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Research article

Active elbow flexion is possible in C4
quadriplegia using hybrid assistive limb
(HAL®) technology: A case study
Yukiyo Shimizu 1, Hideki Kadone2, Shigeki Kubota3, Akira Ikumi 4,
Tetsuya Abe4, Aiki Marushima5, Tomoyuki Ueno1, Ayumu Endo1, Hiroaki
Kawamoto6, Kousaku Saotome2, Akira Matsushita 7, Akira Matsumura5,
Yoshiyuki Sankai6, Yasushi Hada1, Masashi Yamazaki4

1Department of Rehabilitation Medicine, University of Tsukuba Hospital, Tsukuba, Ibaraki 305–8576, Japan,
2Center for Innovative Medicine and Engineering, University of Tsukuba Hospital, Tsukuba, Ibaraki 305–8576,
Japan, 3Division of Regenerative Medicine for Musculoskeletal System, Faculty of Medicine, University of
Tsukuba, Tsukuba, Ibaraki 305–8575, Japan, 4Department of Orthopaedic Surgery, Faculty of Medicine, University
of Tsukuba, Tsukuba, Ibaraki 305–8575, Japan, 5Department of Neurosurgery, Faculty of Medicine, University of
Tsukuba, Tsukuba, Ibaraki 305–8575, Japan, 6Faculty of Systems and Information Engineering, University of
Tsukuba, Tsukuba, Ibaraki 305–8573, Japan, 7Department of Neurosurgery, Ibaraki Prefectural University Hospital
of Health Sciences, Inashiki-gun, Ibaraki 300–0331, Japan

Context: Patients with complete quadriplegia after high cervical spinal cord injury are fully dependent with
activities of daily living. Assistive technology can improve their quality of life. We examined the use of a
hybrid assistive limb for single joints (HAL-SJ) in a 19-year-old man with complete C4 quadriplegia due to
chronic spinal cord injury to restore function of active elbow flexion. This is the first report on the use of the
HAL-SJ in a patient with spinal cord injury.
Findings: The HAL-SJ intervention for each elbow was administered in 10 sessions. Clinical assessment using
surface EMG was conducted to evaluate muscle activity of the trapezius, biceps brachii, infraspinatus, and
triceps brachii muscle before, and during the 2nd, 3rd, 6th, and 9th interventions. Surface electromyography
(EMG) before intervention showed no contraction in the upper arms, but in the bilateral trapezius. The
HAL-SJ used motion intention from the right trapezius for activation. After the 6th and 7th session,
respectively, biceps EMG showed that voluntary contraction and right elbow flexion could be performed
by motion intention from the right biceps. After the 10th session, voluntary bicep contraction was possible.
HAL-SJ treatment on the left elbow was performed using the same protocol with a similar outcome. After
completing treatment on both upper extremities, both biceps contracted voluntarily, and he could operate a
standard wheelchair for a short distance independently.
Conclusion: HAL-SJ intervention is feasible and effective in restoring elbow flexor function in a patient with C4
chronic spinal cord injury and complete quadriplegia.

Keywords: Hybrid assistive limb for single joint, Spinal cord injury, Complete quadriplegia, Active elbow flexion, Surface electromyography

Introduction
Individuals with complete quadriplegia from high cervi-
cal (around the level of C4) spinal cord injury (SCI) have
extensive paralysis and are dependent for all aspects of
their care, including activities of daily living (ADLs).1

Neurological recovery, especially for patients with com-
plete SCI, is rare.2,3 Therefore, these patients’ rehabilita-
tion plan should include environmental control systems
to compensate for ADL loss.4,5

Regaining limb function is consistently reported as
high priority by patients with SCI.6–8 Recently, assistive
technology such as functional electrical stimulation
(FES)9–11 and brain computer interface (BCI)
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technology7,8,12–18 has been developed. The aim of FES
is to activate individual paralyzed muscles. BCI enables
patients to control assistive devices, such as robotic
limbs, by using neural signals recorded directly from
the brain. However, those two technologies are still in
the research stage. Some types of FES require invasive
medical procedures to implant electrodes necessary to
activate deep muscle. Large systems are often needed.
Exoskeleton robots are available for therapeutic use,

including the InMotion ARM,19 WOTAS20 and
ReoGo.21 The In-Motion ARM is a clinical version of
MIT-MANUS.22 However, these are large systems and
therefore may be challenging for the user to physically
manage. For application in a clinical setting, portable
devices are preferable. The Myomo e10023,24 is a porta-
ble upper limb therapeutic robot that has been used for
patients with stroke.
The Hybrid Assistive Limb (HAL®) is a portable

wearable robot that allows users to produce motion
based on their voluntary drive and provides motion
support to the lower limbs, of which we have previously
reported experiences of its use on the lower
extremity.25–30 The HAL® Single Joint type (HAL®-
SJ; Cyberdyne Inc., Ibaraki, Japan) is developed for
elbow or knee joint motion support (Fig. 1). A small
power unit on the lateral side of the joint consists of
angular sensors and actuators, and the primary
control system consists of a cybernic voluntary control
(CVC), based on the motion intention using the bioelec-
tric signals generated by the patient’s muscle activities.25

To the best of our knowledge, the HAL-SJ has been uti-
lized in 2 cases: a patient with acute stroke,31 and post-
operatively in a patient with total knee arthroplasty.32

This is the first report on the use of HAL-SJ for a
patient with chronic SCI.
Here, we used functional therapy to restore active

elbow flexion using HAL-SJ in a patient with chronic
SCI and C4 quadriplegia. We have also reported gait
training in the same case using HAL for the lower
limb.30 This is another study on the same patient. This
study was conducted with the approval of the Ethics
Committee of the Tsukuba University Faculty of
Medicine.

Case presentation
Patient characteristics
A 19-year-old man with chronic SCI due to cervical ver-
tebral fracture-dislocation (C3/4) had complete quadri-
plegia. He presented to our hospital 3 years and 8
months after injury for HAL intervention. His neuro-
logical examination before intervention revealed
muscle weakness with a manual muscle testing (MMT)
score of 5/5 in the trapezius muscle and an MMT
score of 0/5 in the deltoid muscle, biceps brachii, supras-
pinatus muscle, infraspinatus muscle (C5 level), and
below. Several months prior, at a previous hospital,
FES was performed; motor paralysis was unchanged
following FES.
He also had severe sensory disturbances below the

neck. A slight sense of pressure remained in his right
upper extremity and lower extremities, but no sensation
remained in other areas. Articular contracture was not
present. No urinary bladder or bowel function
remained. Results of the blood and urine tests were
normal. He seldom experienced orthostatic hypotension
in a sitting position. He had taken antispasmogenic and
anticholinergic medications for 3 years after the injury.
He required comprehensive care, including feeding,
changing clothes, bathing, and egestion. He used a
head-controlled electric wheelchair to move indepen-
dently. Magnetic resonance imaging (MRI) before inter-
vention showed a signal change (high signal at T2WI,
low signal at T1WI) of the spinal cord at the level of
C3/4 (Fig. 2).
Clinical evaluation before intervention showed the

following: grade A (complete motor lesion) on the
American Spinal Injury Association (ASIA) impair-
ment scale (AIS), an ASIA motor score (upper and
lower limb total) of 0 points, an ASIA sensory score
for light touch of 62 points (right: 31 points; left: 31
points), a Barthel Index of 5/100 points, and a Total
Functional Independence Measure score of 53/126

Figure 1 Hybrid assistive limb for single joint (HAL®-SJ). The
HAL-SJ for the upper extremity is fitted with an upper arm
supporter, forearm supporter, and small power unit placed
laterally to the elbow. The power unit consists of angular sensor
and an actuator. The controller is handheld and enables visual
identification of bioelectric signals of the wearer. The whole
system including electrodes for flexion, extension, and
reference, and a control unit and battery.
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points (motor for wheelchair, 18/91 points; cognitive,
35/35 points).

HAL-SJ intervention
The patient received HAL-SJ intervention (Fig. 3) for
the right upper arm 2 times per week for 5 weeks (10 ses-
sions) in addition to standard physical and occupational
therapy in the hospital. Physical therapy consisted of
range of motion exercise for spasticity and standing
exercises for orthostatic hypotension. Occupational
therapy consisted of exercise with a portable spring

balancer for maintaining a good upper arm position,
and neck muscle training. He had undergone similar
standard therapy for about 3 years prior to HAL inter-
vention. Each session with the HAL lasted 50 minutes,
including rest and the time required to attach and
detach the device (5 minutes to attach and 5 minutes
to detach). The remaining time was allocated as
follows: about 20 minutes for elbow flexion and exten-
sion exercise, about 10 minutes for resting, and 10
minutes for evaluation before and after HAL interven-
tion. A medical doctor was on staff and present in
case of an emergency, a therapist and a co-operator
attached and detached the HAL, and an engineer
implemented motion analysis.
A cock-up splint was used to keep the forearm supin-

ated to fit the motion of the HAL-SJ to the axis of the
biceps movement.
Twenty weeks after HAL-SJ intervention for the right

upper extremity, intervention for the left upper extremity
was performed for 12 weeks, once per 1 to 2 weeks (10
sessions) in the outpatient setting.

Clinical Assessment
Clinical assessments were conducted before and after
intervention. A Trigno Lab wireless EMG system
(Delsys, Massachusetts, USA) was used to evaluate
muscle activity of the trapezius, biceps brachii, infraspi-
natus (ISP), and triceps brachii muscle before and
during the 2nd, 3rd, 6th, and 9th intervention. Each
muscle’s activity was evaluated by the EMG which
was collected at 2000Hz and filtered with a 30–
400 Hz bandwidth passing filter; an activation
envelop was computed by a 200 ms moving window
average, using scripts on MATLAB 8.2 (Mathworks,
Natick, MA, USA).

Results
Surface EMG before intervention showed no voluntary
contraction in the bilateral upper arm, but in the bilat-
eral trapezius (Fig. 4A). Elbow flexion could not be per-
formed using HAL-SJ by placing the electrodes on the
right biceps. Therefore, the electrodes for flexion were
placed on the right trapezius and, for extension, on the
left trapezius. Initially, voluntary right elbow flexion
with HAL-SJ was performed by motion intention
from the right trapezius in accordance with shoulder
elevation. Over time, isometric contraction of the trape-
zius was performed; therefore, only elbow flexion was
performed without shoulder elevation.
After the 6th session, an EMG of the biceps showed

voluntary contraction (Fig. 4B). At the same time, the
right ISP displayed voluntary contraction separately

Figure 2 MRI findings before HAL-SJ intervention. Mid-
sagittal section of T2-weighted and T1-weighted MR images
before HAL intervention. The MR images show the signal
changes in the spinal cord at the C3/4 level.

Figure 3 At the first HAL-SJ intervention. During the session, a
therapist supported the patient’s arm. A cock-up splint was
used for maintaining the forearm in supination to align elbow
flexion motion with the axis of the biceps muscle contraction.
The display of the controller shows bioelectric signals from the
right trapezius for elbow flexion as a red line.
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from the right biceps (Fig. 4C). We placed the elbow
flexion and extension electrodes on the right biceps
and right triceps brachii, respectively, separately from
the main HAL-SJ unit, to watch the movement of the
HAL-SJ arm; this was done after a routine evaluation
to confirm if the HAL could be triggered by the
biceps muscle contraction to produce movement (see
the linked video).
Right elbow flexion was observed through right

biceps brachii contraction (Fig. 5). During the 7th
session, voluntary right elbow flexion with HAL-SJ
could be performed by placing the flexion electrodes
for flexion on the right biceps. After the 10th interven-
tion, he was able to contract the biceps voluntarily.
Following intervention on the right side, he was

admitted to the hospital and continued to undergo stan-
dard physical and occupational therapy once every 1–2
weeks.

Twenty weeks after beginning intervention on the right
side, intervention on the left sidewas started.At that time,
itwas difficult for him tovoluntarily contract both biceps.

Figure 4 EMG in the right arm before and in the 6th HAL intervention. (A) EMG in the right arm before HAL-SJ intervention on the
right side. There were voluntary contractions of the trapezius only. (B) EMG in the right arm after the 6th HAL-SJ intervention on
the right side. There were voluntary contractions of the biceps brachii. (C) EMG in the right arm after the 6th HAL-SJ intervention
on the right side. There was voluntary contraction of the infraspinatus and trapezius separate from biceps after the 6th HAL-SJ
intervention on the right side.

Figure 5 After the 6th HAL-SJ intervention. Electrodes for
flexion were placed on the biceps. Elbow flexion was triggered
by the right biceps.
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Muscle activity before intervention showed bilateral
trapezius and left ISP voluntary contraction. During
the first session, motion intention for left elbow flexion
was taken from the left trapezius. After the 1st session,
the muscle activity revealed voluntary contraction of
the right biceps, despite only treating the left side.
Before the 2nd session, muscle activity showed volun-

tary contraction of the left biceps; therefore, the electro-
des for flexion were placed on the left biceps. Before the
3rd session, there was no voluntary contraction of the
left biceps, and the electrodes for flexion was placed
on the left trapezius; however, after the intervention,
the left biceps contracted voluntarily. After that,
motion intention from the left biceps was used for left
elbow flexion in all interventions. While there was only
a slight voluntary contraction on the left side after
each intervention, voluntary contraction on the right
side became stable after each intervention on the left
side. The session progression is summarized in Fig. 6.
No adverse events associated with HAL-SJ intervention
occurred.
On clinical evaluation, Barthel Index and FIM scores

remained unchanged. However, an increase in ASIA
upper limb score from 0 to 2 was observed, along with
an increase in MMT score of the bilateral biceps and
bilateral ISP from 0 to 1.
Four months after completion of HAL intervention

(1 year after HAL intervention initiation), the patient
was able to voluntarily contract the bilateral biceps
with right-sided dominance. After completion of HAL
intervention, he underwent standard physical and occu-
pational therapy once every 1 to 2 weeks, similar to the
second (for the left side) intervention. He drove a stan-
dard wheelchair 10 meters by himself using elbow

flexion during the clinical evaluation. This was done in
the physical therapy room on a slightly uneven surface
for about 2 minutes. We considered that this was not a
practical setting; however, his progression of elbow
flexion was evident.

Discussion
In this study, the HAL-SJ was used to produce active
elbow flexion for a patient with complete quadriplegia
from chronic SCI. The HAL is a wearable robotic
device that can assist with movement according to the
wearer’s voluntary drive.26 The HAL- SJ is a portable
device, which is convenient for clinical setting use,
even for bedridden patients.
The present case used motion intention from the tra-

pezius to produce elbow joint motion; the trapezius is a
valuable muscle that remains neurologically intact in a
patient with high cervical chronic SCI. He could con-
tract the bilateral biceps voluntarily after HAL-SJ inter-
vention. Voluntary elbow flexion using the HAL-SJ
might provide systematic feedback and is considered to
have motor learning effects.
Dally and Ruff12 describe the critical principles of

motor learning for central nervous system plasticity as
requiring five characteristics: near-normal movements,
muscle activation driving movement practice, focused
attention, repetition of desired movements, and training
specificity. The motion using HAL-SJ, which is derived
from volitional contraction of residual neurologically
intact muscle, may allow plasticity to occur within the
central nervous system.
FES is a type of assistive technology used for rehabi-

litation.9–11 This mode was used in the biceps at the
previous hospital in our patient; however, there was

Figure 6 A summary of the HAL-SJ intervention. Therewere stained Red words for the first findings in EMG, or changes in the place
of electrodes. *ISP, infraspinatus.
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no effect on active elbow flexion. Elbow flexion using
the HAL-SJ had both visual and performance feed-
back, which were reported to be effective for motor
learning.14

Mateo et al.33 reviewed studies on motor imagery
training, mainly grasping, for patients with tetraplegia
due to cervical SCI. They state that change in motor
performance and brain plasticity reflect functional
and structural changes within the central nervous
system, enabling the improvement of compensated
movements.
In the present case, HAL-SJ intervention resulted in

active biceps contraction and might cause functional
changes in the central nervous system. Interestingly,
after HAL-SJ intervention for the right upper extremity,
the bilateral infraspinatus (a shoulder rotator) could be
voluntarily contracted and, after intervention for the
left upper extremity, the right biceps could be volunta-
rily contracted. This volitional control of C5 level
muscles, paralyzed before HAL-SJ intervention, was
substantial to suggest that plasticity occurs within the
central nervous system.
There are some limitations in our study. We only eval-

uated muscle activity through surface EMG and did not
measure brain activity. In the future, we intend to
evaluate changes in the central nervous system by
using near-infrared spectroscopy during HAL interven-
tion or functional MRI before and after HAL
intervention.
In this case, we investigated the feasibility of rehabili-

tation using the HAL-SJ in an individual with C4 quad-
riplegia, and confirmed that HAL-SJ intervention could
be implemented safely and result in positive outcomes.
No HAL-SJ intervention-related adverse events
occurred.
To our knowledge, there is no report regarding HAL-

SJ intervention for patients with SCI. In the current
case, voluntary control of the bilateral biceps emerged
after HAL-SJ intervention. He had been fully dependent
with the exception of locomotion through a head-con-
trolled electric wheelchair before HAL intervention.
After the intervention, he was able to actively contract
bilateral elbow flexors and drive a standard wheelchair
for a short distance; this was not practical ambulation,
but did indicate functional improvement.

Conclusion
The HAL-SJ enabled a patient with complete quadriple-
gia after chronic high cervical SCI to voluntarily con-
tract the bilateral biceps. The HAL-SJ is feasible and
effective in restoring elbow flexion allowing for func-
tional enhancement in patients with chronic SCI.
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