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Introduction: The hybrid assistive limb (HAL) is a wearable exoskeleton cyborg that
assists walking and lower limb movements via real-time actuator control by detecting the
wearer’s bioelectric signals on the surface of their skin.

Purpose: The purpose of this study was to report the improvement in walking ability following
HAL gait training in a patient with tetraplegia after incomplete cervical spinal cord injury (SCI).
Patient and Methods: A 47-year-old man with traumatic cervical SCI for six months after
fall had incomplete tetraplegic SCI grade C as classified according to the American Spinal
Cord Injury Association impairment scale and was unable to walk in conventional
rehabilitation.

Results: The HAL gait training was received 2 or 3 times per week for 13 sessions.
Improvement was observed in gait speed (baseline: 0.12; after training: 0.45 m/sec), step
length (baseline: 0.30; after training: 0.45 m), and cadence (baseline: 23.1; after training:
59.6 steps/min) based on a 10-meter walking test; International Standards for Neurological
and functional Classification of Spinal Cord Injury (ISNCSCI) motor score (baseline: 59;
after training: 76); and walking index for spinal cord injury (WISCI) II score (baseline: 1;
after training: 6).

Conclusion: We report the recovery of walking ability in a patient with chronic severe
incomplete tetraplegic SCI following the HAL training.

Keywords: hybrid assistive limb, robotic rehabilitation, incomplete spinal cord injury,
robotic gait training

Introduction
Spinal cord injury (SCI) is a devastating condition usually associated with perma-
nent impairment.' The majority of neurological recovery from SCI occurs within
the first 3 months after the injury. The guidelines to conduct clinical trials for SCI,
as developed by The International Campaign for Cures of Spinal Cord Injury
Paralysis panel, are spontaneous recovery after SCI and statistical power needed
for therapeutic clinical trials.” Beyond this, only a small amount of neurological
recovery can be observed, as the neurological functioning is subsequently main-
tained at a constant level.> Promotion of significant neurological recovery in
chronic phase SCI is thought to be difficult, based on animal studies and experience
in clinical situations.

Recently, various wearable and mobile exoskeleton devices have been intro-

duced in clinical setting.* The hybrid assistive limb (HAL) robot is a wearable
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exoskeleton cyborg that provides real-time assistance to an
individual for walking and limb movements through actua-
tors mounted on the bilateral hip and knee joints.” Lower
limb motion is assisted by the detection of bioelectric
signals through an electrode on the anterior and posterior
surfaces of the wearer’s thigh, which are processed
through a computer on the back of the HAL. Use of the
neurologically controlled exoskeleton HAL leads to func-
tional improvements in the walking abilities of patients in
the chronic phase of SCI with residual muscular
functions.® Previous pilot studies have reported that body
weight support treadmill training with HAL is feasible and
safe and can lead to improved functional mobility and
motor functions in patients with chronic paraplegia or
tetraplegia due to SCL”® To date, the effects of HAL
treatment for patients with chronic SCI remain to be elu-
cidated. In this case report, we described a patient with
chronic incomplete tetraplegic SCI who showed apparent
improvement in walking ability after HAL gait training
despite experiencing a more severe impairment in walking
ability than those reported in previous studies.

Patients and Methods

This study was approved by the Ethics Committee of the
Tsukuba University Faculty of Medicine (approval no.:
H26-22). The patient agreed to participate in this study
and provided written informed consent.

Case Presentation

Course of Medical History in Other Hospitals

This case report describes a 47-year-old man diagnosed
with cervical spondylotic myelopathy who underwent pos-
terior C3-C6 laminoplasty and C7-T1 laminectomy in
another hospital. After the surgery, the usual rehabilitation
of five sessions per week was started, and improvement in
walking ability independently with cane use was observed.
After discharge from the other hospital, the patient
received rehabilitation 2-3 sessions per week as an out-
patient. Two months postoperatively, he fell at his house
and was diagnosed with traumatic cervical SCI in the other
hospital. The T2-weighted (T2WI) magnetic resonance
image (MRI) of his cervical spine showed residual spinal
cord compression at the C5/6 level even after decompres-
sion surgery. After he fell and was diagnosed with trau-
matic cervical SCI, the patient had never had surgery and
had been treated using conventional rehabilitation in the
other hospital. However, due to severe inability to walk,

nonsignificant improvement in ambulatory function was
observed (Figure 1).

In Our Hospital as an Inpatient

Six months after the injury, the patient was referred to our
hospital to receive rehabilitation training with HAL as an
inpatient. His physical condition, activities of daily living,
and gait functions before HAL gait training were evalu-
ated. On admission, the abovementioned evaluation
revealed that the patient had incomplete tetraplegic SCI
grade C as classified according to the American Spinal
Cord Injury Association impairment scale.” According to
Standards for Neurological and
Functional Classification of Spinal Cord Injury
(ISNCSCI),>!' the patient’s condition was defined with
a motor score of 59 points, motor neurological level C7,

the International

sensory score for a pinprick was 78 points (right: 39
points, left: 39 points), sensory neurological levels were
T10 on the right and left sides. A Walking Index for Spinal
Cord Injury (WISCI) II score of 1 point (the patient needs
two assistances to walk a distance of less than 10
meters).'"'? The patient’s Berg balance scale (BBS)
score was 5 points, and his Functional Independence
Measure (FIM) motor score was 35 points. Muscle spasti-
city using a modified Ashworth scale score (mAs) showed
that knee extension was 1 point (right: 1 point, left: 0
point) and ankle dorsiflexion were 4 points (right: 2 points,
left: 2 points). Deep sensibility of the lower legs was
normal; however, the patient had moderate numbness of
the lower legs. The clinical progression of the patient is
summarized in Figure 1.

HAL Gait Training

Two therapists and an assistant attached and detached the
HAL exoskeleton suit, and an engineer measured gait
movement analysis. To maximize safety, a walking device
(All-in-One Walking Trainer, Ropox A/S, Naestved,
Denmark) with a harness was used to prevent falls during
HAL training. All HAL training sessions were performed
(including standing, sitting, and walking) with support of
the All-in-One Walking Trainer. The HAL training was
started 11 months after the patient’s surgery and included
a total of 13 sessions across 2 months, with 2-3 sessions
per week. The duration of one training session was
approximately 60 min, including fitting and evaluation.
The net gait training time was 15-20 min. This case
primarily used the cybernic voluntary control (CVC)
mode of the HAL exoskeleton, which allows the operator
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Figure | Postoperative progress during hybrid assistive limb training and conventional rehabilitation at the other hospital, ambulation, and diagnosis.

to adjust the degree of physical support provided for the
patient’s comfort. The amount of walking distances during
the HAL training sessions was decided considering the
patient’s vital signs and assessing the fatigue and motiva-
tion of the patient. Combined conventional rehabilitation
was also performed by a physiotherapist and an occupa-
tional therapist four times a week (40 min per session).

Assessment

We evaluated the occurrence of adverse events related to
the HAL training. Using the 10-meter walking test
(IOMWT), we measured walking speed, step length,
and cadence in every session. The 10-m walking time
was measured using a handheld stopwatch, from which
the walking speed was calculated. The number of steps
taken between the start and finish line were counted to
calculate step length (in meters). Cadence was calculated
based on the number of steps taken over the walking
time and measured as number of steps/minute. During
the 10MWT, the patient was instructed to walk without
wearing the robot on a flat surface at a self-selected
comfortable pace. The adverse events and 10MWT
were evaluated for every session. The ISCNCSI motor
score, WISCI-II, BBS, modified Ashworth scale score

(mAs), and FIM were also assessed at baseline (pre-
HAL) and after all HAL sessions were completed (post-
HAL).

Muscle activity, including that of the rectus femoris,
gluteus maximus, and gastrocnemius, during the HAL gait
sessions were evaluated using electromyography (EMQG)
with the Trigno™ Lab Wireless EMG System (Delsys,
Inc., Boston, MA, USA). Each muscle activity was
recorded bilaterally using the EMG, collected at 2000
Hz, and filtered with a 30400 Hz bandwidth passing filter
using scripts on MATLAB 8.2 (Mathworks, Natick, MA,
USA). Furthermore, a motion capture system (Vicon MX
with 16 T20S cameras, Vicon, Oxford, UK) was used to
evaluate the gait motion in synchronization with the mus-
cles’ activities. Auto-reflective markers were placed on the
legs following the instructions of the VICON plug-in gait
marker set at the anterior superior iliac spine, posterior
superior iliac spine, lower lateral 1/3 surface of the thigh,
flexion-extension axis of the knee, lower lateral 1/3 sur-
face of the shank, head of the second metatarsal bone of
the toe, lateral malleolus of the ankle, and posterior peak
of the calcaneus of the heel.

Gait motion data were collected at 100 Hz, and the
sagittal plane joint angles were computed using the plug-in
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gait model. The kinematic data were extracted from the
10OMWT baseline (pre-HAL) and after all HAL sessions
were completed (post-HAL). For each of the extracted
cycles, the maximum and minimum angles at the hip,
knee, and ankle joints were extracted to calculate the joint
range of motion. The kinematic profile of each of the lower
extremities for each extracted step cycle was normalized to
the duration of the step cycle and averaged across cycles.

Results

Regarding the 10MWT, significant improvements in gait
speed (baseline: 0.12; after training: 0.45 m/sec), step length
(baseline: 0.30; after training: 0.45 m), and cadence (base-
line: 23.1; after training: 59.6 steps/min) observed after the
HAL training. The HAL walking distance also gradually
increased (baseline: 104; after training: 312 m) (Figure 2A
and B, and video). Other outcomes improved overall, includ-
ing the ISNCSCI motor score (from 59 to 76 points; with
upper extremities from 30 to 38, lower extremities from 29

to 38) (Table 1), sensory score for a pinprick (from 78 points
to 84 points; right: 41 points, left: 43 points), WISCI-II score
(from 1 to 6, with a progression from using a walker and
brace; left side, short leg brace), BBS (from 5 to 7 points,

A Walking speed (m/sec)
0.5

sitting with back unsupported but feet supported on the floor
or on a stool and standing to sitting), FIM motor score (from
35 to 39 points, transfers, walking, and grooming), the knee
extension (from 1 point to 0 point), and the ankle dorsiflex-
ion of mAs (from 4 points [right: 2 points, left: 2 points] to 3
points [right: 2 points, left: 1 points]).

Muscle activities in the 1I0MWT baseline (pre-HAL)
and after the HAL training (post-HAL) are shown in
Figure 3. Each muscle on the right side was activated in
the stance phase after the HAL training session. However,
the muscle activation on the left side was not changed.
Moreover, lower limb kinematics changed after the HAL
training (Figure 4). The maximum hip extension angle and
knee extension angle on both sides during the stance
phases increased after the HAL training sessions.
Although the maximum ankle plantar flexion angle on
the right side during the stance phases also increased,
that on the left side showed no difference between pre-
and post-HAL training. During all HAL sessions, no ser-
ious adverse events were related to HAL training directly,
except for slight left knee pain after the training. There
were moderate swelling and pain in front of the knee
(superior border of patella) only after 3 sessions; after
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Figure 2 Entire process of the patient’s hybrid assistive limb (HAL) gait training. The graph shows the chronological improvement in walking speed, step length, and cadence
in the 10-meter walking test without the HAL during HAL gait sessions. Gait speed (A) as well as step length and cadence (B) improved in each HAL session. In the first nine
sessions, the patient’s walking ability (WISCI-Il and ambulation) were gradually improved. After nine sessions, the patient could walk with one assistance and use brace and

bilateral crutches. The walking training distance with the HAL also gradually increased.
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Table | Detailed Results of the ISNCSCI Motor Score (Upper
and Lower Extremity) at Baseline (Pre-HAL) and After Training
(Post-HAL)

Baseline After Training
(Pre HAL) (Post HAL)
Rt Lt Rt Lt
C5 Elbow Flexor 5 5 5 4
Cé Wrist Extensor 5 4 5 4
Cc7 Elbow Extensor 4 2 5 2
c8 Finger Flexors [ | 4 4
Tl Finger Abductor 3 0 3 2
Total upper extremities 30 38
L2 Hip Flexor 3 3 4 4
L3 Knee Extensor 4 4 4 4
L4 Ankle Dorsiflexor 2 2 4 4
L5 Long Toe Extensor 4 2 4 4
S| | Ankle Plantar Flexor 3 2 3 3
Total lower extremities 29 38
Total 34 25 41 35
59 76

which, the patient had never observed swelling and pain.
We could not confirm whether the knee pain was attributed

Rectus Femoris (Right / Left)

iEMG [mV]

Gastrocnemius (Right / Left)

IEMG [mV]

100 0 50 100
Gait Cycle [%] Gait Cycle [%]

Gluteus Maximus (Right / Left)

to the HAL training; however, none of the sessions needed
to be postponed or cancelled due to knee pain.

Discussion
Our patient had shown significant improvement in func-
tional walking ability, although it reached a plateau during
the first 6 months after SCI. Furthermore, even though this
patient was treated using conventional rehabilitation in
another hospital, improvement in functional walking abil-
ity and other physical functions had not been observed.
Surprisingly, we observed improvement in the patient’s
functions, especially walking ability, immediately after
starting the HAL training. Other studies’ reported effects
of HAL training in various chronic SCI cases classified by
AIS; however, all the patients involved were able to walk
and perform high-performance tests such as timed-up and
go test, and 6-minute walk test, as opposed to our patient’s
walking ability. Moreover, our patient took a shorter-term
HAL training compared to those of the previous report
(our study: two or three times per week for 2 months,
previous study: five times per week for 3 months).

There are several possible mechanisms underlying the
significant HAL-induced neurological recovery in the pre-
sent case of a patient with chronic SCI, in which recovery

Hamstrings (Right / Left)

EMG [mV]

iEMG [mV]

100 0 50 100
Gait Cycle [%] Gait Cycle [%]

e o

iEMG [mV]

— Baseline (pre HAL)
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Gait Cycle [%]

Figure 3 Muscle activities of the rectus femoris, hamstrings, gastrocnemius, tibialis anterior and gluteus maximus without the hybrid assistive limb (HAL) at baseline (pre-
HAL) and after training (post-HAL). Each muscle on the right side was activated in the stance phase after the HAL training. Vertical lines indicate the moment of toe lift.
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Figure 4 Temporal profile of the angular position of the hip, knee, and ankle joint o
(post-HAL). After HAL training sessions, the maximum hip and knee extension angle
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Gait Cycle [%]

ver the gait cycle, measured without the HAL at baseline (pre-HAL) and after training
on both sides during the stance phases increased. Moreover, the maximum right ankle

plantar flexion angle during the stance phase increased post HAL. Vertical lines indicate the moment of toe lift.
Abbreviations: RF, rectus femoris; Gmax, gluteus maximus; GAS, gastrocnemius; HAL, hybrid assistive limb.

had reached a plateau during conventional rehabilitation.
First, active subject participation in robot-driven gait ther-
apy using HAL could lead to possible gains in motor
learning. Second, regarding cortical reorganization,
a previous study reported that the effect of active move-
ment is better than that of passive movement.'> We con-
sider that HAL training is more effective for its use of
innate neuromuscular control, compared with other reha-
bilitation robots, such as the Lokomat and Rewalk, which
do not include sensors to detect the neuromuscular activa-
tion of wearers. Therefore, HAL-assisted active motor
training is more effective than passive motor training in
eliciting performance improvements and cortical reorgani-
zation. HAL can assist the patient’s lower limb motion
only when the patient’s muscles are active, and this assures
the consistent signaling of sensorimotor interactions in the
patient’s central nervous system. Therefore, appropriate
sensory inputs are essential to achieve maximum func-
tional recovery in SCIs. Regarding the upper-extremity
movement, improvement of ISNCSCI motor score was
observed not only in lower-extremity score but also in
upper-extremity score, even though the training using
HAL was only gait training. Recent research has indicated
that voluntary upper limb alternate movement generates
locomotor-like movements'* and enhances muscle activa-

tion in the lower limbs.'> Therefore, we consider that gait

training by HAL might attribute to the improvement of
upper-extremity motor function through the enhancement
of neural repair and plasticity due to the interaction
between upper and lower limbs.

This study used surface electromyography in synchroni-
zation with a motion capture system before and after HAL
training. Muscle activity of the right limb muscles was more
activated after HAL training than before HAL training. The
mean hip extension angle, knee extension angle, and ankle
plantar flexion angle during the stance phases in the motion
capture system were also increased after HAL training.
Based on the results of EMG and Vicon, we conjectured
that the HAL training that contributed to the improvement
in the patient’s walking abilities would allow close to normal
walking due to the changed walking strategy and enhanced
neural recovery of the lower muscles. Some previous studies
have reported that HAL generates joint torques by amplify-
ing the sensed muscle activity.'®'” The patient’s ability to
bear weight on his feet improved. We consider that HAL
training with a sufficient amount of gait training might be
used as a treatment for disuse syndrome in the patient. There
might have been disuse of walking muscles because the
present patient’s symptoms were too severe to perform walk-
ing exercise in the other hospital. Because of the above
reasons, we believe that HAL motion assistive technologies
could contribute to improvement in patient walking ability by
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facilitating proper joint motion and loading and unloading
muscle movement.

Conclusion

The gait training using HAL for chronic severe incomplete
tetraplegic SCI has the potential to improve patients’ abil-
ity to walk. Further exploration is needed to prove the
beneficial effects of HAL gait training.
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