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Abstract
   The participants were seven individuals (age range 7–36 years) 
whose walking ability ranged from independent to requiring 
assistance with a cane, walker, etc. The protocol consisted of resting 
for at least five minutes before starting to walk, wearing a Gait 
Corrector device, and walking with light and heavy loads based on 
the participant's rating of perceived exertion (RPE), followed by 
resting for 10 minutes before the end of the protocol.
   Near-infrared spectroscopy (NIRS) electrodes were attached 
bilaterally to the tibialis anterior and lateral gastrocnemius muscles. 
NIRS was used to measure blood oxygenation dynamics in local 
muscles from rest before walking to 10 minutes after walking, and 
evoked electromyography was used to measure the nerve conduction 
velocity of the peripheral nerves before and during early and late 
walking.
   The tone state of the lateral gastrocnemius muscle was measured 
three times using an evoked potential-testing device: before walking, 
immediately after heavy-load walking, and 10 minutes after walking. 
A recording electrode was attached to the abductor digitorum medialis 
muscle and a reference electrode was attached to the base of the toe. 
The M and F waves were recorded using tibial nerve stimulation. The 
average F/M ratio was used as a parameter of the F-wave.
   Regarding the change in muscle tone, four of the seven patients 
exhibited no change or a lower mean F/M ratio after walking than 
before walking, whereas three patients who exhibited resistance to 
other dorsiflexion movements of the ankle joint had higher values.
Blood oxygenation dynamics revealed a greater disparity between 
oxyhemoglobin and deoxyhemoglobin concentrations after walking 
in all participants, suggesting local muscle fatigue, the degree 
of which showed no improvement even after 10 minutes of rest.
Keywords: Fatigue of Local Muscle, Blood Oxygenation Dynamics, 
Evoked Electromyogram, Nerve Conduction Velocity

Introduction
   In this study, a Gait Corrector device (a short leg brace with a 
ling bar; Hart Walker Japan Co. Ltd.) was applied to individuals 
with cerebral palsy, and the relationship between muscle tone during 
walking and local muscle fatigue was quantitatively analyzed using 
the nerve conduction velocity of evoked electromyograms and near-
infrared spectroscopy (NIRS). Abnormal muscle tone during walking 
tends to increase with movement execution. Moreover, it is important 
to measure and analyze the degree of local muscle fatigue within the 
range of daily walking to confirm the effectiveness of gait corrector 
application.
   For many children with cerebral palsy who are forced to use 
wheelchairs, canes, or walkers with upper-extremity support, there 
has been active development and marketing of wheelchairs and 
walkers with upper-extremity support. There has, however, been less 
development of orthotics to help them stand and walk safely.
   Although there have been reports of improved range of motion of 
the joints and the effects of suppression of lower extremity muscle 
tone in children with cerebral palsy [1,2], there have been few reports 
to date on the suppression of internal and external rotation of the hip 
joint and clarification of the relationship between muscle tone and 
local muscle fatigue.
   This study aimed to apply a Gait Corrector device to individuals 
with cerebral palsy and hypertonia in the lower extremities and to 
noninvasively and quantitatively analyze the state of local muscle 
fatigue and muscle tone in walking before and after the application of 
NIRS and nerve conduction velocity in evoked electromyograms to 
determine the relationship between local muscle fatigue and muscle tone.
   As a quantitative analysis to clarify the clinical significance of a 
Gait Corrector device based on previous basic research and as a part 
of NIRS, we employed the blood oxygen dynamics (difference in
concentration change between oxyhemoglobin and deoxyhemoglobin) 
of the local muscles involved in ankle plantar dorsiflexion (lateral
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gastrocnemius and tibialis anterior muscles) as a measure of muscle 
fatigue, measured up to 10 minutes after walking. Furthermore, the 
degree of spastic muscle tone before and after walking was confirmed 
using the maximum amplitude ratio of the H and M waves in the 
lateral gastrocnemius muscle. This was determined using the nerve 
conduction velocity of the evoked electromyogram.
Materials and Methods
   The number of subjects was calculated as a large effect size (d=0.8) 

using the effect size G-power with an alpha error of 0.05 and a beta 
error of 0.8, resulting in nine subjects. In this study, we recruited seven 
outpatients (age range 7–36 years, Table 1) from two institutes. Their 
walking abilities ranged from independent to requiring assistance, 
such as a cane or walker, because many younger children are resistant 
to electrical stimulation in the evoked potential test.

Subject Gender Age(Years) Walking ability
A F 7 PCW,SLB
B M 8 PCW,SLB
C M 12 PCW,SLB
D M 12 Lofstrand crutch, SLB
E F 22 Lofstrand crutch, SLB
F M 30 Lofstrand crutch, SLB
G M 36 Independent

PCW: posture control walker
SLB: short leg brace

Table 1. Attributes of the subjects

   The subjects were asked to walk back and forth on a 10 m flat 
surface using a Gait Corrector device. The pre- and after-walking 
protocols consisted of at least 5 minutes of rest before walking, 
followed by wearing a Gait Corrector device, light-load walking, and 
heavy-load walking based on the participant's rating of perceived 
exertion (RPE), followed by 10 minutes of rest, and then the end of 
the protocol. The exercise intensity was measured based on the heart 
rate while walking using a pulse oximeter (PMP-125, Pacific Medico 

Co. Ltd., Hong Kong), and none of the participants exceeded 20% of 
the load intensity.
   Based on a report by Irie et al. [5], NIRS (OEG-16, Spectratech 
Inc.) electrodes were attached to the tibialis anterior and lateral 
gastrocnemius muscles on both sides without interfering with their 
movements (Fig.1-3). The blood oxygen dynamics of the local muscles 
were measured to confirm the degree of muscle fatigue after walking.

Fig. 1. Gait Corrector

Fig. 2. NIRS installation
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 Using NIRS, we measured the blood oxygen dynamics in local 
muscles from the resting state before walking to 10 minutes 
after walking. Based on our previous study [3, 4], we analyzed 
the concentration changes (∆Hb-D) of oxygenated hemoglobin 
(∆Oxy-D) and reduced hemoglobin (∆Deoxy-D).
   Suzuki et al. [5] used the maximum amplitude ratio of the F and 
M waves to clarify the degree of increased spastic muscle tone. The 
tone state of the lateral gastrocnemius muscle was measured three 
times before walking, immediately after heavy-load walking, and 
10 minutes after walking, using an evoked potential testing device 
(Neuropack∑, MEB-5504, Nihon Kohden Co., Tokyo, Japan), with 
a recording electrode attached to the abductor digiti brevis behind 
the medial eminence. M- and F-waves were recorded by tibial nerve 
stimulation using a recording electrode on the abductor pollicis 
brevis muscle behind the medial phalanx and a reference electrode 
at the base of the big toe.
  Sixteen measurements were performed at a maximum stimulation

frequency of 0.5 Hz for the M-wave, and the average F/M ratio of 14 
measurements, excluding the maximum and minimum values, was 
used as the F-wave parameter.
   This study was conducted after explaining the study content to the 
participants in writing and obtaining their consent.
Results
   Three participants who exhibited daily resistance to passive 
dorsiflexion of the ankle joint had a decrease in the mean F/M ratio 
immediately after walking but returned to the pre-walking state 10 
minutes after the end of walking. Similar changes were observed 
after six months of walking (Fig. 4, Table 2).
   Additionally, the blood oxygenation dynamics exhibited a 
greater disparity between oxyhemoglobin and deoxyhemoglobin 
concentrations after walking in all participants, suggesting local 
muscle fatigue, the degree of which showed no improvement even 
after 10 minutes of rest. 

Fig. 3. Nerve conduction velocity measurement setting using evoked 
electromyography.

Fig. 4. Changes in the average F/M ratio before and after walking.
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   Regarding the blood oxygen dynamics by NIRS, the difference 
between Oxy-D and Deoxy-D did not reveal a substantial change 
after light-load walking, and even when a temporary change was 
observed, it recovered to a steady state after approximately 5 minutes 
of rest.Conversely, after heavy-load walking, all of the participants 
exhibited disparity in the concentrations of oxyhemoglobin and

deoxyhemoglobin, suggesting local muscle fatigue, and the degree 
of fatigue did not improve even after 10 minutes of rest. However, in 
participants with constantly hypertonic foot muscles, the difference 
between Oxy-D and Deoxy-D persisted even after 10 minutes of 
heavy-load walking, suggesting persistent local muscle fatigue (Fig. 
5).

Subject Berore walking Immediately after 
heavy walking

After rest

A 2.31 ± 0.88 2.16 ± 0.33 1.83 ± 0.82
B 2.73 ± 0.50 2.57 ± 0.64 2.35 ± 0.66
C 3.77 ± 1.10 2.79 ± 0.99 4.98 ± 1.19
D 2.03 ± 0.46 1.18 ± 0.44 1.87 ± 0.28
E 2.57 ± 0.23 2.47 ± 0.31 2.26 ± 0.40
F 0.96 ± 0.46 0.95 ± 0.64 1.10 ± 0.65
G 2.63 ± 0.49 1.43 ± 0.63 2.60 ± 0.73

Table 2. Average F/M ratio before and after walking for each subject

Fig. 5. Changes in blood oxygen dynamics in a participant with increased muscle tone in the lateral gastrocnemius 
muscle.
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  However, lateral gastrocnemius muscle fatigue has been rarely 
reported. In some participants whose joint range of motion was not 
limited by lower extremity muscle tension, the tibialis and lateral 

gastrocnemius muscles indicated non-fatigue conditions, as no 
difference between Oxy-D and Deoxy-D was observed immediately 
after heavy-load walking or at 10 minutes post-walking (Fig. 6).

Fig. 6. Changes in blood oxygen dynamics in a participants with lower extremity muscle tone that does not limit 
the joint range of motion.

Discussion  
   Generally, children with cerebral palsy and muscle hypertonia in the 
lower extremities have increased tension in hip flexion, adduction, 
internal rotation, knee flexion, and pes equinovarus foot position 
during walking. This limits mobility and causes the lower extremities 
to cross over during stepping, making it difficult to achieve lower-
extremity propulsion.
   Although a Gait Corrector device allows step movement, a new 
mechanism called the link bar, which connects both legs to the front

of the device, inhibits scissor foot (muscle tension of hip adduction 
and internal rotation), which causes the lower extremities to cross. 
This replaces the inhibited force with propulsion of the lower 
extremities and facilitates step widening.
   Consequently, the support base area is secured, relieving tension in
in the trunk and significantly improving gait. Furthermore, because 
the device is easy to use and can be used while sitting in a wheelchair 
or baby carriage, it is assumed that the tension in the legs gradually 
diminishes.  
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   In this study, we conducted quantitative fatigue analysis after 
applying a Gait Corrector device in patients with cerebral palsy who 
were able to walk. Although the gait of the patients was objectively 
improved by walking practice as well as their own perception, it 
was confirmed that the degree of local muscle fatigue after walking, 
based on blood oxygenation dynamics and the quantitative changes 
in the electromyogram during walking, differed depending on the 
load intensity of walking and the degree of tension in the lower 
extremities. Surface electromyography (EMG) is the most commonly 
used noninvasive method for assessing local muscle fatigue. 
However, the magnitude of surface electromyography is relative, 
and muscle fatigue can deviate significantly from the actual muscle 
fatigue depending on the measurement conditions and measurement 
site.
   NIRS is an optical measurement method that uses near-infrared rays 
to measure blood oxygenation noninvasively. Typically, NIRS-based 
products are used to visualize brain activity within the skull. There 
have been several reports on the application of NIRS to muscular 
regions but not to the brain [6-10].
   Hamaoka et al. [6, 7] introduced a noninvasive measurement of 
muscle metabolism by combining magnetic resonance spectroscopy, 
which can calculate the concentration of substances directly involved 
in the biochemical reactions of cells, and NIRS, which can assess 
the oxygenation state of intravascular hemoglobin. Additionally, 
DeLorey et al. [8] and Grassi et al. [9] have suggested that changes 
in deoxygenated hemoglobin concentration measured using NIRS 
reflect a balance between oxygen transport and utilization at the 
gas exchange vascular level. Building on their work, Ferreira et al. 
[10-12] have published several studies showing that the dynamics 
of the deoxygenated hemoglobin concentration reflect the dynamics 
of the arteriovenous oxygen range. Saitoh et al. [13] also found that 
NIRS measurements were not affected by changes in the blood flow 
velocity. They also reported that the dynamics of the deoxygenated 
hemoglobin concentration reflected the dynamics of the arteriovenous 
oxygen range. Muramatsu et al. [14] conducted various experiments 
to investigate the relationship between local fatigue and blood oxygen 
dynamics. They also reported that the difference between oxygenated 
and deoxygenated hemoglobin levels increases with fatigue.
   Generally, even children with cerebral palsy who acquire gait at 
an early age lose the ability to walk over time because of continuous 
walking, which causes abnormal muscle tone in the lower extremities, 
affecting the bones and joints. In adults, it is extremely difficult to 
maintain walking because of the effects of proportional changes.
   The Gait Corrector device is expected to meet the needs of children 
with cerebral palsy who wish to walk without upper extremity support, 
including a cane, or specifically, "walk" in their natural bipedal state, 
and help them achieve an efficient gait that cannot be achieved with 
conventional walkers or orthoses. If children with cerebral palsy can 
relearn their sense of balance while walking through the application 
of a gait corrector and maintain their ability to walk in the long term, 
it will enhance their quality of life in terms of daily activities.
   In conclusion, a quantitative fatigue analysis was performed in 
patients with cerebral palsy who were able to walk using a Gait 
Corrector device. Compared with conventional short-leg orthoses, 
the Gait Corrector is a device that suppresses muscle tone during 
hip adduction and internal rotation, and it is capable of replacing the 
suppressed force with a propulsive force in the lower extremity. The 
gait of the patients was objectively improved by walking practice. 
However, the degree of local muscle fatigue after walking in terms of
blood oxygen dynamics differed depending on the load intensity of 
walking and the degree of tension in the lower extremities.
   In addition to being small, lightweight, and easy to operate, NIRS 
can noninvasively observe fatigue in local muscles and objectively

capture the effects of clinical training. In addition, NIRS can measure 
post-exercise conditions that cannot be captured by electromyography. 
It is easy to evaluate fatigue recovery after training using blood oxygen 
dynamics, which is expected to be useful in the rehabilitation field.
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