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Abstract: Peripheral nerve disorder of the lower extremities causes drop foot and disturbs the daily
living activities of patients. The ankle joint hybrid assistive limb (HAL) provides voluntary ankle joint
training using surface bioelectrical signals from the muscles of the lower extremities. We investigated
the neurological effects of ankle joint HAL training in three patients. Sensory nerve action potentials
(SNAPs) and compound muscle action potentials (CMAPs) were analyzed for the peroneal and tibial
nerves prior to the first ankle joint HAL training session. Integrated surface electromyography EMG
signals were recorded before and after the HAL training sessions to evaluate the effects of training
for neuromuscular disorders. The patients were hospitalized to receive rehabilitation with HAL
training for 2 weeks. The HAL training was performed daily with two 60 min sessions. All cases
demonstrated severe neuromuscular impairment according to the result of the CMAP. All integrated
EMG measurements of antagonistic muscle activities decreased after the ankle joint HAL training.
The manual muscle testing (MMT) scores of each muscle were slightly increased after the HAL
intervention for Case 2(tibialis anterior, from 2 to 2+; gastrocnemius muscles, from 2— to 2; extensor
digitorum longus, and extensor hallucis longus, from 1 to 3). The MMT scores were also slightly
increased except for gastrocnemius muscle for Case 3 (tibialis anterior, extensor digitorum longus,
and extensor hallucis longus, from 2— to 2). These two patients demonstrated voluntary muscle
contractions and nerve signals in the CMAP before the HAL training. Even though the amplitude of
CMAPs was low, the HAL training may provide voluntary ankle joint movements by reducing the
antagonistic muscle contraction via computer processing. The HAL training may enhance muscle
movement and coordination through motor learning feedback.

Keywords: robotic ankle rehabilitation; neuromuscular training; peripheral nerve disorder; feedback
motor learning; muscle action potential

1. Introduction

Iatrogenic nerve injuries can occur due to compression, traction, ischemia, and traction
during some orthopedic surgeries [1]. Peripheral nerve injuries typically involve mixed
nerves with both sensory and motor components. Damage to either of these nerves can
result in sensory alterations and weakness in the lower limb. Recovery from nerve palsy
can be very slow and incomplete [2]. Nerve injury may occur anywhere from the sciatic
origin to the terminal branches in the foot and ankle [3]. Complete neural recovery of
sciatic nerve palsy occurs in only 16~36% of patients [4,5]. Peroneal nerve palsy often
occurs with entrapment neuropathies of the lower extremities, which can result in drop foot
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and can disturb patients” daily living [6,7]. The establishment of an effective conservative
treatment for drop foot resulting from peroneal nerve palsy remains elusive. Some reports
have suggested the efficacy of functional electrical stimulation as a conservative treatment
for managing drop foot [8,9]. However, functional electrical stimulation treatment has
not gained widespread acceptance in clinical settings, limiting its status as an established
treatment method. While orthotic treatment [10] can effectively prevent ankle joint defor-
mity and serve as an assistive walking device, it does not address the underlying palsy.
Consequently, the establishment of an effective conservative treatment for drop foot, which
can arise from various factors such as peroneal neuropathy at the neck of the fibula, L5
radiculopathy, or stroke, is still lacking. Therefore, effective neurorehabilitation is essential
for patients with sciatic or peroneal nerve palsies. To our knowledge, there are few studies
investigating effective neural treatment using feedback learning for patients with lower
extremity nerve palsy. The ankle HAL is a wearable exoskeleton-type robot that is used
to train plantar and dorsiflexion and for voluntary assistive training of the ankle joint
of patients with palsy using an actuator, which is placed on the lateral side of the ankle
joint and detects bioelectrical signals (muscle action potentials) from the tibialis anterior
(TA) and gastrocnemius muscles. The HAL provides the wearer with a feedback system
that allows the wearer to observe their own bioelectrical signals in real time on a monitor
during ankle HAL training. Voluntary active ankle dorsiflexion training using the ankle
HAL is crucial for errorless learning [11] and motor learning [12] in the field of neurore-
habilitation. For motor learning, training that involves active participation and voluntary
movement production by the subject is considered essential for inducing changes in motor
performance, cortical activity, and excitability [13]. Another important factor in motor
learning is providing correct afferent input. The HAL training can provide the correct
motion for paralytic ankle dorsiflexion despite low and weak muscle activity and can
change muscle EMG waves during active movement. In our previous study, we conducted
HAL training using the novel robotics ankle HAL and demonstrated its safety, feasibility,
and effectiveness as a treatment for a patient with ankle-foot disability resulting from L5
palsy after lumbar spine surgery [14]. However, it is important to note that the study was
limited to a single subject, and we did not specifically evaluate nerve conduction or EMG
in that study. Our hypothesis is that ankle joint HAL training might help optimize muscle
activities, which may enhance coordination by the inhibition or reduction in antagonist
muscle activity. In this study, we treated three patients with L5, S1 palsy or peroneal, and
tibial nerve palsy using ankle joint HAL training and assessed nerve conduction as well as
integrated EMGs.

2. Materials and Methods
2.1. Patients

Three patients were included in this study. This case study focuses on the severity
of peripheral neuropathy. Case 1 was an 85-year-old woman diagnosed with lumbar disc
herniation at the L4/5 level. She had left peroneal nerve palsy for more than 20 years
since the onset. Case 2 was a 58-year-old woman diagnosed with degenerative lumbar
spondylolisthesis. She had experienced sciatic nerve palsy for 6 years since the onset. Case
3 was a 71-year-old man diagnosed with left peroneal nerve palsy due to an ischemic injury
after total knee arthroplasty, and it had been 7 months since the onset. Patients’ clinical
data are shown in Table 1.

2.2. Ankle Joint HAL Training

The HAL can enhance movement by expressing the wearer’s voluntary muscle activity
as actual motion. Through repeated execution of specific tasks, it promotes the reinstate-
ment or restructuring of appropriate proprioceptive feedback learning, which is expected
to improve the wearer’s operational capacity. These HAL motion support technologies
incorporate an interactive biofeedback system that links the brain/nervous system body
to the HAL [15]. The ankle joint HAL system consists of a control device, battery, manual
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Surface electrode
Sensors

controller, surface electrode sensors, specifically for the ankle HAL shoe, an actuator, and
an ankle HAL attachment (Figure 1).

Table 1. Clinical characteristics of the patients.

Case 1 2 3
Sex Female Female Male
Age 85 58 71
Post onset period 20 years 6 years 7 months
Diacnosis Lumbar disc Degenerative lumbar Ischemia after total
n herniation, LCS spondylolisthesis knee arthroplasty
. Peroneal nerve palsy

Type of paralysis L5 palsy L5, S1 palsy Tibial nerve palsy

LCS, lumbar canal stenosis.

Surface electrode
SEensors

Ankle HAT attachments

Figure 1. The structure of the ankle HAL consists of a control device, battery, manual controller, sur-
face electrode sensors, specifically for the ankle HAL shoe, an actuator, and an ankle HAL attachment.

The ankle joint HAL can detect bioelectrical signals from the tibialis anterior muscle to
promote dorsiflexion in patients with sciatic or peroneal nerve palsies. First, the patient
was placed in a seated position and the therapist attached the ankle HAL. The surface
electrode sensors of the HAL were then attached to the tibialis anterior and gastrocnemius
muscles and the sensor cables were plugged into the control device. Subsequently, the
muscle activities of the tibialis anterior and gastrocnemius muscles were observed on the
manual controller monitor. The torque of the ankle HAL actuator was then adjusted and
appropriately positioned at a dorsiflexed angle during the ankle HAL training [14]. The
patients were hospitalized to receive rehabilitation with HAL training for 2 weeks. The
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HAL training was performed daily with two 60 min sessions (Figure 2). Concurrently, all
patients received conventional rehabilitation, which included passive range of motion and
muscle strengthening training around the hip and knee joints by physical therapists.

| -

Figure 2. (a) Resting position of the ankle HAL; (b) Maximum left ankle dorsiflexion with the
ankle HAL.

2.3. Measurements

We performed manual muscle testing (MMT) of the tibialis anterior, extensor hallucis
longus, extensor digitorum longus, and gastrocnemius muscles to assess the improvement
in muscle strength after HAL training.

Nerve conduction studies are believed to be the most accurate, reliable, and sensitive
measurement of peripheral nerve function. In comparison to nerve biopsy, nerve con-
duction studies is a noninvasive procedure, making it the preferred choice for evaluating
peripheral nerve disorders [16]. The purpose of conducting nerve conduction studies in
this study was to assess the severity of peripheral neuropathy, particularly in cases where
the use of HAL is indicated. The objective was to evaluate the extent of nerve fiber loss
and identify any signs of recovery in each individual case. Nerve conduction studies
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were performed on the peroneal and tibial nerves before the first ankle joint HAL training.
We assessed the amplitude of the SNAPs and CMAPs to evaluate the severity of axonal
loss [17] as a measure of peripheral nerve disorder [18]. The peroneal nerves were stimu-
lated supra-maximally at three sites, including the popliteal fossa, fibular head, and dorsal
ankle. The CMAPs of the extensor digitorum brevis (EBD) were detected. The superficial
peroneal nerves were antidromically stimulated above the ankle. The tibial nerves were
also supra-maximally stimulated at the popliteal fossa and tarsal tunnel and the CMAPs of
the abductor hallucis (AH) were detected. The medial plantar nerves were orthodromically
stimulated via the thenar muscles.

We recorded the integrated surface EMG signals before and after the HAL training
sessions. Muscle activities were recorded from the tibialis anterior and gastrocnemius
muscles. The EMG electrodes were placed on the tibialis anterior and gastrocnemius
muscles. Electrode placement on the examined muscles was based on the SENIAM
recommendations [19]. The surface EMGs were obtained by directing the patients to
maintain the ankle joint in a maximum dorsal and plantar flexion for 20 s. All EMG signals
were filtered with a band-pass filter (2-20 kHz). The data were rectified and integrated to
obtain an integrated EMG profile over 10 s. The nerve conduction study and surface EMGs
were performed using Neuropack (MEB2200, Nihon Kohden, Tokyo, Japan).

3. Results

Table 2 shows the MMT scores before and after the ankle joint HAL training sessions. In
Case 2, the MMT scores of each muscle were increased slightly after the HAL interventions
(tibialis anterior, from 2 to 2+; gastrocnemius muscles, from 2— to 2; extensor digitorum
longus, and extensor hallucis longus, from 1 to 3). A video recording demonstrates the
autonomic movements of the ankle and toes in Case 2 before and after the ankle joint
HAL training sessions (Video S1). Ankle dorsiflexion and toe extension were improved in
agreement with the increased MMT scores.

Table 2. MMT scores before and after the ankle HAL training sessions.

Tibialis Anterior Gastrocnemius Muscles EHL EDL
Case 1 Pre-HAL 2 5 2 2
ase Post-HAL 2 5 2 2
Case 2 Pre-HAL 2 2- 1 1
ase Post-HAL 2+ 2 3 3
C 3 Pre-HAL 2- 2+ 2- 2-
ase Post-HAL 2 2+ 2 2

Pre-HAL, before the first ankle HAL training session; Post-HAL, after all of the ankle HAL training sessions; EHL,
extensor hallucis longus; EDL, extensor digitorum longus.

In Case 3, the MMT scores of the tibialis anterior, extensor digitorum longus, and
extensor hallucis longus muscles were increased slightly except for the MMT of the gastroc-
nemius muscle (tibialis anterior, extensor digitorum longus and extensor hallucis longus,
from 2— to 2). However, all MMT scores in Case 1 remained changed.

The amplitudes of the SNAPs and CMAPs are shown in Table 3.

Both amplitudes from the SNAP and CMAP of the affected limbs were low for Case 1.
The superficial peroneal nerve-SNAP and EDB-CMAP were not detected, the amplitude
of AH-CMAP was much lower, and the medial plantar nerve-SNAP was undetected in
Case 2.

In Case 3, the amplitude of the EDB-CMAP on the affected side was very low, and the
SNAP of the peroneal and tibial nerves was not detected on the affected side.
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Table 3. The amplitude of the CMAPs and SNAPs before the ankle joint HAL intervention.

Case 1 2 3
P 1 CMAP 190 uv -) 780 puv
eroneal nerve SNAP 8.9 v “) )
Tibial CMAP 7.1 mv 0.2 mv 4.5 mv
ibial nerve SNAP 1.9 v “) )

CMAP, compound muscle action potential; SNAP, sensory nerve action potential; HAL, hybrid assistive limb;
(-), undetected; The peroneal nerve palsy was measured by the extensor digitorum brevis of the CMAP and the
amplitude of the superficial peroneal nerve of the SNAP. The tibial nerve palsy was measured by the abductor
hallucius of the CMAP and the amplitude of the medial plantar nerve of the SNAP.

The integrated EMG of the tibialis anterior and gastrocnemius muscles are shown
before and after the ankle joint HAL training sessions in Table 4. All integrated EMG
measurements after the HAL training sessions decreased after training.

Table 4. Integrated EMGs of the tibialis anterior and gastrocnemius muscles (mVms).

Dorsiflexion Plantar Flexion
Tibialis Anterior Gastrocnemius Tibialis Anterior Gastrocnemius
Case 1 Pre-HAL 201 176 583 3613
ase Post-HAL 115 170 494 2253
Case 2 Pre-HAL 189 240 241 1994
ase Post-HAL 132 229 229 1122
Case 3 Pre-HAL 969 401 334 857
ase Post-HAL 650 289 311 447

Pre-HAL, before the first ankle HAL training session; Post-HAL, after all of the ankle HAL training sessions.

4. Discussion

We investigated the neurophysiological effects of the ankle joint HAL training for
peripheral nerve disorders on lower extremities using nerve conduction and surface EMG.

The amplitudes of the CMAPs demonstrated severe neuropathies in all cases. In
addition, all patients” MMT scores were either not increased or slightly increased after
the ankle joint HAL sessions. In contrast, all integrated EMGs after the HAL sessions
were decreased after training. Ankle dorsiflexion and toe extension were improved in
agreement with the slightly increased MMT scores in Case 2. These muscle relaxations
may inhibit the abnormal EMG antagonistic muscle activation during the ankle and toe
joint movements [20]. A previous study showed that spastic co-contraction corresponds
to excessive activity of the antagonist muscles during active movement [21]. Another
study highlighted the relationship between spastic co-contraction and the range of motion
restriction [22]. Hence, the ankle joint HAL training decreased antagonist muscle activation
resulting in a relatively increased agonist muscle activation and a slightly increased MMT.

The patients had the potential for voluntary muscle contraction of the EDB or AH
muscles, and the nerve signals were quite small according to the CMAPs. Even if the
surface muscle action potentials were small, the ankle joint HAL could generate voluntary
ankle joint movements, and thus provide a proprioceptive feedback loop [23]. In spite of the
voluntary muscle contractions, the nerve signals from the SNAP and CMAP (SNAP; 8.9 uv,
CMAP; 190 uv), and the increased muscle activities on the EMG, muscle strength was not
improved in Case 1. The onset of the nerve palsy in Case 1 was 20 years prior, for which the
neural functional recovery may have reached a plateau status. In addition, joint contracture
hampered the subject’s ankle movement. In Case 1, another important factor that we
considered is spasticity, which is defined as a motor disorder characterized by increased
muscle tone and resistance to passive movement. Spasticity can significantly hinder the
initiation of active rehabilitation [24]. In contrast, the ankle joint HAL training provided
effective treatment for Cases 2 and 3, who both had symptom onset within a relatively short
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period. The effects of ankle-foot orthosis were reported, indicating that individuals without
a contracture benefit from an ankle-foot orthosis that allows for dorsiflexion mobility [10].
In our previous study, we demonstrated that improvement in passive dorsiflexion ROM
was observed after ankle HAL training [14]. The previous study showed that changes in
muscle EMG waves of the tibialis anterior muscles were caused by an increase in voluntary
movements, suggesting that patients’ voluntary movement of the tibialis anterior muscles
was accelerated by the ankle joint HAL training [14]. In this study, the HAL training
altered the involuntary EMG waves as well as the voluntary EMG waves by reducing
antagonistic muscle contraction with computer processing [25,26]. However, the ankle joint
HAL training might not affect recovery from peripheral nerve disorder when the neural
recovery has reached a plateau status. Neural activity and repeated execution of specific
tasks promote the reinstatement or restructuring of appropriate proprioceptive feedback
learning [27]. Therefore, the ankle joint HAL training enhanced the muscle movement
or coordination of patients who had symptom onset within a relatively short period by
feedback motor learning [14]. There were some limitations in this study. We investigated
only surface EMG measurements to evaluate the effect of the ankle joint HAL training. In
addition, nerve conduction studies were performed just before the first ankle joint HAL
training session. Therefore, it was difficult to distinguish what was the most effective factor
to improve neuromuscular impairment by the HAL training. Nevertheless, we recognize
that there are alternative assessments available for evaluating peripheral nerve function,
such as ultrasound imaging [28]. Furthermore, the ankle joint HAL training protocol was
possibly unsuitable for Case 1, who had a long period since onset. Future studies are
required with a greater number of patients performing a statistical analysis of intervention
data and a control group to explore the specific protocol for the effective treatment of
nerve palsy by ankle joint HAL training. Additionally, it is important to include other
measurements in our study, such as passive and active ROM or assessments of spasticity.
These additional measurements will provide a more comprehensive evaluation of the
outcomes and factors affecting the effectiveness of our intervention.

5. Conclusions

Even if the patients demonstrated only minimal muscle action potentials by electro-
physiological examination, the ankle joint HAL training enhanced muscle movement and
coordination of patients who had symptom onset within a relatively short period by feed-
back motor learning. The ankle joint HAL could be an effective neural treatment to reinstate
movement from feedback learning for patients with nerve palsies of the lower extremities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /medicina59071251/s1, Video S1: The video documents the move-
ment of the ankle and toe joints in Case 2 before and after the ankle joint HAL training session at
2 days and 1 month post training.
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