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limb muscle activity and Hybrid Assistive
Limb® (HAL®) in a patient with complete
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Context: We sought to describe our experience with the Hybrid Assistive Limb® (HAL®) for active knee
extension and voluntary ambulation with remaining muscle activity in a patient with complete paraplegia after
spinal cord injury.

Findings: A 30-year-old man with complete paraplegia used the HAL® for 1 month (10 sessions) using his
remaining muscle activity, including hip flexor and upper limb activity. Electromyography was used to
evaluate muscle activity of the gluteus maximus, tensor fascia lata, quadriceps femoris, and hamstring
muscles in synchronization with the Vicon motion capture system. A HAL® session included a knee
extension session with the hip flexor and voluntary gait with upper limb activity. After using the HAL® for one
month, the patient’s manual muscle hip flexor scores improved from 1/5 to 2/5 for the right and from 2/5 to
3/5 for the left knee, and from 0/5 to 1/5 for the extension of both knees.

Conclusion/clinical relevance: Knee extension sessions with HAL®, and hip flexor and upper-limb-triggered
HAL® ambulation seem a safe and feasible option in a patient with complete paraplegia due to spinal cord injury.
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Introduction
Patients with complete paraplegia after spinal cord
injury (SCI) are unable to stand or walk on their own.
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These patients tend to develop osteoporosis, muscle
spasms, and joint contracture. However, standing exer-
cises have been shown to decrease decubitus ulcers,
osteoporosis, hip joint flexion and adduction deform-
ities, and improve the performance of the cardiovascular
and digestive systems in these patients.'

Robotic devices have recently been used in the clinical
setting for patients with chronic SCI. Exoskeleton
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robotic devices with a treadmill, such as the Lokomat®
(Hocoma, Switzerland) and LOPES,’ and powered
exoskeleton devices such as ReWalk (Robotics,
Israel),* have angular sensors in the joints and pelvis
as well as foot force pressure sensors. However, they
have no sensors to detect the neuromuscular activation
of wearers.

The Hybrid Assistive Limb® (HAL®; Cyberdyne
Inc, Ibaraki, Japan) is a wearable robot suit that
assists the wearer in voluntary control of the knee joint
and hip joint motion by detecting signals from force/
pressure sensors in the shoes and very weak bioelectric
signals on the skin surface. Power units on both sides
of the hip and knee joints consist of angular sensors
and actuators, and the control system comprises cybernic
voluntary control (CVC) mode and cybernic auton-
omous control (CAC) subsystem.” The HAL® suit has
a hybrid control system that includes the CVC and
CAC modes. The CVC mode supports the patient’s
voluntary motion by providing assistive torque to each
joint according to the voluntary muscle activity. The
CAC mode can move the patient’s leg using signals
from the force-pressure sensors.

Gait training with the HAL® has been reported to
improve gait ability in patients with chronic stroke,®®
chronic SCI,® '? and postoperative patients with thoracic
ossification of the posterior longitudinal ligament.'? !
We previously reported that the CAC mode can be used
in patients with C4 complete quadriplegia without detect-
able bioelectric signals in the lower extremities.'' In
addition, we previously reported the use of CVC mode
of HAL® for single joint in a patient with complete C4
quadriplegia to restore elbow joint flexion using remain-
ing trapezius muscle activation. We found that the volun-
tary motion provided by HAL® for the paralyzed joint
using the remaining muscle contraction might have acti-
vated the paralyzed muscle.'®

We consider that providing motion assist and realiz-
ing closer to natural form of movement in accordance
with detected voluntary neuromuscular activities using
the HAL CVC mode may be effective to improve
motor function. We hypothesized that voluntary knee
extension and ambulation are possible with the HAL®
CVC mode using the remaining muscle activity as the
trigger for voluntary motion in patients with chronic
SCI and complete paraplegia.

Here, we describe the effects of HAL® using a trigger
of upper limb motion, in restoring active knee extension
and voluntary ambulation in a patient with complete
paraplegia caused by chronic SCI. This study was con-
ducted with the approval of the Ethics Committee of
the Tsukuba University Faculty of Medicine (H26-22).

Case report

Patient

A 30-year-old man with complete paraplegia due to
chronic SCI presented to our hospital to undergo the
HAL intervention 1 year and 7 months post-injury. He
had no other appreciable disease. His clinical course is
summarized in Figure 1.

He sustained a burst fracture of the twelfth thoracic
vertebra and was diagnosed with SCI. He underwent
posterior fusion with an instrumented rod at the T10-
L2 level at an emergency hospital on the same day,
and was transferred to a rehabilitation hospital 2
month after the injury. When he was admitted to the
hospital, he had complete paraplegia with grade A on
the American Spinal Cord Injury Association (ASIA)

impairment scale (AIS),'” 0 points on the
International  Standards for Neurological and
Functional Classification of Spinal Cord Injury

(ISNCSCI) lower extremity motor score (LEMS), and
T11 motor and sensory neurological level. After 6
months of in-hospital rehabilitation, he gained the
ability to perform daily activities on his own with the
help of a wheelchair. His neurological findings were
AIS grade A and 2 points in LEMS.

During his first visit to our hospital, the patient’s hip
flexor manual muscle testing (MMT) scores were 1/5 on
the right and 2/5 on the left. Adductor MMT scores was
1/5 on the right and 2/5 on the left, because he could
not flex his left hip against gravity to cover full range
of the joint motion, and could not flex his right hip
fully in gravity eliminated position. The patient was
able to move his right leg inward but not upward, and
there was no muscle contraction below either hip
flexors or adductors (see Video 1). He was able to ambu-
late with a walking aid and two therapists’ full assist-
ance, and had sensory loss 3 cm below the umbilicus,
including the perianal region. His neurological findings
were AIS grade A, 3 points in LEMS, and neurological
sensory T11 on both sides. Articular contracture was
absent, and no urinary bladder or bowel function

Time

After 1y 1y

Injury
2m 8m \\ 7m 8m

Rehabilitation
T10.12 at Hospital
Posterior Fusion HAL.
Intervention

Figure 1 Summary of the patient’s clinical course. Y, years; M,
months; HAL®, Hybrid Assistive Limb®.
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remained. A plain radiograph of the thoracic spine
showed a wedge-shaped deformity of the twelfth verte-
bra and posterior fusion with an instrumented rod at
the T10-L2 level (Figs. 2A and 2B). Magnetic resonance
imaging before the intervention showed disruption of
the spinal cord at the Thll level at T2WI (Fig. 2C).
Neurological findings improved in both hip flexors
however, but knee extensor activity remained
unchanged. We intended to use the HAL® to perform
active knee extension and voluntary ambulation. Gait
with HAL is based on the user’s voluntary muscle acti-
vation and passive support with an overhead harness.

HAL® intervention

The patient underwent 10 HAL® sessions over the course
of 1 month. We defined each locomotion opportunity
with the HAL® as a HAL® session and 10 HAL® ses-
sions as the HAL® intervention. No additional therapies
were implemented during the HAL® intervention. We
evaluated the patient’s muscle activity using a Trigno™
Lab Wireless electromyography (EMG) System (Delsys,
Inc., Boston, MA, USA) before the intervention.
Although hip flexor activity was observed in both hips,
no activation of either knee extensor was seen on the
EMG. We designed the HAL® intervention based on
the patient’s remaining muscle activity with two goals
in mind. The first, was to regain active knee extension
and the second, to perform voluntary gait with HAL®.
HAL® session consisted of two parts: (1) a session for
active knee extension using hip flexor activation; and
(2) a session for voluntary gait using his upper limb acti-
vation. The latter comprised motion intention from the
deltoid anterior (DA) and deltoid posterior (DP) for

contralateral hip flexion and extension, and motion
intention from the biceps and triceps brachii for contral-
ateral knee flexion and extension. We named the “upper
limb triggered HAL” session the “UT HAL” method
(Fig. 3).

A typical HAL® session lasted 90 minutes, including
the time required to attach and detach the device (15
and 10 minutes, respectively). The evaluation before
and after each HAL® session lasted 20 minutes and
included: active hip flexion, five times; active knee exten-
sion, five times; and active combined motion of hip
flexion and knee extension such as kicking motion, five
times. The remaining time was allocated as follows:
approximately 15 minutes for knee extension exercise
and approximately 30 minutes for walking with the
HAL® (approximately 10 minutes including periods of
rest). A physiatrist was present in case of an emergency,
a therapist and two assistants took the HAL® suit on
and off, and an engineer implemented the gait analysis.
For safety reasons, a walking device (All-in-One
Walking Trainer, Ropox A/S, Naestved, Denmark)
with a harness was used to provide body weight support.

Assessments

Assessments were performed before and after each
HAL® session. A surface EMG System was used to
evaluate muscle activity of the tensor fasciae lata
(TFL) for hip flexion, femoral quadriceps (Quad) for
knee extension, medial hamstrings (Ham) for knee
flexion, and gluteus maximum (Gmax) for hip extension
on both sides. Each muscle activity was evaluated using
EMG, collected at 2000Hz, and filtered with a 30-400-
Hz bandwidth passing filter using scripts on MATLAB

B

Figure 2 (A) AP view, (B) Lateral view of plain radiograph of the thoracic spine posterior fusion with an instrumented rod at the T10-
L2 level. Wedge shaped deformity of the twelfth vertebra. (C) Magnetic resonance imaging showed disruption of the spinal cord at

the level of Th11 at T2WI.
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Rt. Arm Lt. Leg Lt. Arm Rt. Leg
Motion Intention Source HAL Motion Motion Intention Source HAL Motion
Deltoid Anterior Hip Flexion Deltoid Anterior Hip Flexion

Deltoid Posterior
Biceps Brachii
Triceps Brachii

Hip Extension
Knee Flexion
Knee Extension

Deltoid Posterior
Biceps Brachii

Triceps Brachii

Hip Extension
Knee Flexion
Knee Extension

Figure 3 Upper limb triggered HAL method. Motion intention from the deltoid anterior and deltoid posterior for contralateral hip
flexion and extension, and motion intention from the biceps and triceps brachii for contralateral knee flexion and extension. (A) Left
leg flexion triggered by right arm flexion. (B) Right leg flexion triggered by left arm flexion.

8.2 (Mathworks, Natick, MA, USA). Motion capture
(Vicon MX with 16 T20S cameras, Vicon, Oxford,
UK) was used to evaluate foot motion in synchroniza-
tion with EMG. Following the Vicon plug-in gait
marker set, auto-reflective markers were placed on the
feet, head of the second metatarsal bone for the toe,
lateral malleolus for the ankle, and posterior peak for
the calcaneus of the heel. The swing phase and stance
phase within a gait cycle were extracted according to
the movement trajectory of the markers. Heel strikes
were detected as the lower peaks of the height of the
heel markers, and toe lifts were detected at the lower
peaks of the toe markers. The swing phase started
with a toe lift and ended with the succeeding heel
strike on the same side. The stance phase started with
a heel strike and ended with the succeeding toe lift.

Results
Surface EMG before the intervention showed no appar-
ent activation in either Quad (Figs. 4 and 5). Knee
extension could not be performed using HAL® by
placing the electrodes on both Quads. Therefore, the
electrodes for knee extension were placed on both TFLs.
During the knee extension session of the first HAL®
session, both TFLs, especially in the right side, were
activated during the knee extension phase more than
before the HAL session, however neither Quad was

activated before, during, and after the HAL session
(Fig. 4A). During the voluntary gait session using
upper limb muscle activation, there was phase-depen-
dent activation of both TFL, right side dominantly, in
swing phases, while there was no phase-dependent acti-
vation of muscles other than TFLs (Fig. 4A). Before the
fifth session, the left Quad was slightly activated during
the knee extension phase (Fig. 4B). Therefore, we put
the HAL® electrode for knee extension on both
Quads for the knee extension session. During the fifth
HAL® session, each knee could extend triggered by
each Quad during knee extension session, however we
did not observe activation of both Quads via electro-
myography (Fig. 4B). During the voluntary gait
session with upper limb triggered HAL, both TFLs
were periodically activated in the swing phase, and left
Gmax in sync with the stance phase (Fig. 5B).

In the fifth session, there was left Quad activation in
the knee extension session and left Gmax activation in
the upper limb triggered HAL gait session. Based on
these observations, we put hip and knee electrodes in
the recommended position on both TFLs for hip
flexion, both Gmax muscles for hip extension, both
Quads for knee extension, and both hamstrings for
knee flexion during the latter five sessions.

Figure 4C shows muscle activation during the eighth
knee extension session. Before the session, there was
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Figure 4 Muscle activity before, during, and after each HAL® knee extension session: HAL 1st (A), 5th (B), 8th (C), and 10th session
(D), and a follow-up evaluation performed 2 months after the intervention (E). Each session includes active hip flexion, five times;
active knee extension, five times; and active combined motion of hip flexion and knee extension such as kicking motion, five times.
TFL, tensor fasciae lata; Quad, femoral quadriceps; (R), Right; (L), Left; Pre, before; Post, after. Red borders show muscle activation
according to the knee extension phase.
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Figure 5 Muscle activity during each HAL® gait session: HAL 1st (A), 5th (B), 8th (C), and 10th session (D), and a follow-up
evaluation 2 months after the intervention (E). TFL, tensor fasciae lata; Quad, femoral quadriceps; Gmax, gluteus maximum; Ham,
hamstrings; (R), Right; (L), Left; Pre, before; Post, after. Red borders show muscle activation according to gait cycle.
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activation in both Quads during knee extension,
especially in the left side periodically. During the
HAL® gait session, the TFL was periodically activated
according to the gait cycle, and we also observed peri-
odic Gmax contraction during swing phase (Fig. 5C).

Figure 4D shows muscle activation during the last
knee session. Before and during the session, there was
periodical activation in the left Quad and during the
HAL knee extension session, the right Quad was also
activated periodically. After the HAL® session, the
left Quad was more periodically activated than before.
During the HAL gait session, the TFL was activated
in a phase-dependent manner in sync with the gait
cycle (Fig. 5A-D). Gmax was activated periodically
during stance for the left side in an earlier session
using upper-limb triggered HAL (Fig. 5B), and during
swing for the both sides in the later sessions using
lower-limb triggered HAL (Fig. 5C-D). In addition,
after the HAL® session, the patient was able to ambu-
late with a walking device and a little support from
one therapist (See Video 2).

We evaluated the patient 2 months post-intervention
(Figs 4E and SE). Fig 4E shows the evaluation of knee
extension without HAL. Muscle activation of both
Quads are observed. Fig SE shows the gait evaluation
with a walking device and a little assistance from a
therapist. There was muscle activation in both TFL,
Quads, and Gmax. The patient did not receive any treat-
ment after HAL intervention.

Walking distance increased from 100 m (Ist session)
to 338 m (10th session) (Fig. 6). No adverse events
associated with the HAL® intervention were observed.

Walking Distances (m)

400

300

200

100

Figure 6 Walking distance in each HAL session.

After the intervention, the patients’ hip flexor MMT
score improved from 2/5 to 3/5 on the left and 1/5 to
2/5 on the right. Similarly, knee extensor MMT scores
improved from 0/5 to 1/5, and LEMS improved from
4 to 7 (Fig. 7).

Discussion

In this study, the patient started voluntary motion for
joints associated with the paralyzed muscles using
remaining muscle activation. Since then, he was able
to move paralyzed joints with preferable muscle acti-
vation. His remaining muscle activation in the TFL
and upper limb might have motivated paralyzed
muscles in the hip and knee flexor and extensor in
sync with the gait cycle. The patient’s gait was based
on his own voluntary muscle activation; therefore, we
describe the gait as voluntary ambulation. Although

T Pre HAL |Post HAL
T [rRe[Lt|Re[Lt
L2 Hip Flexor 1 2 2 3
L3 Knee Extensor 0 0 1 1
L4 Ankle Extensor 0 0 0 0
L5 Great Toe Extensor 0 0 0 0
S1 Ankle Flexor 0 0 0 0
Total ! 2 3 4

3 7

Figure 7 Summary of the International Standards for
Neurological and Functional Classification of Spinal Cord Injury
lower extremity motor scores before and after the Hybrid
Assistive Limb® (HAL®) intervention. Rt, right; Lt, left; Pre,
before; Post, after.

6 7 8 9 10
HAL Session
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the gait was assisted by the overhead harness and a
therapist, all aspects of the gait, including walking
speed, timing to swing and land, step length, and mag-
nitude of joint motions, were voluntarily controlled via
the patient’s residual voluntary muscle activity.

The HAL® has been reported to be a feasible tool for
some types of neuromuscular disorders,° "> and
improve ambulation in patients with chronic SCL.5!!
However, conventional methods using the CVC mode
of HAL® is not applicable in patients with complete
paraplegia and difficulty detecting bioelectrical signals.

Our patient was able to extend the knee with his
remaining muscle activation in the hip flexor and paral-
yzed knee extensor. With adequate HAL® assistance, he
was also able to walk with upper extremity activity as
well as paralyzed hip and knee flexor and extensor.

We focused on the structural analogy and symmetric
motion of upper extremity muscle activation during
gait between the shoulder and hip. The lower extremities
and contralateral upper extremities almost move at the
same time in synchrony during natural locomotion. As
the shoulder flexes, the contralateral hip flexes, and
the other shoulder extends simultaneously with the con-
tralateral hip extension. Based on this contralateral
relationship, we put electrodes on the biceps and
triceps brachii to drive the contralateral knee flexion
and extension, respectively and on the DA and DP to
drive the contralateral hip flexion and extension,
respectively. Previous studies reported that paralyzed
lower limb muscles of patients with SCI can be activated
by leg motion from a central pattern generator,'s2°
and arm-leg coordination was discussed to be useful
for gait assistive technology.”’ We consider that
synergy of the upper and contralateral limbs through
voluntary gait in HAL® intervention may activate
paralyzed lower limb muscles. We observed hip flexor
contraction in phase dependent manner in sync with
natural gait, and phase dependent left hip extensor con-
traction at earlier sessions using upper-limb triggered
HAL. Though his hip extensor was contracted period-
ically in the later sessions using lower-limb triggered
HAL, its phase was not in sync with natural gait. We
consider that his hip and knee extensors did not contract
phase-dependently, because those muscles were not
strong enough to support his lower limbs during
stance phase.

Our protocol included sessions for voluntary knee
extension. In patients who have difficulty extending
the knee, a long leg brace in the knee-locked position
is usually needed during walking exercises. Therefore,
it is difficult for them to train with knee extensor move-
ment during gait exercise. Gait with the HAL® enabled

The Journal of Spinal Cord Medicine 2019 voL. 42 NO. 4

our patient to perform knee extensor movement in the
standing phase according to the gait cycle without
knee locking.'? However, we could not observe periodic
Quad contraction during HAL gait in this case.
Therefore, we consider that both sessions—knee exten-
sion with hip flexor and locomotion with upper limb
muscle activation—were effective in improving muscle
activity.

We consider that the muscle activation acquired
during voluntary ambulation using motion intention
of residual activity of upper limb muscle and during
voluntary knee extension using residual activity of hip
flexor, may contribute to the improvement of the
patient’s paralyzed muscle activation.

The operating system of HAL, using neuromuscular
activities, more directly reflects user’s motion intention,
compared with other exoskeleton robots such as
Lokomat,” LOPES,®> and ReWalk.* We focused on
exploiting residual voluntary muscle activation in a
patient with paraplegia. Using the HAL’s motion assist
function in the scheme of upper-lower limbs coordination
during gait, voluntary ambulation was possible and an
improvement in muscle activity was observed.

We consider that an ambulation protocol using HAL
and voluntary upper limb muscle activation is feasible in
patients with complete paraplegia patients and may acti-
vate paralyzed muscles. Conventional gait training using
orthoses for complete paraplegia requires to lock the
knee joint in extended position, as well as excessive
upper limb usage for weight bearing.! Upper limb trig-
gered HAL enables patients with complete paraplegia to
perform knee unlocked gait for long duration and dis-
tance without requiring the force from the upper
limbs. Our patient performed longer distance gait as
intervention progressed. We believe that this occurred
because the patient became accustomed to the system/
intervention.

Future perspective includes application to more
severe patients such as patients with cervical cord or
upper thoracic cord injuries, as well as patients who
have difficulty performing gait training with conven-
tional orthoses. Providing them with chances to do
voluntary controlled gait, exploiting their residual neu-
romuscular activities, may contribute to a novel perspec-
tive with a broader range of gait rehabilitation in
patients with spinal cord injuries.

Conclusions

In this study, we reported the safety and feasibility of
knee extension sessions with HAL® and hip flexor
and upper-limb-triggered HAL® ambulation in a
patient with complete paraplegia caused by SCI. We
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observed Quad activation during voluntary knee exten-
sion, and activation of the Quad, Ham, TFL, and Gmax
during HAL locomotion according to the gait cycle.
HAL® enables voluntary ambulation of a patient with
complete paraplegia.
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