perfect [23]. Bland-Altman
analysis was used to examine systematic error for WRT
and SRT and that between COP30 and COP10. 1-way
ANOVA was conducted for WRT to compare the num-
ber of trials completed for each parameter, while 2-way
ANOVA (trials x legs) was performed for SRT, COP30,
and COP10 to compare differences between the domi-
nant and non-dominant legs. The effect size (f’) was
calculated to examine the magnitude of the differences.
The Shapiro-Wilk test was applied to check the nor-
mality of the data. If normality was found, Pearson’s
correlation coefficient was calculated, and if normality
was not found, Spearman’s rank correlation coeffi-
cient was calculated. A correlation coefficient of less
than 0.2 was defined as ‘slight correlation,” between
0.2 and 0.4 as ‘low correlation,” between 0.4 and 0.7 as
‘moderate correlation,” between 0.7 and 0.9 as ‘high
correlation,” and of more than 0.9 as ‘very high corre-
lation’ [24]. All analyses were conducted with the R 3.4.1
software (R Foundation for Statistical Computing,
Vienna, Austria). Statistical significance was set at
p < 0.05 in all analyses.

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Declara-
tion of Helsinki, and has been approved by the Toin
University of Yokohama Ethics Committee (reference
No.: I-50).

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study.

Results

Table 1 shows the mean and ICC values for 3 trials
of WRT and SRT (dominant and non-dominant legs).
All ICCs were > 0.81 (range: 0.830-0.920). Figure 2
presents the results of Bland-Altman analysis of agility.
No proportional error was observed between WRT and
SRT for either the dominant or the non-dominant leg.
The 1-way ANOVA and 2-way ANOVA results did not
reveal significant main effects or interactions.

Table 2 shows the mean and ICC values for 2 trials
of COP30 and 3 trials of COP10. Although both the
dominant and non-dominant legs presented ICCs
> 0.81 for TL in COP30, the ICCs for the other param-
eters were low, especially for the dominant leg (ICC
range: 0.117-0.306; non-dominant leg ICC range:
0.340-0.433). On the other hand, COP10 exhibited
ICCs > 0.81 for SDA of the non-dominant leg. The ICCs
of the non-dominant leg tended to be higher, as in
COP30, including those of the other parameters (ICC
range: 0.611-0.802). Figures 3 and 4 show the results
of Bland-Altman analysis of equilibrium. No propor-
tional error was observed only for TL of the non-dom-
inant leg. In addition, the results of 2-way ANOVA did
not reveal significant main effects or interactions.

Table 3 shows the results of the analysis of the re-
lationship between WRT and SRT and that between
COP30 and COP10. Pearson’s correlation coefficient
was calculated since the data for both parameters were
found to be normal for the association between WRT
and the dominant leg. On the other hand, Spearman’s
rank correlation coefficient was calculated since the
data were not found to be normal for both or either of
the parameters. There was a significant correlation
between WRT and SRT for both the dominant and non-

Table 1. Reliability of agility and 1-way ANOVA or 2-way ANOVA (trials X legs)

Main effect (ES) .
Parameter Trial 1 Trial 2 Trial 3 ICCO(L 1) Interaction
(95% CD) Trial Leg (ES)
WRT* (ms) 0.748

409.0 + 73.5 402.9 £ 72.8 3999 = 74.5 0.920 (0.876-0.951) (0.004) - -

SRT (dominant) (ms) 573.5+89.0 568.2+90.6 563.1+90.2 0.830(0.744-0.893) 0.774 0.592 0.774

SRT (non-dominant) (ms) 580.6 + 99.0 586.8 + 100.5 576.3 = 99.1 0.854 (0.779-0.909) (0.002) (0.001) (0.002)
ICC - intraclass correlation coefficient, WRT — whole-body reaction time, SRT - single-leg reaction time
* 1-way ANOVA
Effect size (ES): 0.01 <0’ small, 0.06 < *: medium, 0.14 < n?* large
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Table 2. Reliability of postural control ability and 2-way ANOVA (trials X legs)

Main effect (ES)

Parameter ~ Trial 1 Trial 2 Trial 3 1CC(1, 1) (95% CI) p— Lot Inte(%a;)tm
TL (mm/s) 222+95 21.3+8.1 0.909 (0.845-0.948)  0.599 (0.001) 0.750 (0.001) 0.865 (0.000)
COP30 OPA (mm?s) 22.6+93  25.1+247 0.132 (L0.151 t0 0.395) 0730 (0.001) 0554 (0.002) 0.357 (0.004)
(dominant)  RA (mm%s) 334+ 146 37.9 +42.5 - 0.117 (L0.165 t0 0.382) 0-794 (0.000) 0.608 (0.001) 0.279 (0.006)
SDA (mm?/s) 4.1 1.7 44 +34 0.306 (0.032-0.538) 0.778 (0.000) 0.870 (0.000) 0.354 (0.004)
TL (mm/s) 213+7.9 209 +7.8 0.909 (0.844-0.947)
COP30 OPA (mm?/s) 21.7 9.1 21974 _ 0.433 (0.178-0.634)
(non-dominant) RA (mm?®/s) 32.7 +13.7 32.0+11.1 0.400 (0.139-0.610)
SDA (mm?®/s) 4.1+1.5 43+1.6 0.340 (0.069-0.564)
TL (mm/s) 336+9.1 31.6+64 31.9+62 0611 (0.460-0.740)  0.772 (0.002) 0.850 (0.000) 0.560 (0.004)
COP10 OPA (mm?s) 188.8 + 96.8 190.1 + 114.3 188.8  113.6 (661 (0521-0.777)  0.965 (0.000) 0.541 (0.001) 0.956 (0.000)
(ominant)  RA (mm?’/s) 360.7 + 200.0 386.4 + 266.9 367.7 + 232.1 (741 (0.623-0.833)  0-874 (0.001) 0.588 (0.001) 0.857 (0.001)
SDA (mm?s) 540 +39.8 5724493 57.1+474 (802(0706-0.875  0-833(0.001) 0.472(0.002) 0.869 (0.001)
TL (mm/s) 321+75 320+64 324+82  0.661(0.522-0.777)
COP10 OPA (mm?/s) 182.3 + 91.6 181.8 + 104.2 179.6 + 100.0 (743 (0.627-0.835)

(non-dominant) RA (mm?/s) 356.4 + 227.6 355.6 + 238.7 352.8 = 229.0 (780 (0.675-0.860)

SDA (mm?/s) 52.7 +424 540+456 51.8+434 (826 (0.739-0.891)

ICC - intraclass correlation coefficient, COP30 - centre of pressure for 30 seconds, COP10 - centre of pressure for 10 seconds,
TL - total length, OPA - outer peripheral area, RA - rectangular area, SDA - standard deviation of the elliptical area
Effect size (ES): 0.01 < 1’: small, 0.06 < 1}°: medium, 0.14 < n* large

Table 3. Validity of agility and postural control ability

Postural control ability (COP30)

Agility (WRT
gility ( ) TL OPA RA SDA
Dominant 0.381* 0.650* -0.139 -0.091 0.044
RBT (0.007) (< 0.001) (0.339) (0.531) (0.763)
(SRT, COP10) & o minant 0.410* 0.588* -0.008 -0.005 0.087
(0.004) (< 0.001) (0.956) (0.975) (0.555)
WRT - whole-body reaction time, TL - total length, OPA - outer peripheral area, RA - rectangular area,
SDA - standard deviation of the elliptical area, COP30 - centre of pressure for 30 seconds,
COP10 - centre of pressure for 10 seconds, RBT - reaction balance test, SRT - single-leg reaction time
Upper row - correlation coefficient, Lower row - p value, * p < 0.05
(A) Dominant (B) Non-dominant
0,6 0,6
0,4 o 0,4 . *
_______________ e ---—--—-@p-—--- e = e ____ & _____
B 0,2 e Powec b o, 0,2 v Hose, o
= 4'—0—W ~ I = —oﬁ-‘—f—z‘—'—'i
% 0 ° [ ] PPN e [ ] ‘ g 0 [ ] oo !.. ..
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SRT - single-leg reaction time, WRT — whole-body reaction time

Figure 3. Bland-Altman plots for (A) dominant, (B) non-dominant leg measured with whole-body reaction time
and single-leg reaction time. Solid lines indicate mean between-method differences (bias) and dashed lines indicate
upper and lower 95% limits of agreement (+ 1.96 standard deviation of the bias)
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Figure 4. Bland-Altman plots for (A) dominant, (B) non-dominant leg measured with centre of pressure for 30 seconds
and centre of pressure for 10 seconds. Solid lines indicate mean between-method differences (bias) and dashed lines
indicate upper and lower 95% limits of agreement (= 1.96 standard deviation of the bias)
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dominant legs, with a low to moderate correlation
(dominant leg: r= 0.381; non-dominant leg: r = 0.410).
Moreover, the correlation between COP30 and COP10
was significant only for TL for both the dominant and
non-dominant legs and both correlations were mod-
erate (dominant leg: r = 0.650; non-dominant leg: r =
0.588).

Discussion

This study aimed to examine the reliability and
validity of the RBT that jointly assesses agility and
equilibrium. The investigation of RBT reliability re-
vealed that SRT for agility had high ICCs for both the
dominant and non-dominant legs. COP10 for equi-
librium tended to have higher ICCs for the non-dom-
inant leg. Although no proportional error was found
between WRT and SRT for either the dominant or the
non-dominant leg, no proportional error was reported
between COP30 and COP10 only for TL of the non-
dominant leg. In addition, there were no differences
between trials or legs (dominant and non-dominant).
The examination of RBT validity revealed that SRT for
agility was significantly related to WRT for both the
dominant and non-dominant legs. COP10 for equilib-
rium was significantly related only to TL for both the
dominant and non-dominant legs. These results sug-
gest that RBT is reliable and valid for both the domi-
nant and non-dominant legs; it is recommended that
SRT for agility is evaluated with the dominant leg and
TL of COP for equilibrium is evaluated with the non-
dominant leg.

The reliability of RBT was high for both agility and
equilibrium. Although the degree of agility differs de-
pending on the task, previous studies on agility and re-
action time have reported relatively high ICCs, rang-
ing from 0.71 to 0.90 [25, 26]. These outcomes are
supported by this study results, which revealed high
ICCs, ranging from 0.830 to 0.920, for WRT and SRT of
the dominant and non-dominant legs through RBT.

Moreover, previous studies [27, 28] have reported
that ICC decreases with test complexity. RBT is a test
in which the participants raise one leg in reaction to
a light stimulus and then perform single-leg standing
with the eyes open for 10 seconds. Therefore, the lower
ICCs for SRT relative to those for WRT in this study
can be ascribed to the more complicated task involved
in RBT. It requires the body to react with the considera-
tion of single-leg standing after the reaction. On the
other hand, the COP30 and COP10 for equilibrium
presented high ICCs for each parameter. These results
are consistent with those reported in previous studies
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[29, 30] that identified TL as the most reliable COP
parameter. However, the ICC of TL during COP10 was
lower than that for the same parameter during COP30.
The measurement of COP may have influenced these
results for 10 seconds immediately after single-leg
standing in RBT.

COP is larger in the first 5 seconds after the start
of single-leg standing [21]. Thus, only the data for the
subsequent 30 seconds (i.e., excluding the first 5 sec-
onds) were used in the analysis of COP30 in this study.
Conversely, the use of the data for the entire duration
of COP10 (i.e., including the first 5 seconds) possibly
affected the ICCs. In addition, Le Clair and Riach [31]
reported that the longer the measurement time, the
higher the reliability of COP parameters, which may
have been one of the reasons for the lower ICCs when
the measurement time was 10 seconds in this study.
Furthermore, the ICCs of the non-dominant leg tended
to be higher for both COP30 and COP10. The dominant
leg is ‘the leg used to manipulate an object or to lead
out in movement,” whereas the non-dominant leg is
‘the leg which performs the stabilizing or supporting
role’ [32, p. 181]. In this study, the non-dominant leg
was considered more stable and presented higher ICCs
for COP parameters.

As for RBT validity, agility and equilibrium showed
a significant association. The fact that WRT with the
jumping motion and SRT with the single-leg raising
motion exhibited a relationship suggests that agility
can be assessed regardless of the task difficulty or the
movement posture. Simple reaction time is generally
accepted to depend on perception (hearing, seeing, and
feeling stimuli), processing (focusing and understand-
ing information), and reaction (motor agility) [33]. The
WRT and SRT measured in this study share many
common processes, and they only differ in the reaction
(jumping and single-leg raising) in these processes.
Blomkvist et al. [34] measured upper and lower ex-
tremity reaction times in 354 participants aged 20-99
years and reported the same age and sex effect trend for
both measurements. These results suggest that differ-
ences in the movements and postures used to measure
reaction time in this study had minimal effects and that
WRT and SRT were associated.

Equilibrium was related to both the dominant and
non-dominant leg in terms of TL in COP30 and COP10.
Thus, equilibrium could be evaluated by single-leg
standing for 10 seconds in RBT. The 10-second single-
leg standing task has been used in studies of patients
with knee osteoarthritis. It is associated with lower
extremity alignment, knee pain, and quadriceps
strength [35]; it has also been applied in comparative

Human Movement, Vol. 24, No 1, 2023
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studies with healthy adults [36]. As mentioned, TL is
a highly reliable parameter [29, 30], which substanti-
ates the association that we found between TL of COP30
and COP10. Therefore, evaluating TL by measuring
COP for 10 seconds in RBT is useful.

This study has several limitations. First, we were not
able to establish the evaluation parameters of RBT.
Although RBT aimed to evaluate agility and equilib-
rium with single-leg raising and single-leg standing,
our study did not determine these comprehensive pa-
rameters as specific parameters for the test. In the fu-
ture, studies should examine the relationship between
agility and equilibrium in RBT and identify param-
eters for it. Second, we were not able to examine the
parameters by gender. Although there are many physi-
cal factors that differ by gender, and agility and equi-
librium are considered to be among them, the sample
size was too small to examine the values by gender. In
the future, the sample size should be increased and
a detailed analysis should be conducted by gender.

Conclusions

We tested and confirmed the reliability and validity
of RBT for the combined assessment of agility and
equilibrium. RBT was found to be reliable and valid for
both the dominant and non-dominant leg. In addition,
the reliability and validity of RBT may be improved by
using the dominant leg for SRT for agility and the non-
dominant leg for COP for equilibrium to evaluate TL.
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