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Purpose: Stepping motions have been often used as gait-like patterns in functional magnetic 

the task-related head motion. Our main purpose is to provide characteristics of the task-related 
head motion during stepping to develop robust restraints toward fMRI.

Methods: Multidirectional head and knee position during stepping were acquired using a motion 
capture system outside MRI room in 13 healthy participants. Six phases in a stepping motion were 

Vmean) 
in each phase was investigated. Furthermore, the correlation between the standard deviation of the 
knee angle ( sd) and the maximum of the head velocity (Vmax) was evaluated.

-
cantly larger than the other measurements. Vmean showed a characteristic repeating pattern asso-

sd and Vmax.

fMRI during stepping task.
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Introduction
Stepping motion has often been used as the multi-

joint leg task in functional magnetic resonance imag-
ing (fMRI).1–3 This consists of coordinated movements 
where both legs extend and flex alternately and com-
prise multi-joint interlocking movements of the hip, 
knee, and ankle joints. Complex motion activates 
wide regions of the primary motor cortex, premotor 
cortex, supplementary motor cortex, and sensorimotor 
cortex.4–9 These studies are important as they challenge 
our understanding of gait control in healthy partici-
pants and patients with gait disorders.

fMRI using blood oxygenation level dependence is a 
common approach to the imaging of regions involved 

in cognition and motor control, and is now widely used 
throughout neuroscience.10–13 It has advantages over 
positron emission tomography, single photon emission 
computed tomography, and near-infrared spectroscopy 
in that it does not require the administration of a con-
trast medium, and acquires high-resolution images. 
In fMRI, the translational and rotational head motion 
during image acquisition is a major source of motion 
artifact and makes it very difficult to assess brain activ-
ity.14–17 Past studies have attempted to suppress head 
motion using restraints, however, these are still challeng-
ing.1,2,18–20 Moreover, a number of strategies using fast 
acquisition have been developed in recent years.14,15,21–25 
However, these techniques cannot often acquire satisfac-
tory images because of excessive head motion.

To develop the robust restraint for stepping motion 
toward fMRI, the investigation of the characteristics of 
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head motion during stepping is required. Seto et al. quan-
titatively showed the amount of head motion during 
hand and ankle tasks in fMRI in detail.26 Though head 
motion tends to increase during multi-joint movement 
tasks such as stepping than single joint tasks,1,2,26–29 the 
quantitative assessment of head motion during step-
ping has not been investigated. The development of the 
task-suitable restraint for stepping could be an essential 
step towards the research of brain function for gait con-
trol using fMRI.

Our study measured the head and leg motion (three 
orthogonal translation directions and three rotations) of 
healthy participants during stepping, and investigated 
the relationship between the head position and the 
knee angle, velocity, using a motion capture system. 
Measurements were performed in a motion capture 
laboratory outside the MRI roomand used 12 cameras 
to acquire multidirectional head position and the knee 
angle data. Our data provide accurate and detailed 
three-dimensional information for the head positions 
and knee angles, and reveal the characteristics of head 
motion.

Materials and Methods
Subjects

Thirteen young healthy male volunteers partici-
pated in this study. The mean ± standard deviation of 
the participants’ age was 23.2 ± 2.5 years. Each sub-
ject gave written informed consent before entering this 
study. The protocol was approved by the University of 
Tsukuba Ethics Committee (No. 745). Prior to partici-
pating, volunteers were also screened using checklists. 
Participants were excluded if they had a history of neu-
rological impairments or physical conditions contrain-
dicative to exercise.

Experimental setup
The couch: The couch, which was the same shape as 

the one in the MRI scanner (Philips Medical Systems, 
Eindhoven, Netherlands), was set up in a motion capture 
laboratory outside the MRI room (Fig. 1). A 32-channel 
SENSE head coil was set on the couch, but the anterior 
part of the head coil was displaced to allow measure-
ment of head position by motion capture. A homemade 
coil stopper was placed at the top of the head coil to pre-
vent the head coil from sliding. Participants wore socks. 
A slippery board made of acrylic and wrapped in a poly-
ethylene bag was aligned on the bed so that it would 
touch the soles during stepping to allow fluid motion 
of the legs. Participants were positioned on the scanner 
bed in a supine position and their head was placed in 
the head coil. The head was restrained using sponges 
and a beaded vacuum pillow (Tatsuno Cork Industries 
Co. Ltd., Tatsuno, Hyogo) formed to the shape of each 

participant’s head, and magnetic resonance compatible 
headphones, which are generally used in most MRI 
examinations.

The motion capture system: The motion of the head 
and the lower limbs was measured using an MAC3D 
motion capture system (Motion Analysis, Santa Rosa, 
California, USA) in a laboratory outside the MRI 
room. The system consisted of 12 Raptor-4 (2352 × 
1728 pixels) cameras arranged around the couch, 
and a desktop computer with operating software  
(Fig. 2). Optical markers were placed on the face of 
the participant on the middle of the forehead, the right 
and left cheek bones, and the chin, to compute each 
three-rotation (roll, pitch, yaw) and three-translation 
[S-I; superior-inferior, R-L; right-left, and A-P; anteri-
or-posterior of the head (Fig. 3A)]. Markers were also 
placed bilaterally on the greater trochanter, the lateral 
epicondyle of the femur, and the lateral malleolus of 
the fibula to obtain the flexion/extension angle of the 
knee joint (Fig. 3B). Additionally, a marker was placed 
on the middle of the clavicles, and six additional mark-
ers were also placed on the iliac crest, thigh, medial 
epicondyle of the femur, shank, medial malleolus, 
and instep of both legs (Fig. 3B). These were used for 
supportive purposes in three-dimensional reconstruc-
tion of the other markers. The system was calibrated 
following a standard procedure guided by the soft-
ware provided by the supplier. After calibration of the 
camera position and orientation, the residual error in 
the reconstruction of the three markers on the wand, 
which was used to collect data for calibration, was 

Fig. 1. Couch setup. The 32-channel SENSE head coil 
was set on the couch. The anterior part of the head coil 
was displaced to measure the head position by motion cap-
ture. A homemade coil stopper was placed above the head 
coil to prevent it from sliding. A slippery board made of 
acrylic and wrapped in a polyethylene bag was aligned on 
the bed so that it would touch the soles during stepping 
to achieve fluid motion of the legs. The participant was 
positioned on the scanner bed in a supine position and their 
head was placed in the head coil. The head was restrained 
using sponges, a beaded vacuum pillow, and magnetic  
resonance-compatible headphones, which are generally 
used in most magnetic  resonance imaging examinations.

E-pub ahead of print ─ 121 ─



Quantitative Assessment of Head Motion 3

Vol. XX No. X, 2015

Stepping task
All participants performed stepping in supine posi-

tion. Participants were instructed as follows: (1) the start 
position was to entirely extend both legs; (2) the left leg 

defined as the angle between the line connecting the 
greater trochanter of the femur with the lateral epicon-
dyle of the femur and the line connecting the lateral epi-
condyle of the femur with the lateral epicondyle of the 
fibula, the flexion target angle of the knee joints ( flex) 
was 80° < flex < 110° (Fig. 4A); (4) when one side of the 
leg started to extend, the other side started to flex; (5) the 
extension target angle of the knee joints ( extend) was 5° 
< extend < 25° (Fig. 4B); (6) this exercise was continued 
for 30 s after the cue; (7) stepping was performed at 

was given using a metronome; and (8) participants kept 

point on the ceiling during measurement. Before each 
measurement, participants practiced the above exercise 
for 30 s. Moreover, participants were instructed to keep 
their heads as still as possible during the exercise.

Data analyses
First, the position of the center of the four markers  

on the face (middle forehead, right and left cheekbones, 
and chin), was calculated and used to define the head 

Fig. 4. (A) Flexion target angle ( flex) and (B) exten-
sion target angle ( extend) of the knee joints. is defined 
as the angle between the line connecting the greater 
trochanter of the femur with the lateral epicondyle of 
the femur and the line connecting the lateral epicondyle 
of the femur with the lateral epicondyle of the fibula. 
(g), the greater trochanter of the femur; (fe), the lateral 
epicondyle of the femur; (fi), the lateral epicondyle of 
the fibula.

Fig. 2. (A) Top view and (B) side view of the motion cap-
ture laboratory. The 12 cameras were set around the couch. 
The desktop computer with operating software was set unob-
trusively on the edge of the examination room.

A

B

Fig. 3. Optical marker positions on (A) the face and (B) the  
legs. On the face, markers were placed on the middle of  
the forehead, the right and left cheekbones, and the chin. On 
the legs, markers were placed bilaterally on the greater tro-
chanter and lateral epicondyle of the femur and the lateral 
malleolus of the fibula. Additionally, a marker that was used 
for supportive purposes in the three-dimensional reconstruc-
tion of the other makers was placed on the middle of the clav-
icles, and five additional markers were also placed on the iliac 
crest, thigh, medial epicondyle of the femur, shank, medial 
malleolus, and instep of both legs. Each three-rotation (roll, 
pitch, yaw) and three-translation (S-I; superior-inferior, R-L; 
right-left, and A-P; anterior-posterior) was defined as shown.

A B

0.539 mm on average with 0.224 mm standard devi-
ation throughout the whole capture area. The system 

-
mately 8 ms/fr), and the data was calculated in each  
56 ms. This is because 56 ms is realistic situation of 
one slice acquisition for time resolution in typical 
fMRI sequence.
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position. Using these markers’ position, the roll, pitch, 
and yaw rotation angles of the head was computed, 
around the S-I, A-P, and P-L axes, respectively (Fig. 3A).

Second, the angles of the knee joints were calcu-
lated using the position of the three markers on the legs 
(greater trochanter of the femur, lateral knee joints, and 
ankles).

The below five metrics were used to calculate the 
head motion during stepping: (1) the standard deviation 
of the head position (Msd); (2) the mean of the head 
velocity (Vmean); (3) the maximum of the head velocity 
(Vmax); and (4) the standard deviation of the angle of the 
knee joints ( sd). Msd is described by the formula

M sd
i
N

iX X
N=

−( )
−

=∑ 1
2

1

where Xi is the head position measurement at a par-
ticular time i, X is the mean of the head position mea-
surements in each of the three orthogonal translation 
directions or rotations, and N is the number of data 
points. Vmean was calculated as

v dX
dt

V
v

Nmean
i
N

i=
−
=

−∑ 1
1

1

where v is the velocity of the head and t is each mea-
surement time. Vmax was calculated as

V vmax max

where vmax is the maximum head velocity in each of 
the three orthogonal translation directions (S-I; superi-
or-inferior, R-L; right-left, and A-P; anterior-posterior). 

sd was calculated as

θsd =
−( )

−
=∑ i
N

iY Y
N
1

2

1

where Yi is the angle of the knee joint at a particular 
time i, and Y – is the mean of all the knee joint angles. 
Msd and Vmean were applied to each of the three orthog-
onal translation directions (S-I, R-L, A-P) and each of 
the three rotations (roll, pitch, yaw). Additionally, six 
phases in stepping were defined by reference to the 
left knee joint angles to interpret the relation between 
the head velocity and the angle of the knee joint  
(Fig. 5); (I) 0° <  < 30°, which indicates the beginning 
of flexion; (II) 31° <  < 60°; (III) 61° <  < 110°, which 
indicates the end of flexion; (IV) 110° <  < 61°, which 
indicates the beginning of extension; (V) 60° <  < 31°; 
(VI) 30° <  < 0°, which indicates the end of extension. 
Then, the Vmean in each of the six phases was calculated.

Statistical analyses were performed using SPSS (IBM 
Statistical Package for the Social Sciences, version 21.0, 

Fig. 5. Six phases by reference to the angle of the left knee 
joint. 
period consists of phases I, II, and III. The extension period 
consists of phases IV, V, and VI; (I) 0° <  < 30°, indicates 
the beginning of flexion; (II) 31° <  < 60°; (III) 61° <   
< 110°, indicates the end of flexion; (IV) 110° <  < 61°, 
indicates the beginning of extension; and (V) 60°<  < 31°; 
(VI) 30°<  < 0°, indicates the end of extension.

Chicago, Illinois, USA). A Mann–Whitney test of three 
orthogonal translation directions (S-I, R-L, A-P) and 
three rotations (roll, pitch, yaw) were performed for 
Msd. A Mann–Whitney test of the six phases of the knee 
joint angle was also performed for Vmean. Furthermore, 
we used the Spearman’s correlation coefficient (r) to 
evaluate the correlations between sd and Vmax. The level  
of statistical significance for all measures was set at  
P < 0.05.

Results
The standard deviation of the head position (Msd )

Figure 6A, B are box-and-whisker plots showing the 
median and interquartile ranges of the standard devia-
tion of the head position (Msd) with three rotations (roll, 
pitch, yaw) and three orthogonal translation directions 
(S-I, R-L, A-P). Among the three rotations, there was a 
strong statistically significant difference between roll 
and pitch (P < 0.001), but no significant difference 
between yaw and the others. Furthermore, among the 
three orthogonal translation directions, there were also 
strong statistically significant differences between S-I 
and the others (P < 0.001), respectively, but no signifi-
cant difference between R-L and A-P.

The relationship between the mean of the head 
velocity (Vmean) and the phases of knee angle (I–VI)

Figure 7 is box-and-whisker plots showing the 
median and interquartile ranges of the mean of the 
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head velocity (Vmean) with S-I in each phase (I–VI)  
of knee angle. There were statistically significant  
(P < 0.01) differences between phase I and phases 
III, V, and VI. There were also statistically significant  
(P < 0.01) differences between phase II and phase VI. 
There were also statistically significant (P < 0.01) dif-
ferences between phase IV and phases III, V, and VI. 
Vmean of phase I and phase IV showed a larger posi-
tive velocity. However, Vmean of phase III and phase 
VI showed a larger negative velocity. Thus, the larger 
positive velocity occurred at the beginning of flexion 
and the beginning of extension. In contrast, these also 
showed that a larger negative velocity occurred at the 
end of flexion and the end of extension.

The correlation between the standard deviation of knee 
sd) and the maximum of the head velocity (Vmax )

Figure 8 shows the correlations between the stan-
dard deviation of knee joint angle ( sd) and the maxi-
mum of the head velocity Vmax. There were significant 
 correlations between sd and Vmax for both caudo-cranial 
and cranio-caudal directions (r = 0.657, P < 0.01 and  
r = 0.696, P < 0.01). The mean ± standard deviations  
of Vmax in the caudo-cranial and cranio-caudal direc-
tions were 34.1 ± 14.0 mm/s and 35.4 ± 19.1 mm/s, 
respectively.

Discussion
The measurements were performed in a motion 

capture laboratory outside the MRI room. Prior to an 
in-depth discussion of our results, we need to describe 
the differences between the motion capture laboratory 
and the actual environment within an MRI scanner. The 
only notable difference was that there were no loud 

Fig. 6. Box-and-whisker plot of the standard deviation 
of the head position (Msd ) with (A) three rotations (roll, 
pitch, yaw) and (B) three orthogonal translation directions 
(S-I; superior-inferior, R-L; right-left, and A-P; anterior- 
posterior). Box-and-whisker plots show the median and 
interquartile ranges of the Msd. (A) There was strong statisti-
cally significant difference between roll and pitch. (B) There 
were also strong statistically significant differences between 
S-I and the others, respectively. Note the difference in verti-
cal scales. *P < 0.001, Mann–Whitney tests.

Fig. 7. Box-and-whisker plot of the mean of the superi-
or-inferior head velocity (Vmean). Box-and-whisker plots 
show the median and interquartile ranges of the Vmean in each 
phase (I–VI) of the left knee angle. There were statistically 
significant differences between phase I and phases III, V, 
and VI. There were also statistically significant differences 
between phase II and phase VI. There were also statistically 
significant differences between phase IV and phases III, V, 
and VI. *P < 0.01, Mann–Whitney tests.

Fig. 8. Correlation scatter plot of the standard deviation of 
left knee angle ( sd) in the maximum of the head velocity 
(Vmax). Circles show sd in the caudo-cranial and diamond 
shapes show sd in the cranio-caudal directions. There were 
significant correlations between sd and Vmax for both caudo- 
cranial and cranio-caudal directions (r = 0.697, P < 0.01 and 
r = 0.723, P < 0.01).
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sounds emanating from an MRI scanner in the motion 
capture laboratory. However, the head motion induced 
by loud sounds is significantly less than the head 
motion associated with multi-joint leg movements.30 
Regarding other differences, there was little influence 
on the measurements for the following reasons. In the 
motion capture laboratory, a couch of the same shape 
and material as that of an MRI scanner was used. In 
addition, the same head coil, coil stopper, and restraints 
as those of an MRI scanner were used. Therefore, simi-
lar head motion and stepping motion might be possible 
within the confines of an MRI scanner. 

Head motion is dependent on the task and the sub-
ject group in fMRI.1,26 Seto et al., who investigated 
the amount of head motion during hand and foot task 
in stroke subjects and age-matched controls in fMRI, 
revealed that the head motion in stroke subject with 
foot task was largest, especially S-I translation. Our 
result in S-I translation exhibited approximately twice 
the head motion compared to that of stroke subjects 
with foot task. Furthermore, all rotation and R-L and 
A-P translation exhibited the head motion at the same 
level as that of stroke subjects. Our findings mean that 
we should pay special attention to suppress the head 
motion in S-I translation.

Fig. 8 shows Vmax during stepping in each 60 ms. 
If the head velocity is 40.0 mm/s, the head moves  
2.4 mm during acquiring an echo in a plane, which is 
a very short period (approximately 60 ms following 
generally fMRI echo planar imaging sequences; rep-
etition time (TR)/echo time/image matrix/number of 
slice/slice thickness = 3000 ms/35 ms/128/40 slices/4 
mm). This displacement corresponds to 60% of slice 
thickness. This means that approximately 60% of the 
plane excited by the slice selection gradient has devi-
ated from its original position at the echo acquisi-
tion time on the sequence. Previous studies, which 
approached fMRI during multi-joint movements of 
the legs by using trunk restraints in addition to head 
restraints, stated that the offset value of motion cor-
rection algorithm of the SPM software (Wellcome 
Department of Cognitive Neurology, Queen Square, 
London) implemented in the Matlab (MathWorks, 
Natick, Massachusetts, USA) has to be limited to a 
range of 2 mm over a period of a TR to justify the 
effect of their restraints.1,2,20,27 It is reasonable to 
refer to this value on the SPM software in the single 
joint movement, however, it would be enough to 
refer to only this value in multi-joint movement of 
the legs. This is because that the problems in huge 
head motion are not only the misregistration of image 
voxel locations with brain anatomy but also signal 
loss in a slice plane leading either to false-positive 
activation or to false-negative activation.14,15,31 The 
motion correction algorithm in the SPM can correct 

the volume-by-volume displacement acquired in each 
TR up to a few millimeters. However, this algorithm 
cannot correct signal loss occurring during acquiring 
the echoes in a plane. There are many other motion 
correction algorithms for slice-by-slice and vol-
ume-by-volume, however, none of them can correct 
signal loss in a plane.21,22,32–35 Therefore, we should 
focus on the robust restraint toward fMRI during 
stepping, which can reduce the head velocity in S-I 
translation.

The robust restraint against multi-joint move-
ments of the legs is still challenging and should be 
suiting the characteristics of the task. At the same 
time, it should be noted that applying excessive pres-
sure on the head could cause severe head pain to the 
subjects. Some past studies suffered from the head 
motion associated with the tasks even though they 
paid close attention to head motion by restraining 
the head and the trunk.1,2 Considering this as well 
as the problem of causing head pain, some methods 
to exempt or isolate the force reached into the trunk 
and the head from the legs might be expected and is 
the topic of our further study.

Furthermore, our results showed that the head moves 
repeatedly up and down with regularity in association 
with the knee angle. This finding is supported by Fig. 7.  
Mostly positive velocities (caudo-cranial) occurred 
at the beginning of right extension (phase I) and at 
the beginning of left extension (IV), and mostly neg-
ative velocities (cranio-caudal) occurred at the end 
of left extension (III) and at the end of right exten-
sion (VI), and phases with smaller velocities (II and 
V) occurred between the phases associated with the 
positive velocities and negative velocities. These 
mean that the head moved up and down twice in 
a stepping cycle, which includes an extension and 
a flexion for each leg. Here we make an observa-
tion that the initial extension of the knee and hip of 
motion of one leg pushed the head upward, and then 
the head stopped a while, and then the stretching 
motion of one leg at the end of extension pulled the 
head down to its original position. In concurrence 
with one leg started to flex, the other leg just started 
to extend and then the head moved up and down once 
again. Noteworthy, it is interesting that there are two 
phases including smaller head motion in a stepping. 
By acquiring image data only in these phases using 
moderated fast acquisition techniques, the data set 
with minimum motion might be accomplished. In 
addition, our findings showed that the larger the 
knee joint motion range, the larger the head velocity 
in both caudo-cranial and cranio-caudal. It is there-
fore important that we need to select an adequate 
task that has the motion range of knee joint as small 
as the study’s objective permits.
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Understanding the characteristic of head motion 
during stepping is essential to build the task-suitable 
restraints in fMRI. To the best of the authors’ knowledge, 
this is the first report that has quantitatively assessed 
head motion during stepping in depth. Our future works 
are the building of the robust restraint and task setting 
toward fMRI. Then, it could be an essential step toward 
the investigation of brain function for gait control using 
fMRI. The limitations of this study are that the measure-
ments were performed outside of an MRI examination 
room. However, as already described, we assume that 
similar head motion and stepping motion are possible 
within the confines of an MRI scanner. Furthermore, 
only a stepping motion with a single repetition rate as a 
multi-joint leg movement was performed in this study. 
Other multi-joint movements and a slower or faster rep-
etition rate might show different results. These cases 
require further study.

Conclusion
In this study, the head position and the knee angle 

during stepping toward fMRI were measured using a 
motion capture system. All measurements were per-
formed in a motion capture laboratory outside the 
MRI room to acquire multidirectional head position 
and knee angle data using a number of cameras. Our 
results showed the relationship between the head dis-
placement, velocity, and knee angle. During stepping, 
the superior-inferior translation and pitch rotation 
were the largest. The mean of the superior-inferior 
head velocity showed a characteristic repeating pat-
tern associated with the knee angle. There were pos-
itive significant correlations between the standard 
deviation of the knee joint angle and the superior- 
inferior maximum head velocity. This is the first 
report that quantitatively assessed the head motion 
during stepping for fMRI. Our findings might help 
the building of the robust restraint and the adequate 
environment against stepping motion to assess brain 
activity in fMRI.
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Decrease of spasticity after hybrid assistive
limb® training for a patient with C4
quadriplegia due to chronic SCI
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Context: Recently, locomotor training with robotic assistance has been found effective in treating spinal cord
injury (SCI). Our case report examined locomotor training using the robotic suit hybrid assistive limb (HAL) in
a patient with complete C4 quadriplegia due to chronic SCI. This is the first report examining HAL in
complete C4 quadriplegia.
Findings: The patient was a 19-year-old man who dislocated C3/4 during judo 4 years previously. Following the
injury, he underwent C3/4 posterior spinal fusion but remained paralyzed despite rehabilitation. There was
muscle atrophy under C5 level and no sensation around the anus, but partial sensation of pressure remained
in the limbs. The American Spinal Injury Association impairment scale was Grade A (complete motor C4 lesion).
HAL training was administered in 10 sessions (twice per week). The training sessions consisted of treadmill

walking with HAL. For safety, 2 physicians and 1 therapist supported the subject for balance and weight-
bearing. The device’s cybernic autonomous control mode provides autonomic physical support based on
predefined walking patterns.
We evaluated the adverse events, walking time and distance, and the difference in muscle spasticity before

and after HAL-training using a modified Ashworth scale (mAs).
No adverse events were observed that required discontinuation of rehabilitation. Walking distance and time

increased from 25.2 meters/7.6 minutes to 148.3 meter/15minutes. The mAs score decreased after HAL training.
Conclusion:Our case report indicates that HAL training is feasible and effective for complete C4 quadriplegia in
chronic SCI.

Keywords: Hybrid assistive limb (HAL), Spinal cord injury, Locomotor training, Robotics, Spasticity

Introduction
Rehabilitation robotics emerged in the 1980s with the
aim of using robotic technology to assist people with
movement dysfunction.1 Robotic devices have recently
been developed for use in clinical settings.
Tefertiller et al.2 reviewed 30 articles (14 randomized

controlled trials, 16 nonrandomized controlled trials)

that examined the effects of locomotor training with
robotic assistance in patients after stroke, spinal cord
injury (SCI), multiple sclerosis, traumatic brain injury,
and Parkinson’s disease. The review supports the con-
clusion that locomotor training with robotic assistance
is beneficial for improving walking function in individ-
uals after stroke and SCI.2

The development of main gait training machines fol-
lowed. These machines either involve an exoskeleton
robotic device (e.g. Lokomat®, LOPES exoskeleton
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robot)3,4 or a robotic device with foot-driven plates (e.g.
Gait Trainer GT I®, Haptic Walker).5,6 The exoskeleton
robotic device is equipped with programmable drives or
passive elements that flex the knees and hips during the
swing phase, whereas with the other type of robotic
device, the feet are placed on footplates whose trajec-
tories simulate the stance and swing phases.

Other than robotic gait training and conventional
therapy, another treatment approach involves treadmill
training with partial body weight support.7 However,
this approach requires considerable involvement of a
physical therapist, and generally, 3 therapists are
required to induce movement of the paretic leg during
the swing phase and to shift the patient’s weight onto
the stance limb.

The potentially positive common benefits of robotic
gait training are that it involves repeatedly undergoing
sufficient and accurate training for a prolonged period.
Lokomat is the first robotic-driven gait orthosis with
electromechanical drives to assist the walking move-
ments of gait-impaired patients on a treadmill by
supporting the body weight.8,9 Husemann et al.10 com-
pared a Lokomat group that received 30 minutes of
robotic training with a control group that received 30
minutes of conventional physiotherapy. After 4 weeks
of therapy, although there was no significant difference
in walking ability between the groups, the walking
ability in both groups as expressed by functional ambu-
lation classification was significantly improved. The
researchers reported that the Lokomat group demon-
strated an advantage for robotic training over conven-
tional physiotherapy in the improvement of gait
abnormality and body tissue composition.10

However, in a recent randomized controlled study11

that compared robot-assisted locomotor training with
therapist-assisted locomotor training in chronic stroke
patients, the results indicated that greater improvements
in speed and single limb stance time on the impaired leg
were observed in subjects who received therapist-assisted
locomotor training. Thus, the usefulness of robot-
assisted rehabilitation is controversial.

The hybrid assistive limb® (HAL®; Cyberdyne Inc,
Ibaraki, Japan)12–15 is a wearable robotic suit that
assists in voluntary control of knee- and hip-joint
motion (Fig. 1). Signals from force-pressure sensors in
the shoes and muscle action potentials detected
through electrodes on the surface of the skin are pro-
cessed through a computer, and assisted motions are
provided to the patient. Power units on the hip and
knee joints on both sides consist of angular sensors
and actuators, and the control system consists of a
cybernic voluntary control (CVC) and a cybernic auton-
omous control (CAC) subsystem.12

HAL has been reported to be useful in the functional
recovery of various mobility disorders.12,16–18 To the
best of our knowledge, however, there is no published
report to clarify the feasibility of rehabilitation with
HAL for a patient with complete quadriplegia.
Therefore, the efficacy and safety of HAL for complete
quadriplegia remains unclear.

In the current case report, HAL training was per-
formed for a patient with complete quadriplegia after
SCI, and efficiency and safety were evaluated. This
study was conducted with the approval of the Ethics
Committee of the Tsukuba University Faculty of
Medicine.

Case presentation
Patient
A 19-year-old man who was injured while participating
in judo 4 years previously was diagnosed with a cervical
vertebral fracture-dislocation (C3/4). Emergency
surgery (posterior spinal fusion) was performed. After
surgery, the patient required respiratory care with a ven-
tilator, but at one month postoperatively, he no longer
required the ventilator. Complete paralysis and serious
sensory dysfunction inferior to the C5 level were
present from the time of injury. He continued the reha-
bilitation during the hospital stay and ambulatory reha-
bilitation after discharge. In spite of the aggressive
rehabilitation, his paralysis had scarcely improved, and
he required assistance with all activities of daily living.
He was hospitalized in our facility to undergo rehabilita-
tion using the robotic suit HAL.Figure 1. The robotic suit HAL. (Colour online)
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Physical examination findings on admission indicated
that the patient required comprehensive care, including
feeding, changing clothes, bathing and egestion. He
used the chin-controlled electric wheelchair to move
outside. The neurologic examination revealed muscle
weakness with a manual muscle testing (MMT) score
of 5/5 in the trapezius muscle and an MMT score of
0/0 below the deltoid muscle (C5 level). The patient
had severe sensory disturbances below the C5 level. A
slight sense of pressure remained in his right upper extre-
mity and both lower extremities, but there was none in
other areas. No articular contracture was observed.
No urinary bladder or bowel function remained. The
results of the blood and urine tests were normal.
The computed tomography (CT) and the magnetic

resonance imaging (MRI) immediately after injury
showed a C3/4 vertebral fracture-dislocation and inter-
locking of the right facets. The spinal cord was com-
pressed tightly (Fig. 2). The radiographic findings after
surgery showed posterior spinal fusion between C3
and C4. The vertebral dislocation was reduced well
(Fig. 3). The CT and MRI findings on admission
showed no loosening of the implant and decompression
at the injury site of the spinal cord. A signal change (low
signal at T1WI and high signal at T2WI) of the spinal
cord was observed (Fig. 4).
Clinical evaluation before HAL training showed the

following: the American Spinal Injury Association
(ASIA) impairment scale (AIS) was grade A (complete
motor C4 lesion); the ASIA motor score (lower limb
total) was 0 points; the ASIA sensory score for light
touch was 62 points (right: 31 points; left: 31 points);
the Frankel classification was grade B2; the Spasm
Frequency Score was 3 (spasm occurred 1 to 10 times
per hour); the Barthel Index was 5/100 points; the
Total Functional Independence Measure Score was
53/126 points (motor 18/91 points, cognitive 35/35
points); and the Functional Balance Scale was 0/56
points.

HAL training
The patient received additional HAL training 2 times
per week for 5 weeks (10 sessions) in addition to
standard physical and occupational therapy. HAL train-
ing lasted 60 minutes, including rests and time for
attaching/detaching the device. At the initiation of
HAL training, the robot was fitted, and the sitting/
standing motion was confirmed. The training sessions
consisted of treadmill walking with HAL. A body
weight support system (945-480 Unweighing System,
BIODEX®, Shirley, NY, USA) with a harness was
used for safety.

The cybernic autonomous control (CAC) mode pro-
vides autonomic physical support based on predefined
walking patterns from able-bodied persons. For safety
reasons, 2 physicians and 1 therapist supported the
subject in balance and weight bearing (Fig. 5).
We evaluated the walking time and distance, the

modified Ashworth scale score (mAs)19 before and
after HAL training, and adverse events associated with
HAL training.
The time from attaching the device to setting the

unweighing system was an average of 10 minutes.
Walking distance and time increased from 25.2
meters/7.6 minutes (first session) to 148.3 meters/7.6
minutes (last session) (Figs. 6 and 7). The total mAs
score (Score: 0–144; the number of joints: 36) was eval-
uated before and after HAL training. The score before
HAL training was 15.13 ± 2.80 points; after HAL train-
ing, it was 5.75 ± 2.38 points. No joint change for the
worse after training was observed (Fig. 8). The average
number of joints decreased, and the spasticity was
7. The efficiency continued for approximately 30
minutes after HAL training. There were no adverse
events requiring discontinuation of the HAL training.
A transient blood pressure change (systolic blood
pressure <90 or >180) was observed 6 times/10 ses-
sions (0.6 times/session), but the blood pressure
returned to baseline after a few minutes of resting.

Discussion
Aach et al.18 demonstrated the clinical potential of HAL
training based on voluntary drive in patients suffering
from chronic SCI. Fujii et al.20 reported that the training
using an advanced robotic device may affect the
patient’s motivation for rehabilitation based on the
analysis of questionnaires from patients undergoing
HAL training.
On the other hand, Maeshima et al.16 reported that

the HAL suit should not be used in a patient with
paralysis severe enough to cause muscle contraction or
whose bioelectric signals cannot be sensed. Thus, the
use of HAL for patients with severe chronic SCI is still
controversial.
In this case, we investigated the feasibility of rehabili-

tation using a robotic suit HAL for C4 quadriplegia,
and confirmed that HAL training could be implemented
safely. No serious HAL training-related adverse events
occurred. Furthermore, the walking time and distance
had increased as the rehabilitation continued, suggesting
the learning effect of the HAL training for the patient
with complete C4 quadriplegia.
In our case, a certain effect on decreasing the spasti-

city was also confirmed after HAL training. Spasticity
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was defined as “a motor disorder characterized by vel-
ocity-dependent increase in tonic stretch reflexes
(muscle tone) with exaggerated tendon jerks, resulting
from hyper-excitability of stretch reflexes, as a main
component of upper motoneuron syndrome.21 The spas-
ticity after SCI is a serious hindrance factor at the start
of active rehabilitation.22 The decrease of spasticity is

directly linked to the functional improvement of the
SCI patient. Powell et al. 23 reported the usefulness of
combined therapy in transvertebral direct current stimu-
lation (tvDCS) and locomotor training on a robot-
assisted gait orthosis (LT-RGO) for spasticity, and
Duffel et al.24 reported that robotic locomotor training
with anti-spastic medication improves the walking
ability by decreasing spasticity. On the other hand, a sys-
tematic review found that the effects of robot-assisted
therapy on muscle spasticity were inconsistent.25

Several studies have reported that prolonged passive
muscle stretching reduces spasticity.26–28 Sustained
ambulation activity due to HAL training have possi-
bility to effect similar decreasing of spasticity as

Figure 2. Mid-sagittal (A) and right-lateral (B) reconstruction images of CT and a mid-sagittal view of T2-weighted MR image
immediately after injury. The CT images show the cervical vertebral fracture-dislocation at C3/4 (A, B). The MR image shows the
compressed spinal cord at C3/4 (C).

Figure 3. A cervical lateral radiograph 4 years after surgery,
showing the completion of C3/4 posterior spinal fusion.

Figure 4. Mid-sagittal T1-weighted (A) and T2-weighted (B)
MR images 4 years after surgery. The MR images show the
signal changes in the spinal cord at the C3/4 level.
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passive muscle stretching. More studies are required in
order to verify the availability of HAL training. To the
best of our knowledge, however, there has been no
report that a single robotic locomotor training decreased
the spasticity of patients with SCI. In this meaning, this
is the first report that the HAL training has a possibility
to decrease the spasticity of patients with SCI, in spite of
the fact that the decrease of spasticity in our patient was
temporary (lasting approximately 30 minutes after HAL
training).
In summary, the HAL training for a patient with

complete C4 quadriplegia and chronic SCI decreased
the spasticity, indicating the feasibility and efficiency
of rehabilitation using a robotic suit HAL for quadriple-
gia patients.
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Figure 5. Gait training using the robotic suit HAL with a body
weight support system (BIODEX). (Colour online)
2 physicians and 1 therapist support the subject in balance and
weight-bearing.

Figure 6. Walking time in each HAL session.

Figure 7. Walking distance in each HAL session.

Figure 8. Change in the total modified Ashworth scale score
before and after training in each HAL session. (Colour online)
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The knee range of motion is an important outcome of total knee arthroplasty (TKA). According to previous studies, the knee
range of motion temporarily decreases for approximately 1 month after TKA due to postoperative pain and quadriceps dysfunction
following surgical invasion into the knee extensormechanism.We describe our experience with a knee-extension training program
based on a single-joint hybrid assistive limb (HAL-SJ, Cyberdyne Inc., Tsukuba, Japan) during the acute recovery phase after TKA.
HAL-SJ is a wearable robot suit that facilitates the voluntary control of knee joint motion. A 76-year-old man underwent HAL-SJ-
based knee-extension training, which enabled him to perform knee function training during the acute phase after TKA without
causing increased pain.Thus, he regained the ability to fully extend his knee postoperatively. HAL-SJ-based knee-extension training
can be used as a novel post-TKA rehabilitation modality.

1. Introduction

The knee range of motion is an important outcome of total
knee arthroplasty (TKA), a procedure commonly used to
treat osteoarthritis of the knee [1]. According to previous
studies, the knee range of motion decreases temporarily for
approximately 1 month after TKA due to postoperative pain
and quadriceps dysfunction following surgical invasion of
the knee extensor mechanism. These previous studies have
also indicated that this decrease in the knee range of motion
correlates significantly with decreases in joint function and
the patient’s degree of satisfaction [2, 3]. Currently, no joint
function exercises intended to maintain the range of passive
knee extension obtained through surgery can be performed
without pain, even when using active extension. Therefore,

a new treatment strategy is needed to prevent the prolonga-
tion of extension lag after TKA.

The single-joint hybrid assistive limb (HAL) (HAL-SJ,
Cyberdyne Inc., Tsukuba, Japan) is a wearable robot suit that
facilitates the voluntary control of knee joint motion (Fig-
ure 1). With this suit, signals from muscle action potentials
are detected through electrodes on the surface of the skin
and processed through a computer, after which the patient
is provided with assisted joint motions. The power unit
on the knee joint comprises angular sensors and actuators,
and the control system comprises a cybernetic voluntary
control (CVC) and cybernetic autonomous control (CAC)
system [4]. The HAL has been reported to be effective in
the functional recovery of various mobility disorders [5–8].
Although studies have reported successful outcomes for acute
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Thigh attachment

Lower leg attachment

Power unit

Figure 1: Lateral image of the single-joint hybrid assistive limb on
the patient’s right knee joint. Thigh and lower leg attachments are
adjusted to the patient’s body and connected by a power unit.

(a) (b)

Figure 2: Preoperative (a) and postoperative (b) frontal radiographs
of the knee.

or chronic mobility disorders, there have been no reports on
the use of HAL-SJ for degenerative joint diseases or related
postoperative recovery to date. Accordingly, we describe our
experience with a HAL-SJ-based knee-extension training
program during the acute recovery phase after TKA.

2. Case Presentation

A 76-year-old man underwent right TKA (Vanguard, Zim-
mer Biomet Inc., Warsaw, IN, USA) for grade 4 (Kellgren-
Lawrence scale) osteoarthritis of the knee (Figures 2 and 3).
The HAL treatment program was divided into the following
five phases.

2.1. Preoperative Observation Phase (Day of Hospital Admis-
sion to the Day of Surgery). The patient’s thigh circumference
and lower leg length were measured preoperatively, thus

allowing us to adjust theHAL-SJ to the patient’s size to ensure
accurate training (Figure 1).We palpated the patient’s quadri-
ceps muscles (vastus medialis, rectus femoris, and vastus
lateralis) and attached electrodes to each muscle to detect
the bioelectric potentials of the long axes along the belly of
eachmuscle.Then,we instructed the patient to performknee-
extension exercises and contract his quadriceps. We asked
the patient to simulate the knee-extension training exercises,
which were to be performed postoperatively, by performing
10 knee extensions with HAL-SJ assistance; the muscle that
exhibited the highest bioelectric potential amplitude was
used. The patient sat with his lower leg hanging down
naturally, and we adjusted the height of the chair so his feet
were not in contact with the floor (Figure 1).

2.2. Surgery Phase (Day of Surgery). TKA was performed
through a longitudinal incision with a medial parapatellar
approach. We cemented the femoral and tibial components
using the modified gap technique and a posterior stabilized-
type device.

2.3. Postoperative Observation Phase (Postoperative Days 1–7).
On the first day after surgery, the patient was able to place full
body weight on his leg; subsequently, he began rehabilitation
(sitting, standing, andwalking training; joint range ofmotion
training; muscle strength maintenance; and muscle strength-
ening training) under the guidance of a physical therapist.
Until discharge, he engaged in rehabilitation exercises for 20–
40min 5 days per week. Continuous passive motion (CPM)
training began on the second postoperative day after the
intra-articular drain was removed, and it was performed for
1 hour per day until discharge. On the seventh postoperative
day, we attached electrodes to the quadriceps muscle again
to detect the bioelectric potential along the long axis of the
rectus femoris muscle belly (Figure 4(a)). Then, the patient
was instructed to perform active knee-extension exercises to
contract his quadriceps and thus simulate training with the
HAL-SJ (Figure 4(b)).

2.4. HAL-SJTherapy Phase (Postoperative Day 8 to Discharge).
After 1 week of postoperative observation, we confirmed
that his general condition had stabilized, and we decided
to initiate HAL-SJ therapy. The CVC mode of the HAL-
SJ, which was used in this study, can support a patient’s
voluntary motion according to the voluntary muscle activity
and assistive torque provided to the knee joint [7].This mode
also allows the operator to adjust the degree of physical
support to achieve patient comfort while gradually reducing
support as training progresses. In addition to conventional
rehabilitation (Figure 5(a)), the patient also performed HAL-
SJ-assisted knee-extension exercises in a seated position
at a frequency of 10 exercises/set for 5 sets twice weekly
(HAL-SJ range of motion: 0–120∘; Figure 5(b)). Training was
performed 3 times (postoperative days 8, 10, and 17). The
mean duration of a HAL-SJ training session was 26min,
which included the total time for which the HAL-SJ was
worn and the duration of training (39, 22, and 17min on
postoperative days 8, 10, and 17, resp.).
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(a) (b)

Figure 3: Lateral radiographs of the knee. (a) Preoperative passive knee extension without anesthesia. (b) Passive extension under
postoperative anesthesia immediately postoperatively. Full knee extension was restricted preoperatively but it was possible immediately
postoperatively.

(a) (b)

Figure 4: Bioelectric potential detection and simulation before single-joint hybrid assistive limb training. Electrodes were attached to the
muscle belly of the quadriceps (a), and rectus femoris simulation (b) was performed. Electrodes were placed to avoid surgical wound.

2.5. Post-HAL-SJ Therapy Observation Phase (Discharge to 3
Months after the End of HAL-SJ Therapy). There were no
adverse effects related to HAL-SJ training. The patient was
able to walk using a T cane, and he was discharged on post-
operative day 21. Posttherapy assessments were conducted on
an outpatient basis at 1 and 3months after the end of the third
HAL-SJ therapy session.

The following assessments were conducted: extension lag
(maximumknee joint extension angle during passive exercise
and that during active exercise), knee pain (visual analog
scale, VAS), and isometric knee-extension muscle strength
(IKEMS) before surgery, before and after HAL-SJ training,
and at 1 and 3 months after training ended. The knee range
of motion was measured using goniometry at accuracy of up
to 1.0∘, as goniometricmeasurements of range ofmotion have
been reported to bemore reliable than visual observation [9].
The measurement landmarks were the greater trochanter of
the femur, proximal head of the fibula, and lateral malleolus.
The maximal IKEMS of the operated leg was assessed while
the patient was seated with 90∘ flexion in the hips and
knees. Two measurements were taken using a 𝜇𝜇Tas F-1
handheld dynamometer (Anima Corp., Tokyo, Japan) that
was fixed to the chair. Each trial lasted for 3–5 s, with a 30-
second rest period between trials. The higher of the two

valid measurements was recorded. All measurements were
performed by a single trained physical therapist to eliminate
interobserver variability.

The extension lag, VAS, and IKEMS results are shown in
Table 1. The extension lag was 15∘ preoperatively; this value
decreased gradually over time to 1∘ at 3 months after therapy,
indicating improvement. Comparisons before and afterHAL-
SJ therapy indicated that the 3 intervention sessions yielded
respective improvements of 5∘, 9∘, and 5∘. The VAS decreased
from55mmbefore surgery to 17mmat 3months after the end
ofHAL-SJ therapy. Notably, trainingwas not stopped because
of increased knee pain from the HAL-SJ intervention. The
maximum IKEMS value of 35.2 kgf was recorded before
surgery. This value decreased markedly postoperatively and
wasmeasured as 18.3 kgf at 3months after the end of the third
HAL-SJ therapy session. Although this final value did not
indicate recovery to the preoperative level, our comparison
of IKEMS before and after HAL-SJ therapy indicated a slight
improvement over the 3 intervention sessions (0.4, 0.0, and
1.8 kgf, resp.).

Clinical outcomes were assessed using the Japanese
Orthopedic Association score [10]. The preoperative score
of 55 points (pain, walking ability: 15 points; pain, ability
to ascend/descend stairs: 5 points; flexion angle: 25 points;

─ 137 ─



4 Case Reports in Orthopedics

Ta
bl
e
1:
Ch

ro
no

lo
gi
ca
lc
ha
ng
es

in
EL

,V
A
S,
an
d
IK

EM
S.

Pr
eo
pe
ra
tiv

e
Fi
rs
tH

A
L-
SJ

(∗
∗∗
PO

D
8)

Se
co
nd

H
A
L-
SJ

(P
O
D
10
)

Th
ird

H
A
L-
SJ

(P
O
D
17
)

At
di
sc
ha
rg
e(
PO

D
21
)

Fo
llo
w
in
g
th
ee

nd
of

th
et
hi
rd

H
A
L-
SJ

∗ I
PO

∗∗
IF
O

IP
O

IF
O

IP
O

IF
O

1m
on

th
3
m
on

th
s

EL
(d
eg
re
es
)

15
10

5
12

3
10

5
4

4
1

VA
S
(m

m
)

55
28

4
20

20
32

46
40

18
17

IK
EM

S
(k
g)

35
.2

8.
7

9.1
5.
6

5.
6

10
.7

12
.5

16
.9

16
.9

18
.3

EL
:e
xt
en
sio

n
la
g;
VA

S:
vi
su
al
an
al
og

sc
al
e;
IK

EM
S:
iso

m
et
ric

kn
ee
-e
xt
en
sio

n
m
us
cle

str
en
gt
h;
H
A
L-
SJ
:s
in
gl
e-
jo
in
th

yb
rid

as
sis

tiv
el
im

b.
∗ I
PO

:i
m
m
ed
ia
te
ly
be
fo
re

th
ei
nt
er
ve
nt
io
n.

∗∗
IF
O
:i
m
m
ed
ia
te
ly
fo
llo

w
in
g
th
ei
nt
er
ve
nt
io
n.

∗∗
∗ P

O
D
:p
os
to
pe
ra
tiv

ed
ay
.

─ 138 ─



Case Reports in Orthopedics 5

(a) (b)

Figure 5: Knee-extension training on postoperative day 8. Active knee extension (a) did not result in full extension, whereas extension with
single-joint hybrid assistive limb assistance resulted in full knee extension (b).

swelling: 10 points) improved to 90 points (pain, walking
ability: 30 points; pain, ability to ascend/descend stairs: 20
points; flexion angle: 30 points; swelling: 10 points) at 3
months after the end of HAL-SJ therapy.

3. Discussion

The patient’s clinical course described herein has yielded two
important clinical findings. First, knee-extension training
with HAL-SJ, performed as part of the acute phase of post-
TKA rehabilitation, resulted in immediate improvements in
extension lag. Second, knee-extension training with HAL-SJ
could be performed without increased pain.

We will first address the immediate improvement in
extension lag. According to a recent review, CPMwith a knee-
range-of-motion training device commonly used for acute
post-TKA rehabilitation resulted in early improvements in
the knee flexion range of motion, compared to not using
CPM; however, neither the range of active nor that of passive
knee extension improved with CPM [11]. Restricted post-
TKA knee extension (decreased or poor extension range) has
been significantly correlated with decreases in the Oxford
Knee Score and clinical outcomes related to standing, as
indicated by the Short Form-36 physical component score
[2]. Therefore, maintenance of the improved knee-extension
range obtained through surgery is extremely important to
improving knee function. In the present study, HAL-SJ-
based knee-extension training led to an immediate improve-
ment in extension lag even though the quadriceps did not
exhibit significant strengthening.This result suggests that this
improvement resulted from the facilitation of the muscular
and neural functions of the quadriceps by HAL-SJ, which
allowed the knee to extend fully because of the presence of
a bioelectric potential in the quadriceps and the degree of
feedback strength.

As mentioned before, HAL-SJ-based knee-extension
training, even during the acute postoperative stage, did not
cause an increase in knee pain. Although isometric quadri-
ceps training is performed during the acute post-TKA phase
to address decreased or dysfunctional knee extension related
to surgical invasion of the knee-extension mechanism, it is

difficult for patients to sufficiently perform knee-extension
training because of pain and swelling caused by the operation
[2, 11, 12]. HAL-SJ-based knee-extension training, however,
can be performed during the acute post-TKA phase without
increased pain.Webelieve that this is due to the knee-assistive
function of HAL-SJ.

Two case reports on postoperative interventional training
using HAL have been published in the field of orthopedic
surgery. Both reports described improvements in walking
ability when HAL was used in patients with thoracic vertebra
ossification of the posterior longitudinal ligament [8, 13]. In
contrast, the present study is the first to report on the use
of HAL-SJ knee-extension training during the acute phase
following TKA for osteoarthritis of the knee.

In conclusion, HAL-SJ-based knee-extension training
allows the performance of knee function training during the
acute post-TKA phase without causing increased pain, thus
maintaining the patient’s surgically recovered ability to fully
extend the knee. Although inability to fully extend the knee is
a cause of reduced knee function and decreased satisfaction
in patients after TKA, there is currently no effective modality
for the recovery of knee-extension function.Therefore, HAL-
SJ-based knee-extension training can be used as a novel
post-TKA rehabilitation modality. Reduced medical costs
can also be anticipated, as early recovery of knee function
would reduce hospital stays and the nursing care burden
consequent to improved patient independence. However,
the mechanism underlying the immediate improvement in
extension lag remains unknown; therefore, further study
from a neurophysiological perspective is required.

Ethical Approval

The study was carried out in accordance with the Declaration
of Helsinki and within the appropriate ethical framework.
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publication of this case report and any accompanying images.
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Abstract.
BACKGROUND: Hybrid Assistive Limb (HAL) is a new robotics walking training device consisting of a wearable robot that
interactively provides motion according to the wearer’s voluntary drive. The ability of HAL to enhance walking speed has not
been clarified in sub-acute people with stroke, and few studies have focused on changes in walking pattern.
OBJECTIVES: To assess clinical availability of HAL in sub-acute stroke stage, we conduct a multi single-case study.
METHOD: An A-B-A single case study design was used in 4 patients. The intervention was conventional training in period
A1 for 5 weeks and period A2 for 4 or 5 weeks and training with HAL and conventional training in period B for 5 weeks. The
primary outcomes were maximum walking speed (MWS), cadence, and mean step length assessed each week. The secondary
outcomes were Functional Ambulation Category, Berg Balance Scale, Fugl-Meyer Motor Assessment, and asymmetry rate in
single-limb support time, as assessed before and after period B.
RESULTS: The significant increases in MWS was found in three patients through period B. The cadence, mean step length,
FAC and AR were also increased in one, three, two and two patients, respectively.
CONCLUSIONS: It was found that HAL training of people with sub-acute stroke is an effective walking training to enhance
the walking speed with the change of walking pattern in our clinical setting. Further studies are needed including control trials
to analyze satirical difference.

Keywords: Hybrid Assistive Limb, robotics walking training, stroke

1. Introduction

Stroke is a major cause of walking disability world-
wide [1]. More than 60% of people with stroke have
walking disability and approximately 50% find it

∗Corresponding author: Kenichi Yoshikawa, 4733 Ami, Ami-
Machi, Inashiki-County, Ibaraki 300-0394, Japan. Tel.: +81 29 888
9216; Fax: +81 29 888 9279; E-mail: yoshikawak@ami.ipu.ac.jp.

impossible to walk at disease onset [2]. Improving the
walking ability of stroke is therefore an important goal,
and various interventions have been tested in the past.

In 2003, Hesse et al. [3] pointed out that automated
motor rehabilitation offers a fascinating new per-
spective on treatment, diagnosis, and interdisciplinary
cooperation to the benefit of all participants, although a
robot can never replace multi-level interaction between
patients and therapist. Since then, research into the

ISSN 2213-0683/16/$35.00 © IOS Press and the authors. All rights reserved
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effects of robotic rehabilitation of the upper and lower
limbs on central nervous disabilities has increased. A
systematic review of electromechanical-assisted train-
ing for walking after stroke [4, 5] revealed that using
electromechanical-assisted gait training devices in
combination with physiotherapy increases the chance
of regaining independent walking ability in people
after stroke.

The Hybrid Assistive Limb (HAL) was devel-
oped by Cyberdyne Corporation (Tsukuba, Japan).
HAL is a wearable robot that interactively provides
motion according to the wearer’s voluntary drive [6].
HAL detects the bioelectrical signals generated by the
patient’s muscle activity or the floor-reaction-force sig-
nals caused by the patient’s intended weight shifts, or
both. HAL enables locomotor training with voluntary
drive, and it has the advantages of both voluntary drive
and ambulatory performance. Other exoskeletons use
autonomously generated predefined motion. In con-
trast, HAL generates motion in response to the wearer’s
voluntary drive. The wearer operates HAL by adjust-
ing his or her muscle activity. Thus HAL is able to
conduct locomotor training by providing motion sup-
port in response to the user’s voluntary drive. This
assistance mechanism differs completely from those
of other exoskeletons. In addition, other exoskeletons
are designed for walking on a treadmill; therefore, they
provide a simulated gait that differs from that of walk-
ing on a flat floor. In contrast, as a wearable system,
HAL delivers locomotor training in an actual ambula-
tory environment. Kubota et al. [7] reported that the
gait speed of patients with limited mobility, including
people with chronic stroke, increases after gait training
with HAL.

A recent randomized controlled trial comparing
HAL gait training with conventional gait training
showed that participants in the former group were
significantly more able to walk independently after
training [8]. Watanabe et al. remarked that the opti-
mum duration of rehabilitation, the duration of each
training session, the intervention frequency, and the
long-term effects of HAL needed to be examined. In a
previous unpublished study, we examined the effect of
HAL training in people with sub-acute stroke. Motor
recovery and walking function were greatly improved
in all participants in the early recovery stage. However,
improvement rates differed greatly among individuals.
Large numbers of participants are therefore needed
to detect any statistically significant effects of HAL
training in a randomized controlled trial.

We therefore designed an intervention to occur at a
time when improvement of walking speed was stable,
in the late recovery stage of stroke, to clarify the effects
of HAL walking training. We then tentatively evaluated
the validity of this design in this pilot study. The first
purpose of the study was to use a single case study
design to explore the walking speed–enhancing effect
of HAL gait training in people with sub-acute stroke
whose walking speed had stabilized in the late recovery
stage of their disease.

In addition, little has been reported on the effects of
HAL gait training on cadence, step length (SL), and
walking asymmetry in people with stroke. The second
purpose of this study was therefore to examine changes
in walking pattern and asymmetry after gait training
with HAL.

2. Methods

2.1. Participants

Participants were recruited from an inpatient reha-
bilitation unit in Ibaraki Prefectural University of
Health Sciences Hospital, Japan. All participants were
admitted to our hospital between October 2013 and
December 2013 through acute care hospitals to receive
acute medical care and acute rehabilitation.

Inclusion criteria were diagnosis of first cerebral
infarction or cerebral hemorrhage with hemiparesis
and, for suitability for HAL, height from 150 to 185 cm
and weight from 40 to 80 kg.

Exclusion criteria were high-risk heart disease,
uncontrollable or severe high blood pressure, severe
chronic respiratory disease, severe diabetes mellitus,
severe aphasia, severe cognitive deficit lesion of the
cerebellum or brain stem, subarachnoid hemorrhage, a
need for severe risk control in physical therapy, severe
sensory aphasia, ability to walk independently without
cane or orthosis and live in the community, severe con-
tracture and deformities of the lower limb, and use of
an active implantable medical device.

The ethics committee of Ibaraki Prefectural Uni-
versity of Health Sciences approved the study, and
written informed consent to participate was given by
all participants or their legal representatives. This study
was part of a research project, the protocol of which
was registered with the University Hospital Medical
Information Network Clinical Trials Registry (UMIN
000012760).
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2.2. Case description

Four patients participated in the study. Table 1 gives
the participant profiles in terms of age, sex, weight, side
of paresis, time from stroke to admission, and time from
stroke to intervention. The first participant (Case 1) was
post-leftcoronaradiatainfarction.Case2waspost-right
frontal lobe and parietal lobe hemorrhage. Case 3 was
post-right putamen hemorrhage, and case 4 was post-
right parietal lobe and capsula interna hemorrhage.

2.3. Design

An A-B-A design was used. Maximum walking
speed was recorded during the baseline in period A
(A1 = before B; A2 = after B). In period A, patients
were treated by conventional physical therapy, which
included gait training, muscle strength training, range
of motion training, up- and downstairs training, and
other types of individual training for 60 min 5 days
a week for 5 weeks. In period B, patients were given
HAL gait training for 20 min and conventional physical
therapy for 40 min a day, 4 or 5 days a week (exclud-
ing Saturdays, Sundays, and national holidays) for 5
weeks. In all periods, patients were given occupational
therapy and speech therapy as needed.

Because of the great degree of functional improve-
ment in the subacute stage after stroke, it is difficult to
discriminate between the results of one type of train-
ing and those of others. We therefore intervened at a
time when the improvement in walking speed was sta-
ble. To determine when to start the intervention, we
evaluated the patients’ walking speed by means of a
10-m walk test every week. The simple moving aver-
age (SMA) of walking speed in the preceding 3 weeks
was then calculated. To assess the improvement rate,
we calculated the change in the rate by dividing the
difference between the present SMA and the previous
week’s SMA by the previous SMA. We intervened at a
time when the improvement in walking speed was sta-
ble. We defined this as occurring when the change in
the rate was less than 10% in the first, second and third
week and 5% in the fourth and fifth weeks consecu-
tively. We then monitored whether or not the change
in rate was stable for 5 consecutive weeks.

2.4. Intervention

The single-leg version of HAL was placed on the
participant’s paretic side. To prevent falling, the HAL
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Fig. 1. Walking training with HAL and a mobile suspension system.

attached to the patient was connected to a mobile sus-
pension system (All-In-One Walking Trainer, Ropox
A/S, Næstved, Denmark) without the patient bearing
weight (Fig. 1). During the intervention, gait training
was implemented at a speed judged by the therapists
to be as fast as possible while still maintaining a good
gait posture on level ground. Gait training with HAL
was done 4 or 5 times a week. One gait training session
with HAL took a total of 20 min a day, excluding the
device-fitting time and rest time.

During each training session, walking was continu-
ously assisted by HAL, which is a computer-controlled
exoskeletal device. The design and control system
for HAL have been described in detail elsewhere
[9–11, 30]. The exoskeletal frame was fixed to the
pelvis and the lower limbs by thigh and lower leg cuffs.
Active actuators were installed at the hip joints and
knee joints and generated assistive extension or flexion
torque of these joints. HAL has two control systems,
namely Cybernic Voluntary Control (CVC) mode and
Cybernic Autonomous Control (CAC) mode [9]. CVC
mode drives the amount and timing of the assistive
torque provided to each joint for walking on the basis
of bioelectrical signals from the flexor and extensor
muscles at the hip and knee [12]. The gain in assistive
torque at each joint in response to these bioelectrical
signals was controlled by a therapist. The optimal gain
and balance of the torque to maintain an appropriate

walking pattern were determined by observing the joint
trajectories and listening to the patient’s comments. If
it is difficult for patients to achieve the motion derived
from the CVC, the CAC can autonomously generate
torque according to the walking pattern by referring to
information from the floor reaction force [13]; CAC
mode was thus used until the patient became familiar
with the CVC.

2.5. Outcome measures

The primary outcomes were maximum walking
speed (MWS) [14], cadence, and mean SL, using a
10-m walk test each week. If the participant’s Func-
tional Ambulation Category (FAC) [15] was 2, then
assistance in the 10-m walk test was needed only to
prevent the participant from falling. In every test the
physical therapist giving the assistance was different
from the one who gave the conventional physical ther-
apy. The evaluator, who was a third person, did not
change from admission to discharge. If the FAC was
0 or 1, we waited until the FAC was 2 before we did
the 10-m walk test. The time elapsed and number of
steps were measured in the intermediate 6 m to allow
for acceleration and deceleration. Cadence and mean
SL [16] were calculated from the time elapsed and the
number of steps in the 10-m section. The best MWS
data from three trials were used for the analysis.

The secondary outcomes were the level of inde-
pendence according to the FAC, the balance function
according to the Berg Balance Scale (BBS) [17], motor
recovery according to the Lower Extremity part of
the Fugl-Meyer Motor Assessment (FMA-LE) [18]
and the asymmetry ratio (AR) [19–21] in swing time
(equal to single-limb support time). Secondary out-
comes were assessed on admission, at the start of
period B, and at the end of period B. The evaluator
was a different person from the therapist that gave the
patient normal physical therapy. AR was evaluated at
a self-selected walking speed by motion analysis. Gait
motion was captured in the sagittal plane by a video
camera (Sony HDR-CX 390, Tokyo, Japan; sampling
rate 60 Hz). Motion times were applied to the gait after
more than 5 steps from the starting line. The video
times were loaded into a computer and used to calcu-
late the single support time (length of time for which
one leg was on the ground) in 5 walking cycles by using
video editing software (EDIUS Neo 3.5, Grass Valley
K.K., Japan).
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2.6. Statistical analysis

We defined period A1 as the period of 5 weeks in
which the change in improvement rate, as calculated
by using the SMA, was less than 10% in the first week
and 5% in the subsequent 4 weeks.

MWS, cadence, and SL were plotted on a graph
weekly to enable visual analysis [22]. To detect
changes in trends between periods A1, B, and A2,
changes in plot level during a period, as well as the vari-
ability, direction, or slope on the graph, were needed
[22]. Least-square lines were also drawn for visual
analysis [23].

In addition, non-parametric statistical analyses were
done to support the results observed in the graphs.
Differences between each period (A1, B, A2) were
inferred with the Kruskal-Wallis test.

Serial dependency was also assessed by using
an autocorrelation coefficient [24]. Clinical ordinal
consecutive data such as those in this report are

not independent. Most of the data were autocorre-
lated (r > 0.20). Because autocorrelation increases the
probability of type I errors when there is a positive cor-
relation [24], we chose a conservative P value of 0.01
[24, 25].

The differences in AR between the start and end of
period B were analyzed by using a Wilcoxon signed-
rank test. A P value less than 0.05 was considered
statistically significant.

We used SPSS version 21.0 for all statistical
analyses.

3. Results

All sessions were held for 20 min and completed
safely. The number of sessions per participant ranged
from 22 to 24 (Table 1).

Upon visual analysis, the graphs of weekly MWS
showedimprovementbetweenperiodsA1andBinCase

Fig. 2. Walking speeds of 4 participants. Baseline period (A1 and A2): Conventional physical therapy. Intervention period (B): Walking training
with HAL and conventional training.
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Fig. 3. Cadence in 4 participants. Baseline period (A1 and A2): Conventional training. Intervention period (B): Walking training with HAL and
conventional training.

2, 3, and 4 (Fig. 2). The improvement was less clear in
case 1. In period A2 the improvement decreased in case
1 and 2 and was constant in case 3 and 4.

The results for the graphs of cadence varied among
individuals. There was evident improvement between
periods A1 and B in case 3, whereas there was a clear
decreaseincase1.Therewasacontinuedincreasewitha
slightly smaller slope in period B compared with period
A1 in case 2, and virtually no change in case 4 (Fig. 3).
In case 1 and 3 the cadence in period A2 was greater
than that in period B, whereas in case 4 the cadence was
almost unchanged throughout.

The graphs of SL revealed obvious improvement
between periods A1 and B in case 1, 2, and 4 (Fig. 4).
The graph of SL for case 3 showed a decrease in
improvement rate by visual analysis. In period A2
the improvement rate decreased in case 1 and 2 and
increased in case 3 and 4.

The results of the non-parametric statistical anal-
yses of MSW supported those of the visual analysis

and were as follows: Case 1 to 4, respectively,
Kruskal-Wallis χ2 = 8.68, P-value = 0.013; χ2 = 9.92,
P-value = 0.0070; χ2 = 11.58, P-value = 0.0031; χ2 =
11.57, P-value = 0.0031. The non-parametric statisti-
cal analyses for cadence also supported the visual
analysis results and were as follows: χ2 = 7.43, P-
value = 0.024; χ2 = 7.22, P-value = 0.027; χ2 = 12.02,
P-value = 0.0025; χ2 = 4.71, P-value = 0.095. The non-
parametric statistical analyses for SL supported the
visual analysis results and were as follows: χ2 =
11.79, P-value = 0.0028; χ2 = 10.14, P-value = 0.0063;
χ2 = 10.44, P-value = 0.0054; χ2 = 12.69, P-value =
0.0018.

Table 1 shows the differences in secondary out-
comes between the start and the end of period B. FAC
improved in case 1 and 2 during period B. FAC in
case 4 was 5 at the start of period B. BBS and FMA-
LE improved in all participants during period B. AR
decreased in all participants and changed significantly
in case 1 and 2 (P < 0.05).
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Fig. 4. Step length in 4 participants. Baseline period (A1 and A2): Conventional training. Intervention period (B): Walking training with HAL
and conventional training.

4. Discussion

In Japan, it is usual for people with sub-acute stroke
that are considered to require more rehabilitation to
be transferred to a recovery rehabilitation hospital or
unit. In our unpublished pilot study we intervened in
the early recovery stage. However, it was difficult to
extract the effect of only the HAL training from our
results.

Therefore, in this current pilot study we explored
the effect of HAL gait training in enhancing walk-
ing speed in people with stroke in the late recovery
stage. The MWS results clearly showed improvement
in period B in case 2, 3, and 4 and a slight improvement
in case 1, whereas the participants’ MWS values were
almost stable in period A1. All participants accordingly
started receiving their interventions at more than 100
days. Therefore, we consider that our design, whereby
we intervened with HAL when the improvement in
walking speed was stable, was reasonable.

Improvements in MWS were caused by an increase
in SL in case 1, 2, and 4 and by an increase in cadence
in case 3. A recent randomized controlled trial by
Watanabe et al. [8] showed a significant difference
between a HAL training group and a group receiving
conventional training, but only in FAC. We found here
that MWS was better in period B than in period A1 in
the majority of patients. This difference between the
studies may have been caused by the fact that we inter-
vened for longer and more often than in the trial by
Watanabe et al., who used HAL for 4 weeks at 3 times
a week. However, our number of participants was only
small.

In addition, the improvements in MWS in period B
were the result of not only an increase in cadence or SL,
but also a decrease in the other parameter. For exam-
ple, in case 1, cadence decreased and SL increased
in period B, conversely in case 3 cadence increased
and SL decreased in period B. The difference in SL
between the HAL group and the conventional group
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was not significant in the trials performed by Watan-
abe et al. However, we found here that the increase or
decrease in SL or cadence depended on the individual.
In healthy adults, the walk ratio (calculated by divid-
ing SL by cadence) [26] is generally constant; however,
because walking speed can be changed, it is affected
by SL and cadence speed to the same extent [27, 28].
Furthermore, Suzuki et al. [29] indicated that people
with hemiparetic stroke in the recovery stage improved
in MWS, with an invariant relationship between stride
length and walking rate. Our results suggest that HAL
training changed the participants’ gait patterns. In
fact, our finding that AR decreased in all participants
and significantly increased in case 1 and 2 showed
that gait symmetry improved. The ability to maintain
single-limb support is an important determinant of gait
stability [30, 31]. Asymmetry during single-limb sup-
port seems to be related to decreased ability to bear
weight on the paretic limb [32], and single-support
training helps to achieve symmetric gait in people with
stroke [33, 34]. Goldie et al. [35] also pointed that
increase in single support time on the paretic side is
a good indicator of increase in weight bearing on the
paretic side, whereas increase in single support time on
the non-paretic side is a good indicator of better paretic
leg advancement. In addition, training that incorporates
active participation whereby the patient voluntar-
ily produces movement, inducing changes in motor
performance, cortical activity, and excitability, is con-
sidered essential for motor learning of new tasks [36,
37]. Therefore, training with HAL, which interactively
provides motion according to the wearer’s voluntary
drive, may have enhanced walking performance in
association with an improvement in walking pattern.

FAC was improved in case 1 and 3. Case 4 already
had a perfect FAC score of 5 at the start of period
B. BBS in all participants and FMA-LE in 3 partici-
pants (excluding case 2) increased; these changes were
similar to those in the trial by Watanabe et al. [8].

A limitation of our study was the small number of
participants. However, as a feasibility study its aim
was to explore the effects of HAL training on walk-
ing speed at a time when the improvement in walking
speed had stabilized in the late recovery stage, as well
as to explore changes in walking pattern and asymme-
try. Further studies are needed to explain how HAL
training improves walking speed and walking pattern.
We intend to use more participants and create a con-
trol group that will be treated only with conventional
physical therapy and not with HAL training.

The results of this exploratory study suggested that
HAL training in people with sub-acute stroke may
enhance walking speed in association with an improve-
ment in walking pattern at a time when the rate of
improvement in walking speed is stable in the late
recovery stage. Further studies with a control group
are needed to clarify the effects on walking function.
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Purpose: A fast spin-echo sequence based on the Periodically Rotated Overlapping Parallel Lines with
Enhanced Reconstruction (PROPELLER) technique is a magnetic resonance (MR) imaging data acquisition
and reconstruction method for correcting motion during scans. Previous studies attempted to verify the in
vivo capabilities of motion-corrected PROPELLER in real clinical situations. However, such experiments are
limited by repeated, stray head motion by research participants during the prescribed and precise head
motion protocol of a PROPELLER acquisition. Therefore, our purpose was to develop a brain phantom set for
motion-corrected PROPELLER.
Materials and methods: The profile curves of the signal intensities on the in vivo T2-weighted image (T2WI)
and 3-D rapid prototyping technology were used to produce the phantom. In addition, we used a
homemade driver system to achieve in-plane motion at the intended timing. We calculated the Pearson's
correlation coefficient (R2) between the signal intensities of the in vivo T2WI and the phantom T2WI and
clarified the rotation precision of the driver system. In addition, we used the phantom set to perform initial
experiments to show the rotational angle and frequency dependences of PROPELLER.
Results: The in vivo and phantom T2WIs were visually congruent, with a significant correlation (R2) of 0.955
(p b .001). The rotational precision of the driver system was within 1 degree of tolerance. The experiment
on the rotational angle dependency showed image discrepancies between the rotational angles. The
experiment on the rotational frequency dependency showed that the reconstructed images became
increasingly blurred by the corruption of the blades as the number of motions increased.
Conclusions: In this study, we developed a phantom that showed image contrasts and construction similar
to the in vivo T2WI. In addition, our homemade driver system achieved precise in-plane motion at the
intended timing. Our proposed phantom set could perform systematic experiments with a real clinical MR
image, which to date has not been possible in in vivo studies. Further investigation should focus on the
improvement of the motion-correction algorithm in PROPELLER using our phantom set for what would
traditionally be considered problematic patients (children, emergency patients, elderly, those with
dementia, and so on).
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1. Introduction

A fast spin-echo sequence based on the Periodically Rotated
Overlapping Parallel Lines with Enhanced Reconstruction (PROPEL-
LER) technique is a magnetic resonance imaging (MRI) data
acquisition and reconstruction method for correcting motion during
scans [1–3]. Recent advances in motion-correction techniques using
PROPELLER have made it possible to reduce artifacts induced by
in-plane rotation and translation motion [4–6]. Therefore,
PROPELLER has been extensively used in many regions of the body
[7–10]. Particularly in the brain, PROPELLER plays an important role
in correcting unconscious movements in unsedated pediatric
patients, acute stroke patients, and others [11–13].

In previous studies, experiments on the performance of
motion-corrected PROPELLER have been attempted using a geomet-
ric phantom, which features a simple construction that includes high
image contrast [4,5,14]. Although any region of the human body
shows complicated image contrast and construction, studies using a
phantom that includes image contrasts and construction similar to
the target region have not been reported at the time of this study. To
verify the capability of motion-corrected PROPELLER in real clinical
situations, in vivo experiments have also been attempted. However,
such experiments are limited by repeated, stray head motion by
research participants during the prescribed and precise head motion
protocol of a PROPELLER acquisition [4,6]. Such unsolicited motion
has complicated the understanding of the accuracy of the data
acquisition method and the motion correction algorithm for
PROPELLER. To solve this problem, we need to produce a complex
phantom that looks like a brain on a Magnetic Resonance (MR)
image and takes this unsolicited motion into account.

Recent advances in 3-dimensional (3-D) rapid prototyping
technology have allowed the printing of highly complex structures
derived from precise computer data [15–22]. Although this technol-
ogy has the potential to allow us to develop high-definition MRI
phantoms, the field has not been fully developed. We used a 3-D
printer to attempt to produce a phantom that shows image contrast
and construction similar to the T2-weighted image (T2WI) of the
brain. In addition, we developed a driver system to move the
phantom precisely.

In this paper, we describe the process whereby we created the
phantom and calculated the correlation coefficient between the
phantom and in vivoMR images. Moreover, we verified the precision
of our homemade driver system. We also performed initial
experiments on the rotational angle and frequency dependencies
of motion-corrected PROPELLER using our phantom and driver
system (phantom set).

2. Materials and methods

2.1. Process of creating the phantom

2.1.1. MRI acquisition for the in vivo image
This study was approved by the institutional review board and

ethics committee (no. 870) of the University of Tsukuba, and written
informed consent to participate in the study was obtained from the
research participant. The axial brain T2WI of a healthy volunteer
(36-year-old woman) without any history of severe head trauma or
neuropsychiatric disorders was acquired as the in vivo image (Fig. 1).
All imaging in this study was performed using an Achieva dStream
3.0 T-TX MRI system (release 5.1.7.0; Philips Medical Systems,
Eindhoven, The Netherlands) combined with a 32-channel SENSE
head coil. Axial T2WIs positioned parallel to the intercommissural
(AC–PC) line were acquired covering the whole brain using a fast
spin-echo sequence (repetition time [TR] = 4500 ms, echo time

[TE] = 90 ms, slice thickness = 6 mm, field of view =230 mm,
pixel resolution =0.51 × 0.51 mm).

2.1.2. Digital imaging and communications in medicine (DICOM) data
conversion and printing

Matlab R2015b (MathWorks, Natick, MA, USA) was used to
process the DICOM data of the in vivo T2WI. Fig. 2a shows the profile
of the signal intensity of all pixels in the in vivo T2WI on an x-y plane.
Fig. 2b shows the profile curve of the line defined through both
posterior limbs of the internal capsules as a typical case. The signal
intensity (I) was converted into thickness of the printed layer stack
(T) as

T ¼ Imax−Ið Þ Tslice=Tlayer

� �
=Imax

n o
Tlayer þ Tbottom

where Imax is the maximum signal intensity of the in vivo T2WI, Tslice
is the slice thickness of the T2WI, Tlayer is the thickness of a printed
layer, and Tbottom is the thickness of the bottom of the phantom. In
this study, each value was defined as follows: Imax = 2725, Tslice =
6 mm, Tlayer = 0.016 mm, and Tbottom = 5 mm. Fig. 2c shows the
cross section of the printed layer stack after conversion. Next, the
surface configuration of the printed material (indicated by a heavy
line in Fig. 2c) was produced to correspond to the configuration of
the flipped vertical profile curve shown in Fig. 2b. The converted data
were sent to the 3-D printer (Objet Eden350V; Stratasys, Eden
Prairie, MN, USA), and printed on plastic (FullCure810 Vero Clear),
which has no MR signal. Then, agarose gel was poured; its
concentration, T2-relaxation time, and T1-relaxation time were
0.4%, 168 ms and 1667 ms, respectively. After enough agarose gel
had been poured in to fill the convexo-concave surface of the printed
phantom, it was left in the MRI room for 24 h at room temperature
to polymerize.

2.1.3. MRI acquisition of the phantom image
The phantom was set in a horizontal position on the head

coil. The same image parameters as those for the in vivo image,
except for the slice orientation, were used to acquire the T2WI of the
phantom; the in vivo image was acquired on the axial plane. The
slice plane was carefully set on the slice position as shown in Fig. 2c.
We then calculated the Pearson's correlation coefficient (R2)
between the signal intensities of the in vivo T2WI and the phantom
T2WI after registration, including rotation and translation, using
Matlab R2015b.

Fig. 1. In vivo T2-weighted image (T2WI). The axial brain T2WI fitting of the
intercommissural (AC–PC) line of a healthy volunteer (36-year-old woman) using a
fast spin-echo sequence.
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2.2. Driver system

2.2.1. Structure
We developed a driver system that precisely moves the phantom

from outside the MRI gantry. The driver system consists of a
supporting table, turntable, and 24 ball bearings (φ = 12 mm), all
made of nonmagnetic materials (Fig. 3a). The diameter of the driver
system is 23 cm and can rotate in the head coil. Fig. 3b shows the
arrangement of the phantom and driver system in the MRI gantry.
The phantom was set securely on the driver system with the
vacuumed pillow on the head coil. We marked the side of the
turntable every 5° and attached 2 strings to the turntable to rotate it
from outside the MRI gantry.

2.2.2. MRI examination for precision
To verify the rotation precision of the driver system, we acquired

a T2WI of the phantom in the pre- and post-rotation positions. At
the beginning, the turntable with the phantom was set to zero
degree using the turntable marks, and a T2WI of the phantom was
acquired. Next, it was reset to 60° as indicated by the turntable
marks, and a T2WI of the phantom was acquired again. The 60°
reset was chosen because in the pre-examination, the maximum
limitation angle of the volunteer's head rotation from the face
forward to another side was approximately 60° (58°) in the head
coil of the MRI system. Therefore, we thought that if we could
accurately rotate the phantom to 60° within approximately 1 s, we
could also rapidly rotate it to any angle lower than 60° in an equally
short time. This examinationwas repeated 10 times, and the rotation
angles of the medial line of the brain in the pre- and post-rotation
positions were measured on the T2WIs to calculate the mean and
standard deviation.

2.3. Initial experiment for motion-corrected PROPELLER

Using our phantom set, we performed initial experiments on the
rotational angle and frequency dependencies of motion-corrected
PROPELLER. All images were acquired using single-slice, coronal, fast

spin-echo T2WI-based PROPELLER with motion correction (eg,
MultiVane). The sequence had a TR/TE of 4000/111 ms, field of
view of 250 mm2, slice thickness of 6 mm, resolution of
0.78 × 0.78 mm2, 30 turbo spin echo factors, MultiVane percentages
of 160%, and total acquisition time of 72 s. Eighteen blades were
collected for a single slice (ie, number of TR = 18). The original
motion-correction algorithm for the MultiVane sequence (from
Philips) was used in the experiments. This sequence included the
data acquisition and dead times. The data acquisition time was
defined as the time interval for onset of RF pulse, gradient reading,
and echo sampling; which was roughly 500 ms. The dead time was
defined as the time interval between data acquisition times; this was
about 3500 ms, as shown in Fig. 4. The phantom was rotated from
zero to any degree once during a dead time in a PROPELLER
acquisition without any corrupted blades; the acquired blade data
show 2 image groups (zero degree and any degree). Next, the images
of a single angle were corrected to another angle by the
motion-correction algorithm, with the expectation that the perfor-
mances of image correspondence by motion correction would differ
depending on the rotation angle [2]. On the other hand, when the
phantom was rotated once from zero to any degree during the
acquisition time, one of the acquired blades suffered from severe
corruption. Then, the corrupt data degraded the image quality after
correction and it was expected that the adverse implications of
corruption would differ depending on the rotation frequency [4,21].
To investigate these 2 dependences described above, reproducibility
and precise rotation at the intended timing are essential. We
performed the following 2 initial experiments on the rotational
angle and frequency dependences of motion-corrected PROPELLER
using our phantom set.

2.3.1. Rotational angle dependence
Twelve trials were performed to show the rotational angle

dependence. At the beginning of a PROPELLER acquisition, the
phantom was set at the zero-degree position, and this position was
maintained for the first half of the acquisition (ie, 9 of 18 TRs). When
the data acquisition in the ninth TR was finished, the phantom was

Fig. 2. Phantom design. (a) The profile of the signal intensity of all pixels on an x-y plane in the in vivo T2-weighted image (T2WI). (b) Profile curve of the line defined through both
posterior limbs of the internal capsule as a typical case. (c) Cross section of the phantom on the line in (b). The signal intensities of the in vivo T2WI were converted to a depth of 0
to 6 mm by the conversion equation in the text. The heavy line shows the surface configuration of the printed material, which corresponds to the configuration of the flipped
vertical profile curve in (b). The gray painted region shows the printed plastics, and the dotted pattern shows the poured agarose gel. The frame was built around the phantom to
allow agarose gel to be poured in. The distance between the broken lines was 6 mm, which corresponds to the slice thickness for the T2WI of the phantom acquisition. The slice
position was fitted to this area. The diameter of the phantom is 230 mm.
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then rotated counterclockwise from zero by α degrees (α: 5, 10, 15,
20, 25, 30, 35, 40, 45, 50, 55, 60) during the dead time of the ninth TR
(Fig. 4). The phantom was rotated to each degree by the
experimenter when the MRI sound stopped at the beginning of the
dead time. Then, the other experimenter confirmed that the
phantom had stopped before the next MRI sound. After the rotation,
the phantom was maintained at the same position until the end of
the acquisition. Then, both images with and without motion
correction were reconstructed.

2.3.2. Rotational frequency dependence
Nineteen trials were performed to show the rotational frequency

dependence. At the beginning of a PROPELLER acquisition, the
phantom was set at the zero-degree position. In the first trial, the
phantom was kept at the same position throughout the PROPELLER
acquisition as a no-motion image. In the second trial, the phantom
was rotated once during the first blade acquisition—from zero degree
to 30°—and it was maintained at the same position through to the
end of the PROPELLER acquisition. In the third trial, the phantomwas
rotated twice during the first and second blade acquisitions—from
zero degree to 30°—and re-rotated from 30° to zero degree, and it
was maintained at the same degree position through to the end of
the PROPELLER acquisition (Fig. 4). Thus, the number of bipolar
motions during the blade acquisitions increased gradually at each
trial, and consequently, the phantomwas rotated 18 times during all
the blade acquisitions in the 19th trial. The experimenter attempted
to rotate the phantom about 250 ms before the next MRI sound in
the acquisition time, which was guided by sound signals using a
metronome. To show if the degree by which the blade data
corruption was altered by motion, the correlation coefficient
between the T2WI without motion and each T2WI with
motion was calculated using the same method as that described in
Section 2.1.3.

3. Results

Fig. 5a and b shows a photograph of the printed material, and
Fig. 5c shows a photograph of the printed material with agarose gel.
Fig. 6 shows the T2WI of the phantom. We can see that the in vivo
T2WI in Fig. 1 and the T2WI of the phantom were in very good
agreement. Fig. 7 is the scatterplot showing the correlation between
the signal intensities of the in vivo T2WI and the phantom T2WI.
There was a significant correlation between these images (R2 =
0.955, p b .001). In the experiment on the rotation precision of the
driver system, the mean ± standard deviation of the rotation angle
of the medial line of the brain was 59.7 ± 0.28°, thus showing high
precision as well as accuracy. Furthermore, Fig. 8a-l and a’-l’ shows
the reconstructed image without and with motion correction,

Fig. 3. The homemade driver system. (a) The overhead and side views of the driver system. The diameter of the driver system is 230 mm. It consists of a supporting table,
turntable, and 24 ball bearings (φ = 12 mm) with glycerin, which are made of nonmagnetic materials and able to rotate smoothly. (b) The arrangement of the phantom and the
driver system in the MRI gantry. The printed phantomwas set firmly on the driver system, which was set on the vacuumed pillow on the head coil. Marks were made every 5° on
the side of the turntable, and the 2 strings were attached to the turntable to rotate it from outside the MRI gantry.

Fig. 4. Timing to rotate the phantom in the initial experiments (experiments 1 and 2)
for motion-corrected PROPELLER. This figure shows the simple pulse sequence chart
of a single slice fast spin-echo T2WI-based PROPELLER (TR = 4000 ms). This
sequence included the data acquisition and dead times. The data acquisition time is
defined as the time interval for onset of RF pulse applying, gradient reading, and echo
sampling; it takes about 500 ms. The dead time is defined as the time interval
between the data acquisition times; it takes about 3500 ms. In experiment 1, the
phantom was rotated clockwise from zero during the dead time for about 1000 ms.
On the other hand, in experiment 2, the phantom was rotated during the data
acquisition time for about 1000 ms.
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respectively, in the experiment on rotational angle dependence.
Fig. 8a”, g” and l” shows the zoomed-in areas from the upper left
corners of a’, g’ and l’, respectively. The reconstructed images
withoutmotion correction in Fig. 8a-l show the bipolarization at zero
and α degrees, respectively. In contrast, the reconstructed images
with motion correction in Fig. 8a’-l’ show that all the bipolar images
were corrected at the zero-degree position in general, but the image
discrepancies became increasingly noticeable as the rotational angle
became larger. Fig. 9a–r shows each reconstructed image with
motion correction, and Fig. 10 shows the correlation coefficient
between the T2WI without motion and each T2WI with motion with
respect to rotational frequency dependence. These results show that
the reconstructed images became increasingly blurred by the
corruption of the blades as the number of motions increased.

4. Discussion

In this study, we used the profile curves of the signal intensities
on the in vivo T2WI and 3-D rapid prototyping technology to produce
a novel phantom for motion-corrected PROPELLER showing image
contrasts and construction similar to the in vivo T2WI. In addition,
we used a homemade driver system to achieve the in-plane motion
of the phantom at the intended timing, which is considered difficult
in in vivo studies. We calculated the correlation coefficient between
the in vivo T2WI shown in Fig. 1 and the phantom T2WI shown in
Fig. 6 and clarified the rotational accuracy of the driver system. The
in vivo and phantom T2WIs showed close congruency, as evidenced
by the resulting R2 = 0.955 (p b .001). In addition, the driver

system worked with objective rotation angles. Moreover, we
performed initial experiments showing the rotational angle and
frequency dependencies of motion-corrected PROPELLER using our
phantom set. The initial experiment on the rotational angle
dependence showed image discrepancies among the rotation angles.
Furthermore, the rotational frequency dependence showed a graded
increase from the adverse effects of the corruption data. Therefore,
our phantom set has the potential to investigate the capability of
motion-corrected PROPELLER in real clinical situations.

Our process to create the phantom is for a single slice. The
motion-correction algorithm works for in-plane motion; therefore,
we consider that this single-slice acquisition will play an adequate
role in understanding the capability of motion-corrected PROPELLER
in-plane [4,6].

Our homemade driver system can perform rotation at the
objective angles by virtue of the manual pulling of the two strings
attached to the turntable. This means that simple in-plane rotation
movement can be implemented to simulate a patient's head rotation.
However, for future cases in which complex rotations such as
randommotion are needed, the driver system needs to be improved
to allow automatic operation using an actuator (such as an ultrasonic
motor) by receiving the onset signal of each TR from an MR unit. In
the present study, the accuracy of the angular velocities was not
guaranteed. Particularly in the experiment on the rotational
frequency-dependence, the inaccuracy of the angular velocities
might have affected the quality of the images after each blade

Fig. 5. Photographs of the printed phantom. (a) Without agarose gel; (b) low-angled close-up of center area; (c) with agarose gel.

Fig. 6. T2-weighted image (T2WI) of the phantom. The image was acquired by using
the same image parameters as those of the in vivo T2WI. This image was in excellent
agreement with the in vivo T2WI (shown in Fig. 1).

Fig. 7. Correlation between the signal intensities of the in vivo T2WI and the phantom
T2WI. There was a significant correlation between these images (R2 = 0.955,
p b .001).
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correction. This limitation might be also solved by using the above
automatic operation system.

Some methods for developing anatomic structures derived from
CT or MRI data of a human subject using 3-D rapid prototyping
technology have been suggested by other researchers. Ogden et al.
recently examined the factors affecting the dimensional accuracy of
3-D printed material derived from helical CT scan data [21].
Burfeindt et al. recently produced a 3-D-printed breast phantom
derived from 3-D T1-weighted fast field echo MRI data for use in
pre-clinical experimental microwave imaging studies [16]. These
studies were focused on duplicating the target anatomic structures.
In contrast, our method is focused on duplicating the construction
and image contrast on an MR image. Therefore, we proposed the
following process to create a phantom derived from an in vivo T2WI:
(1) converting the profile curves of the MR signal intensities to the
surface configuration of the phantom, (2) printing the plastic
phantom, (3) pouring agarose into the phantom. The MRI intensity
in a particular voxel depends on the entire content of the
corresponding anatomic volume and the sequence that is used. If
only a single tissue type is present in the voxel, the signal intensity

will be characterized as that tissue type. However, if more than one
tissue type is present, the signal will be a combination of the
contributions of the different tissues. This is known as the partial
volume effect [23]. Therefore, the T1, T2, and T2* relaxation times of
the phantom are different from the in vivo ones although the signal
intensities of the phantom T2WI were almost the same as those of
the in vivo T2WI as shown Fig. 7. As shown in Fig. 6, the partial
volume effect between the printed plastic and agarose gives various
and consecutive signal intensities. Thus, our novel method allows
not only the acquisition of similar image contrasts, but also the
presentation of a similar structure to the in vivo T2WI.

In previous studies, the capabilities of motion-correction algo-
rithms with PROPELLER were investigated using geometric phan-
toms, which have a simple construction including high image
contrast [4,5,14]. These phantoms helped to understand PROPEL-
LER'S capabilities in simulation. In vivo studies have been previously
performed in addition to phantom studies to understand PROPEL-
LER'S capabilities in real clinical situations [4,5,14]. However, in vivo
studies have the essentially unsolvable problem of the difficulty of
ensuring that the volunteer achieves the precise in-plane motion of

Fig. 8. Results of the rotational angle dependence. (a)–(l) Reconstructed images without motion correction in each 5° rotation: (a) 5, (b) 10, (c) 15, (d) 20, (e) 25, (f) 30, (g) 35,
(h) 40, (i) 45, (j) 50, (k) 55, (l) 60°. (a’)–(l’) Reconstructed images with motion correction in each 5° rotation. (a”), (g”), (l”): zoomed-in areas from the upper left corners of (a’),
(g’), and (l’), respectively.

Fig. 9. Results for the rotational frequency dependence. (a)–(r) Reconstructed images with motion correction for each of the 18 rotations.
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the head. In past in vivo studies, although the human volunteer was
instructed to move his or her head in the scanner to avoid the
through-plane motion, there was no way of ensuring an exact
movement of the head. If a motion-correction algorithm for
PROPELLER was developed based on motion-corrected images with
unsolicited motion (such as a through-plane motion), it might be
misleading. Liu et al., who recently developed robust reference
generation methods to improve PROPELLER reconstruction in both
phantom and in vivo experiments, could not obtain desirable results
in the in vivo experiments when compared with the phantom
experiments [4]. They stated that the volunteer's motion might be
insufficient to fully examine their method's performance. They also
stated that further systematic clinical studies are warranted to test
the method's ability in future studies. The results of our initial
experiments using our phantom set showed the motion-corrected
images and the correlation coefficients avoiding through-plane
motion at the intended timing with the image contrast and
construction similar to those of in vivo T2WI. Namely, our phantom
set could perform systematic experiments with a real clinical MR
image, which has thus far not been possible in in vivo studies. Thus,
our phantom set has the potential to be a powerful tool for future
investigations. Further investigations using our phantom set might
allow for revision of previous algorithms and development of more
robust motion-corrected PROPELLER.

Our process of making a phantom can duplicate not only the
brain of a healthy volunteer but also brains with a clinical lesion. Our
method requires no change other than selecting a brain T2WI
involving a lesion for the in vivo image. Our method also has the
potential to allow comparison of small lesion detectability in some
algorithms or among different MRI units. Additionally, although our
process showed only the case of T2WI, theoretically some modifi-
cations might be adaptable to a T1-weighted image and a Fluid
Attenuation Inversion Recovery image. For example, as for the
phantom of the T1WI, we select a T1WI as the in vivo image instead of
a T2WI and, instead of agarose gel, fill the printed material with baby
oil or gadolinium diluted with saline, which shows high intensity on
T1WI. Therefore, our novel process of making a phantommight allow
for creation of a brain phantom that simulates specific lesions on the
image contrasts, which could not be achieved in previous studies.
Further investigation should be focused on the improvement of
the motion-correction algorithm in PROPELLER using our phantom
set for uncooperative patients in emergency situations, unsedated
children, or elderly persons, including those with dementia [24–30].

Moreover, the motion-corrected PROPELLER has been used not only
generally for the brain but also clinically for the neck, shoulder,
abdomen, and others [8–10,31]. In shoulder MRI, which often poses
difficulties because of the rise and fall of the patient's breathing,
developing an adapted motion-correction algorithm might contrib-
ute to detecting the presence of a high signal on the rotator cuff [32].
Our process of making a phantom is adaptable to any region or
section of the human body. Therefore, it might be useful to develop a
suitable algorithm for multiple target regions in future studies.

5. Conclusions

We developed a phantom set consisting of a printed plastic
phantom with agarose and a driver system for motion-corrected
PROPELLER. The phantom was produced according to a novel
method using a partial volume effect that showed image contrasts
and construction similar to the in vivo T2WI in an MRI. In addition,
our homemade driver system achieved precise in-plane motion at
the intended timing. Our proposed phantom set could perform
systematic experiments with a real clinical MR image, which to date
has not been possible in in vivo studies. Therefore, our phantom set
might enable further investigation of motion-correction algorithms
for PROPELLER. Further investigation should be focused on improve-
ment of the motion-correction algorithm in PROPELLER using our
phantom set for what would traditionally be considered problematic
patients (children, emergency patients, elderly, those with demen-
tia, and so on).
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Abstract.12

BACKGROUND: Gait training using the Hybrid Assistive Limb® (HAL®) may have beneficial effects on post-stroke gait
function and independent walking. However, the long-term and medium-term efficacies of gait training using HAL® in stroke
patients remain unclear.

13

14

15

OBJECTIVE: To compare the medium-term efficacy of gait training using a single-leg version of the Hybrid Assistive
Limb® (HAL®) on the paretic side with conventional gait training (CGT) in recovery-phase stroke patients.

16

17

METHODS: Twenty-four post-stroke participants (HAL® group: n = 12, CGT group: n = 12) completed the trial. Over 4
weeks, all participants received twelve 20-min sessions of either HAL® (using the single-leg version of HAL® on the paretic
side) or conventional (performed by skilled and experienced physical therapists) gait training. Outcome measures were
evaluated prior to training, after 12 sessions, and at 8 and 12 weeks after intervention initiation. Functional Ambulation
Category (FAC) was the primary outcome measure.

18
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21

22

RESULTS: The HAL® group showed significant improvement in FAC after 12 sessions, and at 8 and 12 weeks compared
to the conventional group (P = 0.02).

23
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CONCLUSIONS: The results suggested that a gait training program based on HAL® may improve independent walking
more efficiently than CGT at 1 and 2 months after intervention.

25
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1. Introduction 28

The restoration of independent walking is one of 29

the major goals of post-stroke rehabilitation (Dobkin, 30

2005). Several studies have investigated the effects 31

of automated electromechanical and robotic-assisted 32

gait training devices for post-stroke improvement 33

1053-8135/16/$35.00 © 2016 – IOS Press and the authors. All rights reserved
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in walking (Geroin et al., 2013; Mehrholz, Elsner,34

Werner, Kugler, & Pohl, 2013). An exoskeleton,35

the Robot Suit Hybrid Assistive Limb® (HAL®)36

has been developed to assist voluntary control of37

knee and hip joint motion by detecting very weak38

bioelectric signals on the surface of the skin (Lee39

& Sankai, 2005). The single-leg version of the40

HAL® is a new wearable robot for patients with41

hemiplegia that has the cybernic voluntary control42

mode and the cybernic autonomous control mode43

(Kawamoto, & Sankai, 2002; Kawamoto, Hayashi,44

Sakurai, Eguchi, & Sankai, 2009). The cybernic45

voluntary control mode provides physical support46

and actuation according to the operator’s voluntary47

intentions (Suzuki, Mito, Kawamoto, Hasegawa, &48

Sankai, 2007). The cybernic autonomous control49

mode can autonomously provide effective physi-50

cal support based on fundamental motion patterns51

(Kawamoto, Hayashi, Sakurai, Eguchi, & Sankai,52

2009). (Wall, Borg, & Palmcrantz, 2015) reported53

that gait training using HAL® may have beneficial54

effects on post-stroke gait function and indepen-55

dent walking. However, well-designed and controlled56

studies are needed. Because many previous studies57

did not include control subjects, the benefits of gait58

training using HAL® in stroke patients require clar-59

ification. Therefore, randomized controlled trials are60

needed to compare the efficacy of HAL®-assisted61

gait training with conventional gait training (CGT)62

in terms of the improvement of walking ability in63

stroke patients.64

Our previous study was the first randomized, con-65

trolled pilot trial to show the efficacy of gait training66

using HAL® compared to CGT (Watanabe, Tanaka,67

Inuta, Saitou, & Yanagi, 2014). However, the long-68

term and medium-term efficacies of gait training69

using HAL® in stroke patients remain unclear. There-70

fore, in this study, we added 2-month follow-up data71

to compare the medium-term efficacy of gait training72

using a single-leg version of the HAL® on the paretic73

side with CGT in recovery-phase stroke patients.74

2. Methods75

2.1. Participants76

Post-stroke patients who were admitted to a77

recovery-phase rehabilitation ward in Tsukuba78

Memorial Hospital between February 2013 and79

December 2013 participated in this study. All patients80

who participated in the previous study (Watanabe,81

Tanaka, Inuta, Saitou, & Yanagi, 2014) were included 82

with the addition of two new patients. The final 83

follow-up was conducted in January 2014. The 84

inclusion criteria, exclusion criteria, recruitment and 85

randomization were the same as in our previous study 86

(Watanabe, Tanaka, Inuta, Saitou, & Yanagi, 2014). 87

In this study the experimental HAL® group was 88

8 male and 4 female patients (12 total) with a median 89

age of 66.9 ± 16.0 years. 7 of this group had ischemic 90

stroke and 7 had right side paresis. The average 91

time since stroke was 57.0 ± 44.3 days in this group. 92

The control group was 8 male and 4 female patients 93

(12 total) with a median age of 76.8 ± 13.8 years. 94

The average time since stroke in the control group 95

was 48.1 ± 33.3 days. No differences were observed 96

between the groups in either characteristics or base- 97

line clinical data. Patient flow is shown in Fig. 1. 98

The ethics committees of the University of 99

Tsukuba and of Tsukuba Memorial Hospital 100

approved this study and written informed consent 101

was provided by all of the subjects or their legal 102

representatives. This study is registered in the Univer- 103

sity Hospital Medical Information Network (UMIN) 104

clinical trials registry in Japan with the registration 105

number UMIN000022335. 106

2.2. Intervention 107

HAL® patients performed gait training using 108

HAL® 3 times a week with a total of 12 HAL® train- 109

ing sessions (4 weeks). CGT patients performed CGT 110

3 times a week with a total of 12 CGT training ses- 111

sions (4 weeks). The intervention goal and structure 112

in both groups have been described in detail in our 113

previous study (Watanabe, Tanaka, Inuta, Saitou, & 114

Yanagi, 2014). 115

2.3. Assessment 116

All measurements were done by physical therapists 117

who were trained to perform standardized assess- 118

ment procedures. The primary outcome measure was 119

Functional Ambulation Category (FAC). Secondary 120

outcomes measures were maximum walking speed, 121

stride, cadence, 6-min walking distance, timed Up- 122

and-Go test, and Fugl-Meyer Assessment of the lower 123

extremity. 124

All outcomes were assessed prior to training, 125

after 12 sessions (4 weeks), and at 8 and 12 weeks 126

after intervention initiation. These outcomes were 127

assessed without wearing the HAL® because we 128

wanted to show the effectiveness of the HAL® as 129
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Fig. 1. Flowchart of the study. CAC, cybernic autonomous control.

a rehabilitation device, not as an orthosis for patients130

with stroke. Participants, therapists, and evaluators131

were not blinded to the treatment allocation.132

2.4. Statistical analysis133

The outcome measures in each group were com-134

pared prior to training, after 12 sessions (4 weeks),135

and at 8 and 12 weeks after intervention initiation.136

Interaction effects of groups (time×effect) were cal-137

culated using the mixed-effects model. SPSS version138

23.0 was used for all statistical analyses. Statistical139

significance was set at P < 0.05.140

3. Results141

The HAL® group showed significant improvement142

in FAC after 12 sessions, and at 8 and 12 weeks143

post-intervention compared to the conventional group 144

(P = 0.02). The interaction effects (time×effect) were 145

significant for FAC. However, the secondary out- 146

come measures did not differ between the two 147

groups (Table 1). Values are expressed as number or 148

mean ± SD. 149

4. Discussion 150

The present study is the first randomized con- 151

trolled trial to compare the medium-term efficacy of 152

gait training using a single-leg version of the HAL®
153

on the paretic side with CGT in recovery-phase 154

stroke patients. The HAL® group showed significant 155

improvement in FAC after 12 sessions, and at 8 and 156

12 weeks post-intervention compared to the conven- 157

tional group. The interaction effects (time×effect) 158

were significant for FAC. However, the secondary 159
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. outcome measures did not differ between the two 160

groups. The data indicate that gait training using 161

HAL® is beneficial for hemiparetic, non-ambulatory, 162

recovery-phase stroke patients. 163

A recent Cochrane review (Mehrholz, Elsner, 164

Werner, Kugler, & Pohl, 2013) reported that 165

electromechanical-assisted gait training in combi- 166

nation with physical therapy increased the odds of 167

independent walking in participants (odds ratio: 2.39, 168

95% confidence interval: 1.67–3.43; P < 0.01). Our 169

data showed similar findings. The HAL® system 170

enables such a repetitive gait training by providing 171

motion assistance in response to the patient’s volun- 172

tary drive using an exclusive the cybernic voluntary 173

control and the cybernic autonomous control technol- 174

ogy (Lee & Sankai, 2005; Suzuki, Mito, Kawamoto, 175

Hasegawa, & Sankai, 2007; Kawamoto, Hayashi, 176

Sakurai, Eguchi, & Sankai, 2009). This new type 177

of HAL®-assisted gait training might improve inde- 178

pendent walking in patients with subacute stroke. 179

(Kawamoto et al., 2013) reported that user con- 180

trol over the amount of assistance provided by 181

HAL® is effected by voluntarily adjusting myo- 182

electric activities. Thus, this mechanism forms a 183

proprioceptive feedback loop that adjusts to each 184

user. 185

Several studies have investigated the effects of 186

locomotion training using HAL® for stroke patients 187

(Kawamoto et al., 2013; Nilsson, Vreede, Häglund, 188

Kawamoto, Sankai, & Borg, 2014; Watanabe, 189

Tanaka, Inuta, Saitou, & Yanagi, 2014; Mizukami 190

et al., 2016). (Kawamoto et al., 2013) reported that the 191

dependent ambulatory levels (FAC 2-3 with chronic 192

stroke) showed significant differences in comfort- 193

able walking speed between before and after a total 194

of 16 HAL® training sessions. The cybernic volun- 195

tary control mode was used during HAL® locomotor 196

training in most patients. During locomotor training, 197

the patients walked on a floor and were harnessed in 198

a mobile suspension system. (Mizukami et al., 2016) 199

discussed that the harness walker system enabled 200

patients to walk continuously without risk of falling. 201

Therefore, the use of mobile suspension system 202

played an important role in enhancing the HAL®
203

training effect. In this present study, all subacute 204

stroke patients were classified into the dependent 205

ambulatory levels (FAC 0–3) prior to HAL® training 206

but the cybernic voluntary control mode was avail- 207

able for only ten patients. Thus, two patients use had 208

to the cybernic autonomous control mode to complete 209

locomotion training. Of these, 1 subject exhibited 210

reduced dependence on walking assistance and 1 did 211
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not change. It is still unclear whether gait training212

using HAL® benefits post-stroke patients who could213

not use the the cybernic autonomous control mode.214

Further study is needed to discuss the indications and215

the efficiency of each mode of HAL® for post-stroke216

gait training.217

Other reports in the literature also detail the usage218

of a gait trainer in improvement of patient condition219

after stroke. (Chua, Culpan, & Menon, 2016) eval-220

uated long-term efficacy and suggested that the use221

of an electromechanical gait trainer in combination222

with conventional physical therapy was as effective223

as conventional physical therapy alone for improving224

ambulation in subacute stroke. (Morone et al., 2012)225

evaluated the long-term efficacy of robotic gait train-226

ing in stroke patients at approximately 2 years after227

hospital discharge. To the best of our knowledge, this228

is the longest follow-up study reported at this time.229

In our study, the HAL® group showed greater effi-230

ciency in the improvement of independent walking231

compared with that observed with CGT at 1 and 2232

months after intervention. Although this is a short-233

term result, gait training using HAL® was shown to be234

superior to CGT in subacute stroke patients. Further235

study is needed to evaluate longer follow-up peri-236

ods (months to years) of gait training using HAL®.237

Such data will allow for comparisons with previously238

published long-term studies.239

There are few limitations in our study. The statis-240

tical power was low because of the small number of241

subjects. In addition, we could not exclude observer242

bias because the same therapists implemented train-243

ing and assessment; there was no blinding in the244

treatment allocation. Furthermore, regarding the suf-245

ficient duration and the long-term efficacy of gait246

training using HAL®, we will attempt to answer these247

questions in our future investigations.248

5. Conclusions249

In conclusion, the present study is the first random-250

ized controlled trial with a 2-month follow-up period251

to compare the medium-term efficacy of gait training252

using a single-leg version of HAL® on the paretic253

side with CGT in recovery-phase stroke patients. The254

results suggested that a gait training program based255

on HAL® may improve independent walking more256

efficiently than CGT at 1 and 2 months after interven-257

tion. Further study is needed to evaluate the long-term258

efficacy of gait training using HAL®.259
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Case Report

Walking ability following Hybrid Assistive Limb
treatment for a patient with chronic myelopathy
after surgery for cervical ossification of the
posterior longitudinal ligament
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Context: The hybrid assistive limb (HAL) (the wearable robot) can assist kinesis during voluntary control of hip
and knee joint motion by detecting the wearer’s bioelectric signals on the surface of their skin. The purpose of
this study was to report on walking ability following the wearable robot treatment in a patient with chronic
myelopathy after surgery for cervical ossification of the posterior longitudinal ligament (OPLL).
Findings: The patient was a 66-year-old woman with cervical OPLL who was able to ambulate independently
with the aid of bilateral crutches. The wearable robot treatment was received once every 2 weeks for ten
sessions beginning approximately 14 years after surgery. Improvements were observed in gait speed (BL
22.5; post 46.7 m/min), step length (BL 0.36; post 0.57 m), and cadence (BL 61.9; post 81.6 m/min) based
on a 10-m walk test and a 2-minute walk test (BL 63.4; post 103.7 m) assessing total walking distance. The
improvements in walking ability were maintained after the wearable robot treatment for 6 months.
Conclusion:We report the functional recovery in the walking ability of a patient with chronic cervical myelopathy
following the wearable robot treatment, suggesting that as a rehabilitation tool, the wearable robot has the
potential to effectively improve functional ambulation in chronic cervical myelopathy patients whose walking
ability has plateaued, even many years after surgery.

Keywords: Hybrid assistive limb (HAL), Ossification of the posterior longitudinal ligament (OPLL), Chronic myelopathy, Wearable robot, Rehabilitation

Introduction
The hybrid assistive limb (HAL) (the wearable robot)
can assist kinesis during voluntary control of hip and
knee joint motion (Fig. 1). Motion is assisted via the
detection of bioelectric signals, through an electrode
on the anterior and posterior surface of the wearer’s
thigh and force-pressure sensors in the shoes, which
are processed through a computer.1 The wearable
robot has a hybrid control system comprised of cybernic

voluntary control (CVC) and cybernic autonomous
control (CAC) systems. The CVC mode of the wearable
robot can support the patient’s voluntary motion using
voluntary muscle activity and the assistive torque pro-
vided to the hip and knee joint. The CAC mode can
provide physical support autonomously, based on
output from force-pressure sensors in the shoes. The
feasibility and efficacy of the wearable robot has been
shown in the functional recovery of multiple disorders
in chronic2–4 and subacute phases.5–7

In the current case report, a patient who had a
walking disorder in the chronic phase of myelopathy
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after surgery for cervical ossification of the posterior
longitudinal ligament (OPLL) received wearable robot
treatment. Three similar cases have been reported, but
HAL treatment for those patients was provided in the
early postoperative period.8–10 Sakakima et al. reported
that the walking ability of a thoracic OPLL patient, for
whom the outcome of multiple surgeries did not facili-
tate ambulation, improved with HAL treatment.8 We
have reported that HAL treatment for a postoperative
thoracic OPLL patient, in whom reaggravation of
paralysis occurred in the sitting position during the post-
operative period, improved their walking ability.9

Furthermore, we reported that HAL treatment, in surgi-
cally-treated thoracic OPLL patients with the inability
to walk in the early postoperative phase, has the poten-
tial to effectively improve functional ambulation.10 In
the present case study, we report on improvements in
walking ability following wearable robot treatment of
a patient in the chronic phase of myelopathy after
surgery for cervical OPLL.

Case report
Patient
A 66-year-old woman, diagnosed with cervical myelo-
pathy due to OPLL 14 years earlier underwent anterior
decompression and spinal fusion surgery. Before
surgery, her spinal cord was compressed anteriorly by
cervical OPLL, and the most stenotic intervertebral
level was C5/6 (Figs. 2A and 2B). The preoperative
Japanese Orthopaedic Association (JOA) score for cer-
vical myelopathy was 8 out of a total score of 17 (8/

17). Immediately after surgery, her myelopathy was
slightly recovered and the JOA score increased to 9/
17. Two years after surgery, the patient’s myelopathy
gradually worsened without any apparent cause and
decreased to 8/17. Fourteen years after surgery, findings
from magnetic resonance imaging (MRI) and computed
tomography (CT) scans confirmed the compression of
the spinal cord had resolved, but that spinal cord
atrophy was present at the C5/6 level (Figs. 2B and
2C). Fourteen years after surgery, the patient wanted
to undergo HAL treatment to attempt to improve her
ability to walk.
Before wearable robot treatment, the patient scored 3

out of 6 on the bilateral manual muscle tests (MMTs),11

indicating fair or full motion against gravity, of the iliop-
soas, quadriceps femori, hamstring muscles, tibialis
anterior, gastrocnemii, and wrist flexors, and scored 4
on the MMTs, good or full motion against gravity and
some resistance, of the deltoids, biceps brachii, triceps
brachii, and wrist extensors. Numbness in the right
lower limb and in the left ulnar nerve was reported by
the patient; however, her proprioception in both upper
and lower extremities was found to be normal. Using
the American Spinal Injury Association (ASIA) impair-
ment scale (AIS),12 a clinical evaluation showed the
patient’s grade was D on a scale ranging from grade E
(least impaired) to grade A (most impaired). The
patient’s ASIA motor score (lower extremity) was 30
points (right, 15 points; left, 15 points) out of a total
of 50 points and her ASIA sensory score for light
touch was 101 points (right, 47 points; left, 54 points)

Figure 1 The robot suit HAL®. The wearable robot has a power unit in the hip and knee joints on both lateral sides and force-
pressure sensors in the shoes.
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out of a total 112 points. Based on the Frankel grading
classification for spinal injuries on a scale ranging from
grade A (complete neurological injury) to grade E
(normal motor function), the patient was grade
D. Using the Walking Index for Spinal Cord Injury
(WISCI) II13 scale ranging from 0 (inability to walk)
to 20 (no walking devices, no braces, no assistance)
the patient scored 16 (ambulates with two crutches, no

braces and no physical assistance, 10 meters), and
using the Functional Independent Measure (FIM)14,15

motor score based on ADL (activities of daily living),
she scored 91 out of 91.
The patient was able to ambulate independently for

approximately 300 m outdoors with the aid of bilateral
crutches, and was able to walk indoors using props
such as a wall or table for support. Although she did

Figure 2 Imaging findings of the cervical spine before and after surgery. (A) Mid-sagittal section of a T2-weighted magnetic
resonance image (MRI); (B) an axial section of a computed tomography (CT) myelogram at the C5/6 level before surgery, showing
the OPLL that compressed the spinal cord anteriorly. (C) Mid-sagittal CT reconstruction and (D) mid-sagittal section of a T2-
weightedMRI 14 years after surgery, showing that the spinal cord compressionwas resolved but atrophic changes of the spinal cord
were present at the C5/6 level (arrowhead).
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not need supervision during walking with crutches, her
gait was unstable and her steps were short. Without
the aid of crutches, the patient was not able to ambulate
independently due to the high risk of falling.

Functional evaluation
A 10-m walk test and 2-minute walk test were conducted
before the period of the wearable robot sessions had
begun (baseline) and after it had finished (after train-
ing). Initial testing (base line) was performed on the
day of the first wearable robot session before starting
wearable robot treatment. The final test (after training)
was performed on the day of post-evaluation, which was
later than the day of the final wearable robot session.
The primary outcome was the walking speed (m/
minute) of the 10-m walking tests at the initial (baseline)
and final (after training) evaluation. The 10 m walking
speed and the walking time were measured using a hand-
held stopwatch. In addition, the number of steps taken
between the start and finish line were counted to calcu-
late step length (m). Cadence was calculated based on
the number of steps taken over the walking time and
converted to steps/minute. During the 10-m walk test;
the patient was instructed to walk without the wearing
robot on a flat surface at a self-selected comfortable
pace. During the 2-minute walk test, the patient was
asked to walk for 2 minutes at her chosen maximal
pace and the total distance walked was recorded. The
10-m walk test was also performed at each of the wear-
able robot sessions just before wearing the robot for an
additional evaluation.
At every four sessions starting from the first wearable

robot session; i.e. at sessions 1, 5 and 9, gait character-
istics were measured using a VICON motion capture
system (Vicon MX System with 16 T20s cameras;
Oxford Metrics Ltd, Oxford, United Kingdom) three
times during each of the three session: unassisted gait
just prior to treatment with the robot (pre-robot); gait
while ambulating with the wearable robot during treat-
ment (robot); and unassisted gait after removal of wear-
able robot after treatment (post-robot). During these
tests, the patient was instructed to walk on a flat
surface at a self-selected comfortable pace. While
walking with the wearable robot, the patient walked at
a self-selected comfortable pace. Auto reflexive
markers were attached on the feet following VICON
plug-in gait marker placement on the foot; the head of
the second metatarsal bone for the toe, lateral malleolus
for the ankle and posterior peak of the calcaneus for the
heel. Steps were extracted according to heel strikes
detected as the lower peaks of the height of the heel
markers. Toe lift was computed according to the relative

height displacement measured by maximum height
minus minimum height of a toe marker for each step
and then averaged among the extracted steps. Step
length was computed for each step according to the hori-
zontal distance between the position of a heel marker at
the moment of a heel strike and the successive heel
strike, and then averaged among the extracted steps.
Toe lift and step length were computed first separately
for the right and left sides and then averaged to obtain
a representative value, because our focus was not
lateral symmetry. Gait speed and cadence were also
computed from the step data for pre-robot and post-
robot in the same wearable robot treatment sessions
(in the 1st, 5th, 9th sessions). Without the wearable
robot the participant walked wearing her own comforta-
ble shoes, and with the wearable robot she walked
wearing the shoes of the robot. Since the evaluation of
step detection, toe lift and step length depended on rela-
tive movement of a marker in each track, the slight
differences in the heights of sole and toe cover
between these shoes did not affect these evaluation.

Wearable robot treatment
The device used for the research is equivalent to the
marketed device that has been given the CE marking
certificate (CE0197) for a medical device. In Japan,
the device is approved as a medical treatment device
used to delay the advancement of slowly progressive
rare neuromuscular diseases.
Wearable robot treatment was started approximately

14 years after the patient underwent surgery for anterior
decompression and spinal fusion. Upon initiation of the
wearable robot treatment, the wearable robot was fitted
and sitting and standing mobility was confirmed. The
patient received wearable robot treatment once every 2
weeks for ten sessions (Fig. 3). To minimize the risk of
falling for the patient, a walking device (AllinOne
Walking Trainer; Healthcare Lifting Specialist,
Denmark) with a harness was used. The CVC mode
for the wearable robot was primarily used with the
walking device and harness. Each wearable robot treat-
ment session lasted 60 minutes and included the time
taken for attaching/detaching the device, rest, single-
leg motion, standing and sitting exercises, and walking
on a 25-meter-long circuit several times with the assist-
ance of two therapists and a doctor. One therapist oper-
ated the walking device and the other operated the
computer. Net gait training time was approximately
15–20 minutes. The walking distance covered by the
patient during wearable robot treatment sessions
totaled approximately 2,100 m and averaged 210 m per
session. Conventional physical therapy in the other
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facilities, such as standing exercises and gait training
with a walking device, was not performed concurrently
with wearable robot treatment.

Statistical analysis
The toe lift and step length from data of the VICON
motion capture system were analyzed by two-factor fac-
torial ANOVA, and then differences among means were
analyzed using Bonferroni/Dunn multiple comparison
tests.

Results
Improvements in gait speed, step length, and cadence
for the 10-m walk test and the total walking distance
covered in the 2-minute walk test were observed
(Figs. 4A and 4B). The results of the 10-m walk test

and 2-minute walk test are shown (Table 1). Although
the patient was not able to ambulate independently
without the aid of crutches before wearable robot treat-
ment, she was able to ambulate independently without
them over a distance of at least 8 m after 10 sessions
of wearable robot treatment. The gait speed in the 10-
m walk test was 53.4 m/minute after wearable robot
treatment for 6 months. Improvements in walking
ability were maintained after wearable robot treatment.
From the VICON data, the number of extracted steps

were (24, 26, and 16), (38, 66, and 42) and (38, 18, and
42) for (pre-robot, robot, post-robot) for session 1, 5,
and 9. While wearing the robot, toe lift and step
length increased walking compared with pre-robot
walking during the 1st (by 4.3 cm and 2.5 cm respect-
ively), 5th (by 2.9 cm and 7.9 cm), and 9th (by 2.2 cm
and 6.0 cm) wearable robot treatment sessions. These
immediate effects persisted during walking after robot
treatment, and were characterized by the increased toe
lift and step length compared with the pre-robot phase
in each of the 1st (by 0.2 cm and 3.5 cm), 5th (by
0.8 cm and 7.1 cm), and 9th (by 0.4 cm and 5.1 cm) ses-
sions (Fig. 5A and B). Gait speed and cadence immedi-
ately increased from pre-robot to post-robot segments in
the same wearable robot treatment session (Figs. 5C and
5D) and in subsequent sessions. Statistical analysis
showed significant differences among the sessions (P
< 0.05 for toe lift, and P < 0.05 for step length) and
among the robot conditions (P < 0.05 for toe lift and
P < 0.05 for step length). Interaction between the two
factors was observed. Multiple comparison tests
showed that toe lift was larger in Robot condition com-
pared to Pre-robot (P < 0.05) and to Post-robot (P <
0.05) and step length was larger in Robot condition
compared to Pre-robot (P < 0.05) but not compared
to Post-robot (P > 0.05).

Figure 3 Intervention by the wearable robot with a walking
device and a harness for safety.

Figure 4 Change in 10-m walk test without wearable robot. (A) Gait speed and (B) Step length.
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Table 1 The results of the 10-m walk test, the 2-minute walk test, and the VICON motion capture system at baseline, after the
training, and 1, 5, 9 session pre and post wearable robot treatment

10-m walk test 2-minute walk
test

VICON motion capture system

Speed
(m/min)

Step
length (m)

Cadence
(steps/min)

Total walking
distance (m)

Toe lift
(m)

Step
length (m)

Speed
(m/min)

Cadence
(steps/min)

At baseline 22.5 0.36 61.9 63.4 NA NA NA NA
After the

training
46.7 0.57 81.6 103.7 NA NA NA NA

1th session
pre-robot

NA NA NA NA 0.09 0.57 38.7 68.6

1th session
post-robot

NA NA NA NA 0.09 0.60 42.7 70.6

5th session
pre-robot

NA NA NA NA 0.11 0.61 41.0 67.2

5th session
post-robot

NA NA NA NA 0.11 0.68 53.1 77.3

9th session
pre-robot

NA NA NA NA 0.09 0.58 45.0 77.0

9th session
post-robot

NA NA NA NA 0.09 0.63 50.9 80.2

Figure 5 The results of the kinematic motion analysis using the Vicon motion capture system. (A) Toe lift, (B) Step length, (C) Gait
speed, and (D) Cadence.
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The clinical evaluation, performed after the patient’s
final wearable robot treatment session, revealed the fol-
lowing results: (i) cervical JOA score was 9/17, (ii) AIS
was grade D, (iii) ASIA motor score (lower extremity)
was 34 points (right: 18 points, left: 16 points), (iv)
ASIA sensory score for light touch was 101 points
(right: 47 points, left: 54 points), (v) the Frankel classifi-
cation was grade D, (vi) WISCI II was 16, and (vii) the
FIM motor score was 91 (Table 2). This study was con-
ducted with the approval of the Ethics Committee of the
Tsukuba University Faculty of Medicine. This study
was registered with the University Hospital Medical
Information Network (UMIN) Clinical Trials Registry
(UMIN000014336).

Discussion
We have presented a case of chronic cervical myelopathy
with OPLL pathology in which an improvement in
walking ability was achieved following 10 wearable
robot physical therapy sessions, even after her walking
ability had plateaued for approximately 14 years after
surgery. The gait speed post-robot was faster than it
was pre-robot (Fig. 5C). We had the impression that
the gait speed while wearing the robot was fairly equal
to that pre-robot. Therefore, it is difficult to believe
that the patient immediately learned a faster gait while
wearing the robot. However, because the patient could
walk repeatedly with longer step and higher toe lift
with the aid of the wearable robot (Figs. 5A and 5B)
without the risk of falling, we consider that gait stability
might have been improved and led to the faster gait post-
robot.
Some of the measurements such as toe lift regressed

closer to baseline during the 9th session compared to
the 5th session (Fig. 5B). This might have arisen from
the assist configuration of HAL in each of the sessions.
At the earlier sessions, treatment was configured so that
the patient could walk safely using a reciprocal bipedal
gait, therefore with larger assistance in flexing of the
hip and knee to achieve a higher toe lift. In the middle
sessions, treatment was configured to achieve a longer
swing motion with longer step, therefore, with increased
assistance in the extension motion of the hip and knee.
Among the measured sessions, the largest enhancement
of step length was observed in the 5th session. Toward

the later sessions, assisted configuration was gradually
reduced so that the patient could practice walking,
gradually increasing reliance on her own ability,
smoothness and efficiency while maintaining stability.
By this reasoning, the amount of gait change influenced
by HAL was considered to gradually decrease toward
the later sessions.
Regarding improvement in gait speed and step length

after 3 sessions start to plateau, we conjectured as
follows. Our patient had a gait posture that was highly
influenced by bilateral crutches. However, the gait of
the patient changed quickly to a new gait posture
during treatment by wearing the robot (longer step,
higher toe lift). Therefore, improvement of gait speed
and step length were observed especially in early ses-
sions (from session 1 to 3). Later, because the patient
became accustomed to her gait posture after wearing
the robot after 4 sessions, we consider that the increase
of gait speed and step length might have quickly
plateaued.
Statistical analysis indicated that the toe lift and the

step length significantly increased in the gait with
Robot compared to the gait of Pre-robot (Figs. 5A
and 5B). It shows that the assisted gait can be character-
ized by larger foot motion during swing phase.
Statistical analysis also indicated that the gait changed
significantly in the 5th session compared to the 1st
session, and in the 9th session compared to the 5th
session, in terms of the toe height and the step length
(Figs. 5A and 5B). This might correspond to the
above observation for the gait changes of the earlier ses-
sions due to the removal of the crutches and of the later
sessions due to the increased reliance on her own
walking ability for smoother and more efficient gait.
The removal of the crutches contributed to the increase
of walking speed while the later changes did not, and
therefore the plateau after the 3rd session (Figs. 4A
and 4B). The limitation of the statistical analysis has
to be noted since, first, there was only one participant
in the experiments and, second, the effect of interaction
between the session and the robot factors were large.
There have been several reports on robotic physical

therapy for patients with chronic spinal cord injury
(SCI).4,16,17 Wirz et al. reported that after the robotic-
assisted, bodyweight-supported treadmill training with

Table 2 The results of the ASIA motor score (lower extremity), ASIA sensory score, Frankel classification, WISCI II, and FIM motor
score at baseline and after the wearable robot treatment

ASIA motor score (lower extremity) ASIA sensory score Frankel classification WISCI II FIM motor score

At baseline 15 / 15 47 / 54 D 16 91
After the training 18 / 16 47 / 54 D 16 91
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Lokomat three to five times a week, the 10-m walk test
gait speed of 20 patients with a chronic motor incom-
plete SCI increased by 0.11 ± 0.10 m/s.16 Labruyère
et al. compared a robot-assisted gait training (RAGT)
group with a strength training group of patients with
chronic incomplete SCIs, and reported that mean gait
speed improved from 0.62 m/second (37.2 m/minute)
to 0.66 m/second (39.6 m/minute) in the RAGT
group.17 Improvement of the gait speed for our case
(from 22.5 m/minute to 46.7 m/minute) was higher
than the improvement (from 37.2 m/minute to
39.6 m/minute) of Labruyère et al. The gait speed of
our patient at baseline (22.5 m/minute) was lower than
the gait speed of 9 patients of Labruyère et al. at baseline
(37.2 m/minute). For that reason, we considered that
our patient might be easily influenced by gait training
including conventional gait training. Therefore, the
improvement of gait speed in our patient was higher
than that of subjects in the study by Labruyère et al.
Aach et al. showed that the HAL physical therapy, per-
formed five times per week over 90 days, significantly
improved walking ability for eight patients with
chronic SCI.4 In particular, the mean (± standard devi-
ation) total walking distance covered during a 6-minute
walk test significantly improved from 70.1 ± 130 m to
163.3 ± 160.6 m. Our case also demonstrated that sig-
nificant improvements in total walking distance
occurred during a 2-minute walk test, despite the com-
paratively reduced frequency of wearable robot physical
therapy sessions (once every 2 weeks).
We speculate that the effectiveness of motor learning

in relation to walking ability improvements induced by
wearable robot treatment is based on the patient’s volun-
tary control. Wu et al. reported that locomotor training
using a cable-driven robotic locomotor support system
improved the walking speed and balance in ten patients
with chronic incomplete SCI.18 Because the cable-driven
robotic locomotor system constrains leg movement and
allows for variability in leg kinematics during treadmill
walking, assistive training is important in motor learn-
ing. On the other hand, our wearable robot treatment
could induce in real-time voluntary assistive motion
via the wearer’s voluntary signals (i.e. bioelectrical
signals). We consider that sensory feedback was
enhanced during walking while wearing the wearable
robot because of real-time voluntary assistive motion
that promoted superior motor learning effects. We con-
jectured that the mechanism underpinning the recovery
of functional ambulation in this case was based on
changes in plasticity of the spinal cord and supraspinal
centers by the wearable robot-induced motion, which
can facilitate favorable feedback effects.

Further studies are needed to compare the effective-
ness of wearable robot treatment and conventional reha-
bilitation. We consider that the development of training
programs according to the indicative disease and a term
of disease for wearable robot treatment is necessary. An
investigation of the difference in improvement between
high-frequency training and low-frequency training
with our wearable robot treatment is currently under-
way. Future studies also should examine the influence
of the severity of spinal myelopathy and incomplete
spinal cord injury on the effectiveness of wearable
robot treatment.

Study limitations
This case study has some limitations. First, this case
study could not compare the efficacy of pure wearable
robot treatment with conventional rehabilitation (gait
training). Second, long-term efficacy of the wearable
robot treatment could not be assessed. Third, this case
study could not exclude observer bias because the
same staff implemented evaluation and treatment.

Conclusion
The wearable robot treatment for chronic cervical
OPLL has the potential to improve the ability of a
patient to walk, even years after surgery when their
walking ability appears to have plateaued. More patients
will be needed to evaluate the isolated effects of wear-
able robot treatment.
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Active elbow flexion is possible in C4
quadriplegia using hybrid assistive limb
(HAL®) technology: A case study
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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.

Shimizu et al. Active elbow flexion is possible in C4 quadriplegia using hybrid assistive limb (HAL®) technology

The Journal of Spinal Cord Medicine 2017 3

─ 177 ─



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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Abstract.
BACKGROUND: The robotic Hybrid Assistive Limb (HAL) provides motion according to the wearer’s voluntary activity.
HAL training effects on walking speed and capacity have not been clarified in subacute stroke.
OBJECTIVES: To determine improvement in walking ability by HAL and the most effective improvement measure for use
in future large-scale trials.
METHODS: Sixteen first-ever hemiplegic stroke patients completed at least 20 sessions over 5 weeks. Per session, the
experimental group received no more than 20 min of gait training with HAL (HT) and 40 min of conventional physiotherapy,
whereas the control group received at least 60 min of conventional physiotherapy. Primary outcome was maximum walking
speed (MWS).
RESULTS: The change in MWS from baseline at week 5 was 11.6 ± 10.6 m/min (HAL group) and 2.2 ± 4.1 m/min (control
group) (adjusted mean difference = 9.24 m/min, 95% confidence interval 0.48–18.01, P = 0.040). In HAL subjects there were
significant increases in Self-selected walking speed (SWS; a secondary outcome) and in step length (a secondary outcome)
at MWS and SWS compared with controls.
CONCLUSIONS: HT improved walking speed in hemiplegic sub-acute stroke patients. In future, randomized controlled
trials are needed to confirm the utility of HT.

Keywords: Hybrid Assistive Limb, robot-assisted gait training, stroke

1. Introduction

Stroke is a major cause of walking disability
worldwide (Feigin, Lawes, Bennett, Barker-Collo,
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Ami-Machi, Inashiki-County, Ibaraki 300-0394, Japan. Tel.: +81
29 888 9216; Fax: +81 29 888 9279; E-mail: yoshikawak@
ami.ipu.ac.jp.

& Parag, 2009). More than 60% of stroke patients
have walking disability and approximately 50% find
it impossible to walk at disease onset (Jorgensen,
Nakayama, Raaschou, & Olsen, 1995). Walking
function in stroke patients, including walking speed
and gait symmetry, are poorer than in the healthy
population (Kollen, Kwakkel, & Lindeman, 2006;
Patterson, Gage, Brooks, Black, & McIlroy, 2010a,
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2010b; Perry, Garrett, Gronley, & Mulroy, 1995;
Suzuki, Imada, Iwaya, Handa, & Kurogo, 1999).
Improving the walking ability of stroke patients is
therefore an important goal, and various interven-
tions have been tested in the past. In recent years,
task-specific training, such as bodyweight-supported
treadmill training and a combination of treadmill
training and functional electric stimulation, has been
recommended from the perspective of recovery of
neuroplasticity (Langhorne, Bernhardt, & Kwakkel,
2011; Langhorne, Coupar, & Pollock, 2009; Peurala,
Karttunen, Sjogren, Paltamaa, & Heinonen, 2014).
However, further training methods need to be devel-
oped to promote neuroplasticity and motor learning
(Bowden, Woodbury, & Duncan, 2013; Krakauer,
Carmichael, Corbett, & Wittenberg, 2012).

Robot-assisted training—a type of task-oriented
training—has been developed since the early 2000 s.
In a systematic review, Mehrholz, Elsner, Werner,
Kugler, and Pohl (2013a, 2013b) reported that
patients who receive robot-assisted gait training
(RAGT) in combination with physiotherapy after
stroke are more likely to achieve independent walking
than people who receive gait training without these
devices. However, they concluded that this apparent
benefit for patients was not supported by the sec-
ondary outcomes associated with improvements in
walking velocity or walking capacity.

For motor learning of a new task, training that
incorporates active participation, whereby the sub-
ject voluntarily produces a movement, is thought to
be essential for inducing changes in motor perfor-
mance, cortical activity, and neuroexcitability (Lotze,
Braun, Birbaumer, Anders, & Cohen, 2003; Penny-
cott, Wyss, Vallery, Klamroth-Marganska, & Riener,
2012). However, patient voluntary contribution dur-
ing most robot-assisted walking has been limited so
far, and devices that incorporate active participation
are required (Dobkin, 2009; Pennycott et al., 2012).

The Hybrid Assistive Limb (HAL), a robot-
assisted training device, was developed by Cyberdyne
Corporation (Tsukuba, Japan). HAL is a wearable
robot that interactively provides motion according to
the wearer’s voluntary drive (Kawamoto et al., 2013).
Details of the HAL system have been reported in
preliminary research (Kawamoto & Sankai, 2002;
Kawamoto et al., 2010; Suzuki, Mito, Kawamoto,
Hasegawa, & Sankai, 2007). HAL detects the bio-
electrical signals generated by the patient’s muscle
activity or the floor-reaction-force signals caused by
the patient’s intended weight shifts, or both. HAL
enables locomotor training with voluntary drive, and

it has the advantages of both voluntary drive and
ambulatory performance. Most other exoskeletons
use autonomously generated predefined motion. In
contrast, HAL generates motion in response to the
wearer’s voluntary drive. The wearer operates HAL
by adjusting his or her muscle activity. Thus HAL
is able to conduct locomotor training by providing
motion support in response to the user’s volition. In
addition, other exoskeletons are designed for walking
on a treadmill; therefore, they provide a simulated gait
that differs from that of walking on a flat floor. In con-
trast, as a wearable system, HAL delivers locomotor
training in an actual ambulatory environment. Clini-
cal trials of gait training using HAL (HAL training;
HT) for stroke patients have been already conducted
in the chronic stage (Kawamoto et al., 2013; Kubota
et al., 2013) and during convalescence (Nilsson et al.,
2014; Watanabe, Tanaka, Inuta, Saitou, & Yanagi,
2014) and clinical safety has been confirmed in these
studies. However, a systematic review of preliminary
research on HT alone reported that reliable clinical
trials deserving of meta-analysis had not yet been
conducted (Wall, Borg, & Palmcrantz, 2015). The
trial by Watanabe et al (2014) has been the only
randomized controlled trial comparing HT and con-
ventional gait training for 20 min a day, three times
a week in a group of 22 stroke patients in the suba-
cute stage. Their evaluation of walking independence,
walking speed, balance function, lower limb motor
function, and lower limb muscle strength revealed
that only walking independence (functional ambula-
tion category; FAC) showed significant improvement.
This result was similar to the conclusions of the
above-mentioned systematic reviews of RAGT by
Mehrholz et al. (2013b).

As Watanabe et al. indicated, the most effective
number and frequency of HT training sessions have
not yet been established. According to a review of
clinical trials of RAGT, however, at least 20 training
sessions over 4 weeks have been used in most clini-
cal trials; in two-thirds of the studies in which only
10 to 12 sessions were used, the efficacy of train-
ing in the experimental group could not be confirmed
(Schwartz & Meiner, 2015). Therefore, it may be pos-
sible that the small number of training sessions used
in the clinical trials of Watanabe et al. influenced their
finding that HT was efficacious only for improving
walking independence.

In the subacute stroke phase recovery varies widely
among individuals (Hillis & Tippett, 2014) degree
of recovery is associated with severity of paralysis
(Ward & Cohen, 2004); level of activities of daily
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living (ADL) (Jørgensen et al., 1995; Jorgensen et al.,
1995; Stineman & Granger, 1998; Suzuki, Majima,
Tsurukawa, & Imasuzuki, 2004; Ween, Alexander,
D’Esposito, & Roberts, 1996) in the early days after
onset; and age (Kugler, Altenhoner, Lochner, Fer-
bert, & Hessian Stroke Data Bank Study Group,
2003; Prabhakaran et al., 2007; Tokunaga et al., 2014)
(although opinion is divided as to whether age is in
fact associated with recovery after stroke). Also, in
the stroke recovery process, the area activated vicar-
iously by the brain differs depending on the area and
volume of cerebral damage (Ward & Cohen, 2004).
Stinear, Byblow, and Ward (2014) reported that there
is currently no predictive algorithm for the recovery
of lower limb function, although recent evidence indi-
cates that assessment of motor-evoked potential and
measurement of fractional anisotropy by diffusion
tensor imaging could be of some use.

As above, various factors are connected with func-
tional recovery of stroke patients in the subacute
phase. Intervention studies during the early period
of recovery in stroke patients admitted to convales-
cent hospitals or wards may need to be multicenter
and large-scale. Wall et al. (2015), the authors of
the above-mentioned systematic review, pointed out
that post-acute studies are challenging and expensive,
because they have to consider not only the impact of
spontaneous recovery early after the event but also
post-acute health problems.

Therefore, to make it easy to find an effect, we
intervened with HAL after the recovery rate of
walking ability had reached a plateau in standard
rehabilitation. The purpose of our study was to deter-
mine the improvement effect of HT on walking ability
and to work out the most effective measure for use in
a later large-scale trial.

2. Method

2.1. Subjects

Subjects were recruited from an inpatient rehabili-
tation unit at Ibaraki Prefectural University of Health
Sciences Hospital, Japan. All subjects were admitted
to our hospital between October 2013 and August
2015 through acute care hospitals to receive acute
medical care and acute rehabilitation.

Inclusion criteria were diagnosis of first infarction
or hemorrhage with hemiparesis and, for suitability
for HAL, height from 150 to 185 cm and weight from
40 to 80 kg. Exclusion criteria were subarachnoid

hemorrhage; high-risk heart disease; uncontrollable
or severe high blood pressure; severe chronic res-
piratory disease; severe diabetes mellitus; severe
consciousness disorder; severe receptive aphasia;
severe cognitive deficit; neuromuscular disorder;
marked ataxia; severe orthopedic disease of the lower
limbs; significant limitation of range of motion of a
lower limb joint; other need for severe risk control
in physical therapy; judgment by a medical doc-
tor that intervention would be difficult; or class 4
(independent walking inside the hospital) or class
5 (independent outdoor walking) on the Functional
Ambulation Categories Classification (FAC). After
having obtained the permission of the chief medical
doctor treating each subject, we explained the pur-
pose of the study to the patients by document and
word of mouth and obtained written consent from
all patients or their legal representatives. After hav-
ing met the criteria for intervention start, subjects
who withdrew their consent; had problems with pain
during continuous gait training; manifested a risk of
heart disease; developed new epileptic seizures; were
extremely easily fatigued; were discharged from hos-
pital before the start of intervention; or were able
to walk independently outdoors without a cane or
orthosis were excluded. This study was not a random-
ized clinical trial. Subjects admitted between October
2013 and June 2014 were assigned to the intervention
group, and those admitted between July 2014 and
July 2015 were assigned to the control group. The
second period started straight after the first, with-
out pause. The study design is presented in Fig. 1.
The ethics committee of Ibaraki Prefectural Univer-
sity of Health Sciences approved the study, which
was part of a research project, the protocol of which
was registered with the University Hospital Medical
Information Network Clinical Trials Registry (UMIN
000012760).

2.2. Decision on intervention initiation time

To determine when to start the intervention, we
measured the subjects’ 10-m maximum walking
speed (MWS) once a week from the time of admis-
sion to our hospital onward. To smooth out individual
variabilities, the simple moving average (SMA) of
walking speed in the preceding 3 weeks was then
calculated. To assess the improvement rate, we calcu-
lated the change in the rate by dividing the difference
between the present SMA and the previous week’s
SMA by the previous SMA. We intervened at a time
when the rate of improvement of MWS was stable.
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Fig. 1. Flow chart of subject participation.

We defined this as occurring when the change in the
rate was less than 10% in the first week and 5% in the
second and third weeks consecutively. We then mon-
itored whether or not the change in rate was stable
for 3 consecutive weeks. After confirming that this
definition had been met, we started the intervention.

2.3. Intervention

The single-leg version of HAL was placed on
the subject’s paretic side. To prevent falls, the HAL
attached to the patient was connected to a mobile sus-
pension system (All-In-One Walking Trainer, Ropox
A/S, Næstved, Denmark) without the patient bearing
weight (to prevent falls) (Fig. 2). During the interven-

tion, gait training was implemented at a speed judged
by the therapists to be as fast as possible while still
maintaining good gait posture on level ground. HT
was done 4 or 5 times a week for 5 weeks. One gait
training session with HAL took no more than 20 min
a day, excluding the device-fitting time and rest time.
In consideration of variations in the physical con-
dition of the subjects and the occurrence of public
holidays, the total number of interventions ranged
from 20 to 25. When we had reached this number
range, the intervention was considered complete.

During each training session, walking was con-
tinuously assisted by HAL. The design and control
system for HAL have been described in detail else-
where (Kawamoto & Sankai, 2002; Kawamoto et al.,
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Fig. 2. Walking training with HAL and a mobile suspension
system.

2010; Suzuki et al., 2007). The exoskeletal frame was
fixed to the pelvis and the lower limbs by thigh and
lower leg cuffs. Active actuators were installed at the
hip and knee joints and generated assistive exten-
sion or flexion torque of these joints. HAL has two
control systems, namely Cybernic Voluntary Con-
trol (CVC) mode and Cybernic Autonomous Control
mode (CAC) (Suzuki et al., 2007). CVC mode drives
the amount and timing of the assistive torque provided
to each joint for walking on the basis of bioelectrical
signals from the flexor and extensor muscles at the
hip and knee (Kawamoto & Sankai, 2002). The CAC
mode can autonomously generate torque according to
the walking pattern by referring to information from
the floor reaction force. We used the CVC mode. The
gain in assistive torque at each joint in response to
these bioelectrical signals was controlled by a ther-
apist so that the walk pattern was as normal and
symmetrical as possible. The physical therapists who
conducted the HT had attended a class in safe use of
the HAL robot suit and had at least 2 years’ experi-
ence in using HAL. The physical therapist directed
the subject to walk with as great an effort as possible
at the start of HT. After confirmation that the subject’s
walking pattern was stable after the start of training,
we induced the maximum speed possible at which
the patient could maintain a smooth walk with HAL
assistance.

During the HT intervention period in the inter-
vention group (HAL group), subjects received no
more than 40 min per day of conventional physical
therapy and received a total HT walk time of no
more than 20 min. In an equivalent period during an
intervention period, control group subjects were pro-
vided with conventional physical therapy for 60 min
or more a day and 5 sessions or more a week for
5 weeks.

2.4. Outcome measures

The primary outcome was Maximum Walking
Speed (MWS). The primary outcome was evaluated
at the start of intervention, once a week in the inter-
vention period, and at the end of intervention. Time
taken to cover the intermediate 10 m of a total dis-
tance of 16 m was measured; subjects were allowed
3 m for acceleration and 3 m for deceleration. Time
was measured with an electronic stopwatch. Mea-
surement was performed three times and the fastest
time used.

Secondary outcomes were the 2-min walk test
(2MT), self-selected walking speed over 10 m (SWS),
FAC, Fugl-Meyer Assessment of the lower extremity
(FMA), Berg Balance Scale (BBS), Functional Inde-
pendence Measure (FIM), gait asymmetry ratio (AR),
cadence at MWS and SWS, and mean step length (SL)
at MWS and SWS. Secondary outcomes were eval-
uated at the start and end of intervention. We set a
walk course of 40 m in the physical therapy room to
measure 2MT. We started the walk with a signal and
measured the distance walked in 2 min by using a dig-
ital measuring wheel (DWM-190P, STS Corporation,
Nagoya, Japan). Walking speed was self-selected.
In the 2MT, subject started from the same start-
ing line as used in the MWS. During the 2MT, we
also measured the time taken to cover the interme-
diate 10 m with a stopwatch, as we had done in the
MWS, and calculated the SWS. The evaluator judged
FAC by examining the degree of independence in
walking during the walk tests. The assessment of
the FIM was taken from the latest medical record,
which was evaluated regularly by the attending nurse,
the charge physical therapist, and an occupational
therapist. By using the following formula, AR was
calculated from the paretic side single-support time
and the non-paretic-side single-support time, which
were obtained from the gait analysis during SWS
measurement: (Hsu, Tang, & Jan, 2003; Michael D
Lewek, Bradley, Wutzke, & Zinder, 2014; Lewek &
Randall, 2011; Patterson et al., 2010b).
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AR = non-paretic side single support time

paretic side single support time

We videoed subjects with a camera (Sony HDR-
CX 390, Tokyo, Japan; sampling rate 30 Hz) for gait
analysis from the sagittal plane and the frontal plane.
We took the sagittal plane video from a position
on the paretic side that was 5 m away from, and at
angle to, the course center, such that 5 m of the cen-
ter of the walk course fitted into the angle of view.
The frontal plane video was captured from the right
front of the subjects. The videos were analyzed by
using two-dimensional movement analysis software
(Frame DIAS-V, DKH, Tokyo). The frame numbers
of the paretic and non-paretic limb swing phase (as
the opposite of the single support time on the other
side) from the point of sole off to the point of sole
contact were judged and the AR calculated from the
two times. This analysis was conducted over 1 min
for three gait cycles, and the mean was taken as the
representative value. To calculate walking rate and
SL, the number of steps in the 10-m measurement
section of the MWS or SWS test was counted.

2.5. Statistical analysis

Descriptive statistics are presented as means
± standard deviation (SD) or medians (range: 25%
to 75%) or number (%). Differences between the
HAL and control groups in terms of subject char-
acteristics at baseline were analyzed by using an
unpaired t-test or the Wilcoxon’s rank sum test, as
appropriate, for continuous variables and Fisher’s
exact test for categorical variables. The change scores
at week 5 from baseline in the primary and sec-
ondary outcomes were analyzed by using analysis of
covariance (ANCOVA), including group as a factor
and baseline value as a covariate. All analyses were

performed with SPSS version 22.0 (IBM SPSS Statis-
tics version 22.0, USA). Statistical significance was
set at P < 0.05.

3. Results

One-hundred-seventeen patients were admitted to
our rehabilitation hospital post hemiplegic stroke and
assessed for eligibility during the test periods. Ninety-
one subjects met the exclusion criteria on admission,
and eight subjects were excluded after having met
the criteria for the start of intervention. Among the 10
subjects allocated to the HAL group, 1 withdrew con-
sent and 1 could not continue rehabilitation because
of manifestation of a risk of heart disease. Sixteen
subjects were ultimately analyzed (Fig. 2).

All baseline characteristics did not differ signifi-
cantly between the two groups, although the quantity
of standard rehabilitation during intervention in the
control group was somewhat larger than that includ-
ing HT in the HAL group (Table 1).

The change in MWS from baseline at week
5, which was the primary endpoint, was 11.6 ±
10.6 m/min for the HAL group and 2.2 ± 4.1 m/min
for the control group; there was a significant dif-
ference between the two groups (adjusted mean
difference = 9.24; 95% confidence interval (CI)
0.48–18.01; P = 0.040) (Table 2). In the group
comparison of changes in secondary outcomes, the
HAL group had a large and significant increase in
SWS (difference = 7.34 m/min, 95% CI 1.75–12.93,
P = 0.014), SL at MWS (difference = 0.06 m,
95% CI 0.02–0.11, P = 0.008), and SL at SWS
(difference = 0.05 m, 95% CI 0.00–0.10, P = 0.037)
(Table 2). In the HAL group, SWS, MWS, and
2MT increased in similar ways during the 5-week
intervention period (Fig. 3).

Table 1
Characteristics of subjects at baseline

HAL group Control group P

Characteristics (n = 8) (n = 8)

Age 58.6 ± 16.9 62.6 ± 11.5 0.59∗
Sex Male 5 6 1.00†

Female 3 2
Time since stroke at the start of intervention (day) 132.6 ± 18.5 129.6 ± 23.3 0.78∗
Type of stroke Hemorrhagic 5 6 1.00†

Ischemic 3 2
Side of paresis Right 5 4 1.00†

Left 3 4
Quantity of Physical Therapy during intervention period 27.7 ± 1.83‡ 32.9 ± 7.42 0.09∗

including HT (h)‡

Values are n or mean ± SD. ∗Unpaired t test. †Fisher’s exact test. ‡Including HAL training only in HAL group.
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Table 2
Differences between groups for all outcomes

Response Visit HAL group (n = 8) Control group (n = 8) Diff 95% CI P

MWS (m/min) Pre 49.8 ± 20.1 47.9 ± 24.9
Post 61.4 ± 26.6 50.1 ± 25.0
Diff 11.6 ± 10.6 2.2 ± 4.1 9.24 (0.48, 18.01) 0.040∗

SWS (m/min) Pre 38.6 ± 17.2 36.6 ± 20.3
Post 50.0 ± 20.3 40.6 ± 20.6
Diff 11.5 ± 5.4 4.0 ± 4.7 7.34 (1.75, 12.93) 0.014∗

2MT (m) Pre 78.9 ± 33.3 69.7 ± 33.9
Post 100.1 ± 40.6 80.1 ± 38.3
Diff 21.1 ± 12.4 10.4 ± 8.9 9.46 (–1.59, 20.5) 0.087

FAC Pre 3.1 ± 0.8 3.1 ± 0.6
Post 3.5 ± 0.9 3.4 ± 0.5
Diff 0.4 ± 0.5 0.3 ± 0.5 0.13 (–0.40, 0.65) 0.614

FMA Pre 23.8 ± 3.7 22.9 ± 7.4
Post 24.5 ± 4.3 23.6 ± 6.9
Diff 0.8 ± 1.5 0.8 ± 1.2 0.03 (–1.45, 1.52) 0.965

BBS Pre 46.4 ± 6.6 43.8 ± 9.8
Post 48.8 ± 7.8 43.8 ± 8.4
Diff 2.4 ± 3.4 0.0 ± 2.9 2.65 (–0.84, 6.13) 0.125

FIM Pre 76.6 ± 9.0 69.1 ± 11.9
Post 79.5 ± 8.1 71.5 ± 11.6
Diff 2.9 ± 2.7 2.4 ± 2.6 1.13 (–1.90, 4.17) 0.434

AR at SWS Pre 1.60 ± 0.30 1.50 ± 0.45
Post 1.48 ± 0.21 1.67 ± 0.55
Diff –0.12 ± 0.26 0.18 ± 0.27 –0.28 (–0.58, 0.01) 0.057

Cadence at MWS Pre 98.5 ± 20.7 100.5 ± 37.1
(steps/min) Post 105.6 ± 21.6 105.1 ± 36.9

Diff 7.1 ± 10.7 4.6 ± 5.0 2.43 (–6.85, 11.71) 0.581
Cadence at SWS Pre 84.4 ± 17.9 84.7 ± 26.5

(steps/min) Post 96.2 ± 19.2 93.7 ± 29.0
Diff 11.8 ± 3.1 9.0 ± 7.9 2.78 (–3.83, 9.38) 0.380

SL at MWS (m) Pre 0.49 ± 0.12 0.46 ± 0.15
Post 0.56 ± 0.17 0.47 ± 0.17
Diff 0.07 ± 0.06 0.00 ± 0.02 0.06 (0.02, 0.11) 0.008∗∗

SL at SWS (m) Pre 0.44 ± 0.13 0.42 ± 0.15
Post 0.51 ± 0.15 0.44 ± 0.16
Diff 0.07 ± 0.05 0.02 ± 0.04 0.05 (0.00, 0.10) 0.037∗

Abbreviations: MWS, Maximum walking speed; SWS, Self selected walking speed; FAC, functional ambu-
lation categories classification; FMA, Fugl-Meyer Assessment of Motor Recovery after Stroke; BBS, Berg
Balance Scale; FIM, Functional independence measure; AR, Asymmetry ratio; SL, Step length. Analyzed
by using ANCOVA including group as a factor and baseline as a covariate. ∗P < 0.05, ∗∗P < 0.01.

4. Discussion

The HAL group had a significantly greater increase
in MWS than the control group during the interven-
tion period. Conventional physical therapy plus HT
improved MWS more than did conventional physical
therapy. SWS also significantly increased. Improve-
ment in walking speed of hemiplegic stroke patients
is connected directly to ADL and social participation
(Perry et al., 1995; Schmid et al., 2007). The increases
in MWS and SWS by HT were socially significant.
Therefore, walking speed was found to be effective
outcome measure in the design of this study.

Furthermore, we found increases in SL at MWS
and SWS with improvement in walking ability.

Goldie, Matyas, and Evans (2001) reported that
subjects with stroke spent more time in the two
double-limb support (DLS) phases and in unaffected
single limb support (SLS) than did control healthy
subjects. This extended duration contributed to low
gait speed; if the goal of treatment is to increase
gait velocity and to improve gait pattern, then treat-
ment strategies should be directed toward reducing
the two DLS phases and the unaffected SLS. In
addition, weight shift to the paretic side is essential
in walking, as it allows the non-paretic limb to be
moved and, consequently, a step to be taken (Perry
& Davids, 1992). The ability to maintain single-limb
support is an important determinant of gait stabil-
ity (Gunes, 2007; Perry & Davids, 1992). Thus,
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Fig. 3. Transition of primary outcome mean values. Black circles and solid lines, HAL group. White circles and dashed lines, control group.
Some values are missing in the control group at 2 weeks (n = 6) and 4 weeks (n = 7).

single-support stability training helps to achieve more
symmetric gait in stroke patients with hemiparesis
(Gunes, 2007; Olney & Richards, 1996). Through
walking with HAL, wearers are provided assistance
to reach near-normal timing in the stance phase and
the swing phase. We therefore speculated that SL
changed because, through HT, subjects learned a gait
pattern that was near normal. In addition, although
there was no statistically significant difference in
AR between the groups, there was a trend toward
improvement of gait asymmetry in the HAL group
(P = 0.057). The AR result was likely influenced by
the small sample size, but in practice the change in
AR probably supported the change in gait pattern

in the HAL group. Gait asymmetry ratios like the
AR have a negative relationship with walking speed
(Patterson et al., 2010b; 2008), and the change in
walking pattern with HT may have contributed to
the increase in walking speed. From the perspective
of motor learning, repetitive movement and volun-
tary exercise are important elements (Dobkin, 2009;
Lotze et al., 2003; Pennycott et al., 2012). In HT, the
physical therapist can adjust the joint torque, which
HAL assists, in real time according to size of the
muscle action potential from the subject’s muscles.
Thus therapists can regulate the degree of effort made
by the subjects while they maintain a near-normal
walking pattern. Therefore, the change in walking
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pattern as a result of changes in SL and AR was
considered to result from motor learning effects due
to the HT.

Here, we obtained improvements in walking speed
by using four or five HT sessions a week for 5 weeks.
However, the optimum number and frequency of
training sessions for effective HT have not yet been
established (Watanabe et al., 2014). Interestingly, the
gait function parameters we tested during interven-
tion increased in similar ways during the 5-week
intervention period (Fig. 3)—especially in the first
3 weeks (12 to 15 sessions). Therefore, the results
of the clinical trials of Watanabe et al. (2014), who
found that only walking independence was influenced
by HT, may have reflected an insufficient frequency
and number of training enforcement sessions. How-
ever from our results and those of Watanabe et
al., we were not able to extract information on the
effects of duration or number of training sessions
on walking speed. In a further trial we will need
to examine the duration and number of training ses-
sions to determine the maximum cost effectiveness
of HT.

We confirmed here that both groups started inter-
vention approximately 19 weeks on average from
stroke onset. In preliminary research that measured
the maximum walking speed of subjects with hemi-
plegic stroke every week from onset (Kollen et al.,
2006), maximum walking speed was found to reach
a plateau from approximately 18 weeks onward. Fur-
thermore, Kwakkel et al. Kwakkel, Wagenaar, Twisk,
Lankhorst, and Koetsier (1999), in a randomized clin-
ical trial of intensity training of the upper or lower
limbs in stroke patients, reported that, in an intense
arm-training group and an intense leg-training group,
improvement of maximum walking speed was not
found after 20 weeks from stroke onset in either
group. We found here that walking speed reached
a plateau in our study groups at approximately the
same time as in these earlier studies. We therefore
consider than the definition of intervention start that
we used here was valid as a decision-making tool in
individual subjects.

Because we had only a small sample size and our
study was not a strictly randomized trial, in future
we will need to run a large-scale randomized clinical
trial. Despite the small sample size, our results indi-
cated that the improvements we obtained in walking
speed and gait pattern by HT were meaningful. We
also presented a means of adjusting the time of inter-
vention under particular conditions so as to test each
patient effectively.

5. Conclusion

We found here that HT improved walking speed in
hemiplegic sub-acute stroke patients. We considered
that improvement in walking pattern contributed to
the improvement in walking speed. Also, we obtained
consistent validation of the selection criteria, the
intervention method, and the time of intervention
start. In future, randomized controlled trials are
needed to confirm the utility of HT.
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1SCIENTIFIC REPORTS

Microglia preconditioned by 
oxygen-glucose deprivation 
promote functional recovery in 
ischemic rats
Masato Kanazawa , Minami Miura , Masafumi Toriyabe , Misaki Koyama , 
Masahiro Hatakeyama , Masanori Ishikawa , Takashi Nakajima , Osamu Onodera , 
Tetsuya Takahashi , Masatoyo Nishizawa  & Takayoshi Shimohata

Cell-therapies that invoke pleiotropic mechanisms may facilitate functional recovery in stroke patients. 
We hypothesized that a cell therapy using microglia preconditioned by optimal oxygen-glucose 
deprivation (OGD) is a therapeutic strategy for ischemic stroke because optimal ischemia induces anti-

ischemic cortex using rats. We found that slight angiogenesis without axonal outgrowth were activated 

and transforming growth factor-β in vitro/vivo. In conclusion, intravascular 

against ischemic stroke.

More than half of patients who survive ischemic stroke suffer from motor disabilities1. To date, physical rehabil-
itation has remained the only effective therapeutic option to prompt functional recovery in these patients2. It is 
necessary, therefore, to establish other therapeutic strategies to facilitate functional recovery in stroke patients in 
the subacute and chronic phases.

It has been demonstrated that angiogenesis is a necessary process for functional recovery after ischemia in 
the heart3, which raises the possibility that enhancement of angiogenesis is one strategy for facilitating functional 
recovery after ischemic stroke4. In fact, a previous study using a rodent model demonstrated that enhanced angi-
ogenesis via the intravenous administration of vascular endothelial growth factor (VEGF) at 2 days after cerebral 
ischemia promoted functional recovery5. However, systemic injection of VEGF causes adverse effects, including 
hypotensive and tachycardic responses in various animals6–8. Furthermore, early administration of VEGF might 
prompt blood-brain barrier (BBB) disruption that causes cerebral oedema and haemorrhagic transformation5. 
Therefore, a therapeutic strategy that enhances angiogenesis without these adverse effects is desirable.

“Single-target” therapies may be insufficient because ischemic cerebral injury involves several mechanisms. It has 
been proposed that therapeutic approaches should target multiple cell types to enhance protection and recovery9.  
Cell therapies using bone marrow mononuclear cells or bone marrow-derived mesenchymal stem/stromal cells 
may be an effective “multi-target” therapeutic strategy to facilitate functional recovery in stroke patients in the 
subacute and chronic phases via pleiotropic mechanisms9,10. One such mechanism observed in cell-based thera-
pies using neural progenitor cells, bone marrow stromal cells, and mesenchymal stem cells was the induction of 
angiogenesis via secretion of VEGF or brain-derived neurotrophic factor (BDNF)11–13. Enhancement of axonal 
outgrowth after such cell-based therapy also was reported13,14. However, a recent multi-centre randomized con-
trolled trial demonstrated that there was no beneficial effect of intravenous administration of bone marrow 
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mononuclear stem cells among patients with ischemic stroke15. In addition, there remain several clinical con-
cerns, including the efficiency with which bone marrow-derived cells cross the BBB16 and the technical safety 
of bone marrow-derived cell collection in patients who are undergoing anticoagulant or antiplatelet therapy for 
secondary prevention of stroke.

Cell-based therapies using microglia might be a promising novel therapeutic strategy because glial cells are the 
main source of the above-mentioned growth factors in the CNS9,17. Although several studies have demonstrated 
that microglia might expand cerebral infarct volume in the acute phase18,19, microglia after cerebral ischemia 
in the subacute and chronic phases are known to play protective roles via tissue and vascular remodelling19,20. 
These ischemia-induced protective microglia are called M2 microglia, and their protective effect is considered to 
be due to the secretion of remodelling factors, such as VEGF and BDNF, matrix metalloproteinase-9 (MMP-9), 
and transforming growth factor-beta (TGF-β ) after ischemia17,20–25, that may facilitate anti-inflammation, angi-
ogenesis, and axonal outgrowth after cerebral ischemia. In addition, transplanted microglia can cross the BBB, 
particularly in the ischemic condition26–28. Therefore, we speculated that a cell-based therapy using microglia 
preconditioned by optimal ischemic condition might be an ideal and convenient therapeutic strategy for ischemic 
stroke.

In the present study, we hypothesized that microglia preconditioned by oxygen-glucose deprivation (OGD) 
and administered intra-arterially may cross the BBB, secrete remodelling factors in the brain parenchyma, and 
exert pleiotropic therapeutic effects via the promotion of angiogenesis and axonal outgrowth against focal cer-
ebral ischemia even in the subacute phase. To test this hypothesis, we first delineated temporal changes in angi-
ogenesis and axonal outgrowth in the ischemic core and penumbra in a rat model of transient focal cerebral 
ischemia. Then, we investigated whether primary microglia preconditioned by optimal OGD promoted func-
tional recovery via enhancement of angiogenesis and axonal outgrowth after focal cerebral ischemia.

Results
Angiogenesis on the border of the ischemic core in the subacute phase of focal cerebral 
ischemia. To determine the detailed localization and temporal changes of angiogenesis after transient focal 
cerebral ischemia, we performed immunofluorescence staining against the ischemic cortex of Sprague-Dawley 
rats using an antibody against the endothelial and angiogenesis marker, cluster of differentiation (CD)31 (Fig. 1A 
and B). Confocal microscopic studies revealed that the immunoreactivity for CD31 volume per unit volume 
on the border area within the ischemic core defined as microtubule-associated protein 2 (MAP2)-negative area 
decreased at 1 day after cerebral ischemia and reached a minimum level at 3 days after cerebral ischemia com-
pared to sham-operated rats (all P <  0.001) (Fig. 1B). However, immunoreactivity for CD31 volume per unit 
volume in the same area was increased at 7 and 14 days after cerebral ischemia compared to that of 3 days after 
cerebral ischemia (P =  0.013 and P <  0.001, respectively). In contrast, no significant changes in the immunoreac-
tivity for CD31 volume per unit volume were observed compared to sham-operated rats in the ischemic penum-
bra defined as MAP2-positive region (P =  0.083) (Fig. 1B).

We next investigated which cells were involved in angiogenesis after cerebral ischemia. We found that Ki67 
was expressed in the border area within the ischemic core, but not in the ischemic penumbra or in sham-operated 
rats (Fig. 1C). Additionally, Ki67-positive cells on the border area within the ischemic core were slightly 
increased at 3 days and markedly increased at 7 days after cerebral ischemia (Fig. 1D and E). Ki67 expression was 
observed in the nuclei of endothelial cells, pericytes, and microglia but not in the nuclei of astrocytes (Fig. 1D, 
Supplementary Fig. 1). Ki67-positive endothelial cells on the border area within the ischemic core also were 
markedly increased at 7 days after cerebral ischemia in a rat autologous thromboembolic model with tissue plas-
minogen activator (Supplementary Fig. 2).

ischemia. To investigate neuronal regeneration after focal cerebral ischemia in the ischemic cortex of 
Sprague-Dawley rats, we performed immunofluorescence staining using antibodies against an axonal marker, 
SMI31 and a dendrite marker, MAP2, respectively29. Confocal microscopic studies revealed that there was no 
immunostaining of SMI31 and MAP2 in the ischemic core (Figs 1A and 2A). Furthermore, the immunoreactivity 
for SMI31 per unit volume on the border area within the ischemic penumbra decreased gradually after cerebral 
ischemia, and was not recovered even at 14 days after cerebral ischemia (day 3, P =  0.018; day 7, P <  0.001; day 14, 
P <  0.001) (Fig. 2A and B). In contrast, a transient decrease in the immunoreactivity for MAP2 per unit volume 
was observed only at 1 day after cerebral ischemia (P =  0.06) (Figs 1A and 2C).

To 
investigate the effects of transplantation of primary microglia preconditioned by OGD against focal cerebral 
ischemia, we compared neurological outcomes among the no cell control group, OGD-preconditioned primary 
astrocytic transplantation group, and OGD-preconditioned microglial transplantation group by a sensorimotor 
scale after focal cerebral ischemia. Neurological deficit as measured by the corner test was significantly improved 
in the OGD-preconditioned microglial transplantation group compared to both the no cell control group and 
OGD-preconditioned astrocytic transplantation group at 28 days after cerebral ischemia (P =  0.006 and 0.024, 
respectively) (Fig. 3A). There were no significant differences in body weight at 1, 3, 7, 14, 21, and 28 days after 
cerebral ischemia among the three groups (P =  0.281) (Supplementary Fig. 3A).

Next, to investigate the effects of OGD preconditioning on functional recovery by microglial transplanta-
tion, we analysed neurological outcomes between the OGD-preconditioned microglial transplantation group and 
normoxia-microglial transplantation group by a sensorimotor scale after focal cerebral ischemia. Neurological 
deficit as measured by the corner test was significantly improved in the OGD-preconditioned microglial trans-
plantation group compared with the normoxia-microglial transplantation group at 28 days after cerebral ischemia 
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Figure 1. Temporal changes in angiogenesis in the rat cerebral cortex after focal cerebral ischemia.  
(A) Cluster of differentiation 31 (CD31; green)/microtubule-associated protein 2 (MAP2; red)/4′ ,6′ -diamidino-
2-phenylindole (DAPI; blue) triple labelling of cerebral cortices in the non-ischemic (sham-operated) and 
ischemic core and penumbra at 1, 3, 7, and 14 days after cerebral ischemia examined by confocal microscopy. 
CD31 and MAP2 are markers for angiogenesis and neuronal dendrites, respectively. Three-dimensional 
reconstruction images show temporal changes in angiogenesis and neuronal dendrites in the ischemic core and 
penumbra. A secondary-only antibody control confirms its specificity. Scale bars, 15 μ m.  
(B) The immunoreactivity of CD31-positive volume (μ m3) per unit volume (μ m3) at 1 (D1), 3 (D3), 7 (D7), and 
14 (D14) days after cerebral ischemia (N =  21). *P <  0.05, **P <  0.01, ##P <  0.01 versus sham-operated rats.  
(C) MAP2 (green)/Ki67 (red)/DAPI (blue) triple labelling of cerebral cortices in the ischemic core and 
penumbra examined by confocal microscopy. Ki67 is a marker for cellular proliferation at 7 days after cerebral 
ischemia. Scale bars, 20 μ m. (D) CD31 (green)/Ki67 (red)/DAPI (blue) triple labelling of cerebral cortices in the 
non-ischemic (sham-operated) and ischemic core at 1, 3, 7, and 14 days after cerebral ischemia examined by 
confocal microscopy. Arrows indicate Ki67-positive angiogenic endothelial nuclei. Scale bars, 20 μ m. (E) The 
numbers of CD31/Ki67 double-positive vessels from the ischemic core at 1 (D1), 3 (D3), 7 (D7), and 14 (D14) 
days after cerebral ischemia (N =  21). *P <  0.05, **P <  0.01.
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(P =  0.023) (Fig. 3B). There were no significant differences in body weight at 1, 7, 14, 21, and 28 days after cerebral 
ischemia between the groups (P =  0.71) (Supplementary Fig. 3B). We did not observe any allergic reactions or 
symptoms of graft versus host diseases after transplantation.

To confirm whether microglia and astrocytes preconditioned by OGD migrated into the brain paren-
chyma across the BBB, we administered both OGD-preconditioned primary microglia and astrocytes derived 
from green fluorescent protein (GFP) transgenic mice28,30. After intra-arterial administration of these cells, 
OGD-preconditioned GFP microglia were observed in the border area between the ischemic core and 
penumbra at 3 days after transplantation (Fig. 3C) but not at 21 days after transplantation. In contrast, no 

Figure 2. Temporal changes in neuronal axons and dendrites in the rat cerebral cortex after focal cerebral 
ischemia. (A) SMI31 (green)/4′ ,6′ -diamidino-2-phenylindole (DAPI; blue) double labelling in the non-
ischemic (sham-operated), ischemic core, and ischemic penumbra cortices at 1, 3, 7, and 14 days after cerebral 
ischemia examined by confocal microscopy. SMI31 is a marker for neuronal axons. A secondary-only antibody 
control confirms its specificity. Scale bars, 15 μ m. (B) The immunoreactivity for SMI31 volume (μ m3) per unit 
volume (μ m3) in the ischemic penumbra at 1 (D1), 3 (D3), 7 (D7), and 14 (D14) days after cerebral ischemia 
(N =  21). #P <  0.05 and ##P <  0.01 versus sham-operated rats. (C) The immunoreactivity for MAP2 volume in 
the ischemic penumbra (μ m3) per unit volume (μ m3) at 1 (D1), 3 (D3), 7 (D7), and 14 (D14) days after cerebral 
ischemia (N =  21).
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OGD-preconditioned GFP astrocytes were observed at either 3 or 21 days after transplantation (Fig. 3D). The 
leukocyte adhesion receptor macrophage-1 antigen (Mac-1) (CD11b/CD18) is a β 2 integrin that is constitu-
tively expressed on the surface of leukocytes and microglia, as well as quantitatively upregulated by inflammatory 
mediators and ischemia. Mac-1 mediates the firm adhesion of leukocytes to the blood vessel by binding to its 
endothelial ligand, intercellular adhesion molecule-1 (ICAM-1)/CD31. Deficiency in Mac-1 might decrease sus-
ceptibility to infiltration and migration after cerebral ischemia31,32. To investigate the effect of preconditioning by 
OGD on microglia, we compared the levels of Mac-1 expression on microglia under normoxic and OGD condi-
tions. We found that the levels of Mac-1 after OGD preconditioning were twice those under normoxic conditions 
(P =  0.038) (Fig. 3E).

cells. To investigate the effect of preconditioning by OGD on microglia, we compared levels of VEGF and 
BDNF in microglial and astrocytic-conditioned media under normoxic and OGD conditions. As described in 
the Methods section, we previously determined that the optimal incubation time under the OGD condition was 
18 h, because this condition induced sufficient oxidative and hypoglycaemic stress without causing cell death33,34. 

Figure 3. Improvements in neurological outcomes after oxygen-glucose deprivation (OGD)-
preconditioned microglial transplantation. (A) Significantly better functional recovery on the corner test 
(performed 20 times) is observed in the OGD-preconditioned microglial transplantation group (micro group) 
compared with the vehicle-injected control group (no cell control group) and OGD-preconditioned astrocytic 
transplantation group (astro group); ##P <  0.01 vs astro group, **P <  0.01 vs no cell control group (N =  4 per 
group). (B) Significantly better functional recovery on the corner test (performed 20 times) is observed in the 
OGD-preconditioned microglial transplantation group compared with the normoxic microglial transplantation 
group (norm); #P <  0.05 (N =  6). OGD-preconditioned microglia (C), but not OGD-preconditioned astrocytes 
(D), from GFP mice (green) migrate into the border area between the ischemic core and penumbra compared 
with those from wild-type mice at 3 days after transplantation. Scale bar, 50 μ m. (E) Representative figures and 
bar graphs showing the relative signal intensities of adhesion receptor macrophage-1 antigen (Mac-1) (CD11b/
CD18; green) from primary microglia under normoxic and OGD conditions. Confocal microscopic images of 
Mac-1 (green)/DAPI (blue) double labelling of microglia. White scale bars, 15 μ m. The bar graph depicts the 
relative ratio of the signal intensities per cell of the normoxic samples to that of OGD-preconditioned samples 
(N =  5). A secondary-only antibody control was used to confirm specificity. *P <  0.05.
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Additionally, M2 microglia after cerebral ischemia were detectable starting from 12 h, maximally increased at 
24 h, and markedly decreased at later time points20. Therefore, we incubated microglia under OGD conditions for 
18 h before transplantation.

We found that the levels of VEGF from microglial and astrocytic-conditioned media after OGD precondi-
tioning were markedly higher than those under the normoxic condition (P =  0.006 and < 0.001, respectively) 
(Fig. 4A, Supplementary Fig. 4A). In addition, the levels of BDNF from astrocytic-conditioned media but not 
microglial-conditioned media after OGD preconditioning were higher than those under the normoxic condition 
(P =  0.004 and P =  0.198, respectively) (Fig. 4A, Supplementary Fig. 4B).

We also measured the levels of MMP-9 in microglial and astrocytic-conditioned media after OGD precon-
ditioning, because sources of MMP-9 after cerebral ischemia include microglia35 and potentially astrocytes36. 
We found that the levels of MMP-9 from microglial and astrocytic-conditioned media after OGD precondi-
tioning were higher than those under the normoxic condition (P =  0.001 and 0.005, respectively) (Fig. 4B, 
Supplementary Fig. 4C).

Finally, to determine changes in the cytokine profiles of microglia preconditioned by OGD, we compared levels 
of several cytokines from microglia under normoxic and OGD conditions. Generally, M2 microglia secretes 
interleukin (IL)-10 and TGF-β , whereas M1 microglia secretes tumour necrosis factor alpha (TNF-α ), IL-1β , and 
IL-619,20. We found that the levels of anti-inflammatory cytokine TGF-β  after OGD preconditioning were 25 times 
as high as those under the normoxic condition (P =  0.002), and that the levels of pro-inflammatory cytokine IL-6 
after OGD preconditioning were half as much as those under the normoxic condition (P <  0.001). In contrast, 
pro-inflammatory cytokines TNF-α  and IL-1β  after OGD preconditioning were three and four times as high as 
those under the normoxic condition (P <  0.001 and P <  0.001, respectively), whereas there was no difference 
in the level of anti-inflammatory cytokine IL-10 from microglia between the OGD-preconditioning and nor-
moxic conditions (P =  0.35) (Fig. 4C). The ratio of TGF-β  per TNF-α , which reflects the polarization of M1 and 
M2 microglia3, from microglia preconditioned by OGD, was six times as high as that from microglia under the 
normoxic condition (P =  0.009) (Fig. 4D). Taken together, these results demonstrate that preconditioning by the 
optimal OGD condition can prime microglia into the anti-inflammatory M2 dominant subtype.

 
To investigate the effect of OGD-preconditioned microglial transplantation on the injured brain parenchyma, 
we performed immunohistochemical analyses of the brains of transplanted rats at 3 days after transplantation 
using antibodies against inducible nitric oxide synthase (iNOS, M1 marker) (Fig. 5A) and CD206 (M2 marker) 
(Fig. 5B). Confocal microscopic examination revealed that the number of iNOS-positive cells in the border 
area between the ischemic core and the penumbra at 3 days after transplantation in the OGD-preconditioned 
microglial transplantation group was less than that in the normoxic microglia transplantation group (P <  0.001) 
(Fig. 5A and C). In contrast, the number of CD206-positive cells in the border area between the ischemic core 
and the penumbra at 3 days after transplantation in the OGD-preconditioned microglial transplantation group 
was more than that in the normoxic microglia transplantation group (P =  0.13) (Fig. 5B and C). The ratio of 
CD206-positive cells to iNOS-positive cells, which reflects the polarization of M1 and M2 microglia19, in the 
OGD condition was twenty times that in the normoxic condition (P =  0.001) (Fig. 5D). Taken together, these 
results demonstrate that OGD-preconditioned microglial transplantation can prime microglial M2 switch.

β expression by OGD-preconditioned microglial transplantation. To 
confirm whether functional recovery after transplantation of microglia preconditioned by OGD was associated 
with upregulation of VEGF, MMP-9, and TGF-β  in the injured brain parenchyma, we performed immunohis-
tochemical analyses of the brains of transplanted rats using antibodies against VEGF, MMP-9, and TGF-β  at 
28 days after cerebral ischemia. Whereas expressions of VEGF, MMP-9, and TGF-β  were undetectable in the 
brains of sham-operated rats, significant expressions of VEGF, MMP-9, and TGF-β  were observed in the border 
area within the ischemic core and penumbra at 28 days after cerebral ischemia (21 days after transplantation). 
Analyses of immunoreactivity intensities demonstrated that the expressions of these remodelling factors were 
more prominent in the OGD-preconditioned microglial transplantation group than in the no cell control group 
and the OGD-preconditioned astrocytic transplantation group (both P <  0.001) (Fig. 6A–C). VEGF and MMP-9 
expressions were observed not only in the microglia but also in pericytes, endothelial cells, and neurons within 
the ischemic cortex (Supplementary Figs 5 and 6). In addition, TGF-β  expression was observed in microglia as 
well as pericytes and neurons within the ischemic cortex (Supplementary Fig. 7).

Promotion of angiogenesis by OGD-preconditioned microglial transplantation. We specu-
lated that expressions of VEGF, MMP-9, and TGF-β  by OGD-preconditioned microglial transplantation might 
promote angiogenesis. Thus, we investigated the effects of OGD-preconditioned microglial transplantation on 
angiogenesis by immunofluorescence staining of the ischemic cortex at 28 days after cerebral ischemia using an 
antibody against the angiogenesis marker, CD31 (Fig. 7A). Confocal microscopic studies revealed that immu-
noreactivity for CD31 per unit volume in the border area within the ischemic core in the OGD-microglial 
transplantation group was more prominent than that in the no cell control group and OGD-preconditioned 
astrocytic transplantation group at 28 days after cerebral ischemia (at 21 days after transplantation) (P <  0.001 
and P <  0.001). However, there was no significant difference in the immunoreactivity for CD31 per unit volume 
within the ischemic penumbra among the three groups.

Promotion of axonal outgrowth by OGD-preconditioned microglial transplantation. We inves-
tigated the effects of OGD-preconditioned microglial transplantation on axonal outgrowth by immunofluores-
cence staining of the ischemic cortex at 28 days after cerebral ischemia using an antibody against the neurofilament 
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Figure 4. Characteristics of murine primary-cultured microglia preconditioned by oxygen-glucose 
deprivation (OGD). (A,B) The levels of secretory vascular endothelial growth factor (VEGF), brain derived 
neurotrophic factor (BDNF) (A) and matrix metalloproteinase-9 (MMP-9) (B) from conditioned media 
of murine primary-cultured microglia subjected to normoxia (norm) or OGD (N =  6–8 each). **P <  0.01. 
(C) The levels of secretory anti-inflammatory cytokines such as transforming growth factor-β  (TGF-β ) and 
interleukin-10 (IL-10), and pro-inflammatory cytokines such as IL-6, tumour necrosis factor-α  (TNF-α ), 
and IL-1β  from conditioned media of murine primary-cultured microglia subjected to normoxia (norm) or 
OGD (N =  6 each). **P <  0.01. (D) The ratio of TGF-β  per TNF-α , which reflects microglial polarization after 
normoxia and OGD preconditioning (N =  6 each). The increase in the ratio of TGF-β  per TNF-α  reveals the 
polarization of M2 microglia after OGD preconditioning. **P <  0.01.
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protein marker, SMI31. The expression of SMI31 in the ischemic penumbra in the OGD-preconditioned micro-
glial transplantation group was more prominent than that in the no cell control group and OGD-preconditioned 
astrocytic transplantation group (P <  0.001 and P <  0.001, respectively) (Fig. 7B). Additionally, the expression 

Figure 5. Transplantation of microglia preconditioned with oxygen-glucose deprivation (OGD) 
primes M2 microglial switch in the border area between the ischemic core and the penumbra at  
3 days after transplantation. Representative figures indicate the number of cells positive for M1-specific 
marker (inducible nitric oxide synthase, iNOS) (A) and M2-specific marker (cluster of differentiation 206, 
CD206) (B) in the border area between ischemic core and penumbra from cerebral cortices of the normoxic 
microglial transplantation group or the OGD-preconditioned microglial transplantation group at 3 days after 
transplantation (10 days after cerebral ischemia). Confocal microscopic images showing iNOS or CD206 
(red)/4′ ,6′ -diamidino-2-phenylindole (DAPI; blue) double labelling in the ischemic cortices. Scale bars, 15 μ m.  
(C) Bar graphs depicting the number of iNOS- and CD206-positive cells in the border between ischemic 
core and penumbra from cerebral cortices of the normoxic microglial transplantation group or OGD-
preconditioned microglial transplantation group at 3 days after transplantation. (D) Bar graphs depicting the 
ratio CD206-positive cells to iNOS-positive cells, which reflects microglial polarization after normoxia and 
OGD preconditioning (N >  21). **P <  0.01.
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of another axonal outgrowth marker, growth associated protein 43 (GAP43)14, in the ischemic penumbra in 
the OGD-preconditioned microglial transplantation group also was more prominent than that in the no cell 
control group and OGD-preconditioned astrocytic transplantation group (P <  0.001 and P <  0.001, respec-
tively) (Supplementary Fig. 8). In contrast, there was no significant difference in the expressions of MAP2 in the 
ischemic penumbra among the three groups (Fig. 7B).

To determine the mechanism by which OGD-preconditioned microglial transplantation promotes axonal 
outgrowth, we evaluated the expression of chondroitin sulphate proteoglycan (CSPG), because it inhibits axonal 
outgrowth37 and is cleaved and degraded by MMP-938. To confirm our hypothesis that an increase in MMP-9 

Figure 6. Transplantation of OGD-preconditioned microglia promotes expression of remodelling 
factors at 28 days after cerebral ischemia. (A–C) Representative figures and the relative signal intensities of 
vascular endothelial growth factor (VEGF) (A), matrix metalloproteinase-9 (MMP-9) (B), and transforming 
growth factor-β  (TGF-β ) (C) from cerebral cortices of the no cell control group and the microglia or astrocyte 
transplanted groups at 28 days after cerebral ischemia. VEGF (A), MMP-9 (B), and TGF-β  (C) (red)/MAP2 
(green)/DAPI (blue) triple labelling of cerebral cortices in the border between the ischemic core and penumbra 
at 28 days after reperfusion as examined by confocal microscopy. A secondary-only antibody control confirms 
its specificity. Scale bars, 15 μ m. Bar graphs represent relative signal intensities of ischemic brain samples 
compared with those of no cell control samples (N =  21–28). **P <  0.01.
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Figure 7. Transplantation of oxygen-glucose deprivation (OGD)-preconditioned microglia promotes 
angiogenesis in the border area within the ischemic core and axonal outgrowth in the ischemic penumbra 
at 28 days after cerebral ischemia. (A) Representative figures and bar graphs representing immunoreactivity 
for CD31 volume per unit volume, expressed as μ m3 per μ m3, in the ischemic core and penumbra from cerebral 
cortices of the no cell control group, OGD-astrocyte, or OGD-microglia transplanted groups at 28 days after 
cerebral ischemia. The cluster of differentiation (CD31; green)/4′,6′ -diamidino-2-phenylindole (DAPI; blue) 
double labelling in the ischemic cortices at 28 days after cerebral ischemia as examined by confocal microscopy. 
Scale bars, 15 μ m. (B) Representative figures and bar graphs representing immunoreactivity for SMI31 and 
MAP2-positive volumes per unit volume, expressed as μ m3 per μ m3, in the ischemic penumbra from the 
cerebral cortices of the no cell control group and OGD-preconditioned astrocyte or OGD-preconditioned 
microglia transplanted groups at 28 days after cerebral ischemia. SMI31 (green) or microtubule-associated 
protein 2 (MAP2; red)/DAPI (blue) double labelling in the ischemic cortices at 28 days after cerebral ischemia 
as examined by confocal microscopy. Scale bars, 7 μ m. (C) Representative figures and bar graphs representing 
the relative signal intensities of chondroitin sulphate proteoglycan/neuron-glial antigen 2 (CSPG/NG2; green) 
from the cerebral cortices of the no cell control group and the OGD-preconditioned astrocyte or OGD-
preconditioned microglia transplanted groups at 28 days after cerebral ischemia. CSPG/NG2 (green)/DAPI 
(blue) double labelling of the cerebral cortices in the ischemic penumbra at 28 days after cerebral ischemia 
as examined by confocal microscopy. Scale bars, 15 μ m. The graph represents the relative signal intensities of 
the microglia or astrocytes transplanted into ischemic brain samples compared with samples from the no cell 
control group (N =  21–28). The bar graph represents the relative ratio of the signal intensities of the ischemic 
brain samples compared with that of sham-operated rat samples (N =  21–28). Moreover, a secondary-only 
antibody control confirms its specificity. *P <  0.05, **P <  0.01.
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expression by OGD-preconditioned microglial transplantation may cause degradation of CSPG, resulting in 
axonal outgrowth, we performed immunofluorescence staining using an anti-CSPG/neuron-glial antigen 2 
(NG2) antibody (NG2 is a major component of CSPG) (Fig. 7C). We compared intensities of CSPG/NG2 expres-
sion in sham-operated rats and transplanted rats at 28 days after cerebral ischemia. Confocal microscopic studies 
revealed that expression of CSPG/NG2 in the ischemic penumbra of the OGD-preconditioned microglial trans-
plantation group was much lower than that in the no cell control group (P <  0.001) and OGD-preconditioned 
astrocytic transplantation group (P =  0.038) at 21 days after transplantation (at 28 days after cerebral ischemia).

Discussion
First, we investigated both temporal changes and the detailed location of angiogenesis and axonal outgrowth 
(neuronal regeneration) after cerebral ischemia, because angiogenesis and axonal outgrowth in the peri-infarct 
area were considered to promote functional recovery13,39. We demonstrated that endothelial proliferation and 
subsequent angiogenesis were activated at the border area within the MAP2-negative ischemic core but not in the 
ischemic penumbra from 7 days after cerebral ischemia. We confirmed these findings using a different ischemic 
model. Although there are several definitions of the ischemic core, the ischemic core in animal models is gen-
erally defined as the MAP2-negative lesion40,41. However, the present study demonstrated for the first time that 
the MAP2-negative ischemic core is not homogenous; angiogenesis was observed only in the border area within 
the MAP2-negative area (Fig. 8A). We speculated that the border area within the MAP2-negative ischemic core 

Figure 8. Mechanism of oxygen-glucose deprivation (OGD)-preconditioned microglial transplantation 
after cerebral ischemia. (A) The schema of angiogenesis after cerebral ischemia. The ischemic core is defined 
as the MAP2-immunonegative ischemic cortex. Angiogenesis (red lines) is slightly activated at the border 
area within the ischemic core, which we define as the “angiogenesis-positive core” (dark grey), by cell therapy. 
Thus, the MAP2-negative ischemic core consists of the angiogenesis-positive core and angiogenesis-negative 
core (black), which develops irreversible change. (B) The schema of angiogenesis and axonal outgrowth 
(regeneration, green cells; neurons) by OGD-preconditioned microglial transplantation (blue cells) after 
cerebral ischemia. OGD-preconditioned microglial transplantation markedly activated angiogenesis (red 
lines) at the angiogenesis-positive core (ischemic border area). In addition, the decrease in the expression of 
chondroitin sulphate proteoglycan (CSPG, grey and diagonal area), which is known to be an axonal outgrowth 
inhibitor, was observed in the ischemic penumbra after cerebral ischemia. An axonal outgrowth of neuronal 
cells (green) by OGD-preconditioned microglial transplantation was observed in the ischemic penumbra.  
(C) A diagram of therapeutic effects of OGD-preconditioned microglial transplantation after cerebral ischemia. 
Transplanted OGD-preconditioned microglia directly secreted vascular endothelial growth factor (VEGF), 
transforming growth factor-β  (TGF-β ), and matrix metalloproteinase-9 (MMP-9). These factors may also be 
associated with changes in resident native endothelial cells, astrocytes, pericytes, neurons, and microglia caused 
by the paracrine action of OGD-preconditioned M2 microglia. These factors directly prompt angiogenesis 
in the angiogenesis-positive core (ischemic border area). MMP-9 from microglia might degrade the axonal 
outgrowth inhibitor CSPG. Angiogenesis might facilitate the induction of axonal outgrowth. In addition, VEGF, 
TGF-β , and MMP-9 also might directly induce axonal outgrowth.
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might be a novel therapeutic target area against cerebral ischemia. In contrast, axonal outgrowth was not observed 
in either the ischemic core or penumbra until 14 days after cerebral ischemia. This result was consistent with a 
previous report that axonal outgrowth was not observed until 28 days after cerebral ischemia42. These findings 
indicate that it could be difficult to promote axonal outgrowth, which is a prerequisite for functional recovery, 
without any sort of interventions after cerebral ischemia.

We demonstrated evident functional recovery by OGD-preconditioned microglial transplantation but not 
by OGD-preconditioned astrocytic transplantation. We also found that OGD-preconditioned microglia but not 
OGD-preconditioned astrocytes could cross the BBB to reach the injured brain parenchyma. This finding was 
consistent with several reports showing that primary microglia could cross the BBB27 and reach the injured brain 
parenchyma22,26,28. As Mac-1 mediates leukocyte and microglial adhesion to the endothelial surface, it might be 
important for the infiltration of these cells into the affected brain parenchyma31,32. Increasing the levels of Mac-1 
after OGD preconditioning may enable the microglia to cross BBB and reach the injured brain parenchyma. 
Several studies have demonstrated that the chemokine stromal-derived factor-1 (SDF-1, also known as CXCL12) 
plays an important role in the homing of bone marrow-derived cells, especially microglia, monocytes, and stem 
cells, to areas of ischemic injury43–45. SDF-1 may play a role in the homing of microglia to areas of ischemic brain 
parenchyma. Interestingly, the homing of bone marrow-derived cells has been observed in the ischemic border 
between ischemic core and penumbra, similar to our results, and the expression of SDF-1 has been observed in 
the ischemic penumbra44. This ability of OGD-preconditioned microglia is crucial to the success of this cell-based 
therapy, although the mechanism by which OGD-preconditioned microglia reach the injured brain parenchyma 
remains to be elucidated.

Next, we demonstrated that optimal OGD preconditioning can induce anti-inflammatory M2 microglia, 
which are considered to have protective effects via the secretion of remodelling factors such as VEGF and TGF-β  
after cerebral ischemia19,25,46. Temporal analyses of microglial phenotypes in ischemic animals demonstrated that 
M2 microglia were detectable from 12 h, temporally increased at 1 to 3 days, and decreased after several days after 
cerebral ischemia19,20. In the present study, we chose 18 h incubation as the optimal OGD condition, because 18 h 
incubation induced predominantly M2 microglia whereas 24 h incubation caused cell death33,34. In fact, this OGD 
condition induced increased secretion of VEGF, MMP-9, and TGF-β  in vitro, indicating the polarization of M2 
microglia (Fig. 4). The administration of OGD-preconditioned microglia resulted in overexpression of remod-
elling factors such as VEGF, TGF-β , and MMP-9. These results showed the possible effects of OGD treatment on 
microglial M2 switch. The upregulation of these remodelling factors also was observed in vivo, more specifically 
in the injured brain parenchyma after OGD-preconditioned microglial transplantation.

We consider that the secretion of remodelling factors from OGD-preconditioned microglia were limited in 
duration because no GFP-positive OGD-preconditioned microglia were observed in the ischemic lesion at 21 days 
after transplantation. However, we observed the expression of these remodelling factors not only in the microglia 
but also in other cells at 28 days after transplantation, suggesting that changes in resident native endothelial cells, 
astrocytes, pericytes, neurons, and microglia might be caused by the paracrine action of OGD-preconditioned 
M2 microglia.

We speculate that pleiotropic effects of OGD-preconditioned M2 microglia, including the paracrine actions 
of the remodelling factors, and degradation of CSPG by MMP-9, might promote angiogenesis and axonal out-
growth (i.e., neuronal regeneration). We demonstrated that angiogenesis was activated at the border area within 
the MAP2-negative ischemic core, which we defined as the “angiogenesis-positive core” (Fig. 8B). In this region, 
we observed diminished expression of CSPG, one axonal outgrowth inhibitor37, which might be degraded by 
MMP-938 (Fig. 8C). We also demonstrated that axonal outgrowth was observed only in the ischemic penumbra, 
especially around the region exhibiting angiogenesis. We consider that VEGF, MMP-9, and TGF-β  might promote 
not only angiogenesis but also axonal outgrowth in vivo (Fig. 8B and C), because several studies have reported 
that these angiogenic factors are also involved in axonal outgrowth23,47,48. Interestingly, Lyden and others had pro-
posed a ‘clean-up hypothesis’ whereby newborn vessels serve to facilitate macrophage/microglia infiltration and 
clear cellular debris from pan-necrotic tissue to facilitate angiogenesis and remodelling49,50. OGD-preconditioned 
microglia might induce this phenomenon in the “angiogenesis-positive core” and its surrounding tissue (i.e., 
penumbra) after cerebral ischemia. Based on these findings, we consider that cell-based therapies that cause a 
switch from M1- to M2-dominant microglia/macrophages might be promising.

In conclusion, we demonstrated that transplantation of microglia preconditioned by OGD may be a novel 
therapeutic strategy for ischemic stroke. We consider that the following therapeutic mechanisms might be 
involved: (i) migration of OGD-preconditioned microglia into the “angiogenesis-positive core”, (ii) secretion of 
remodelling factors from the M2 microglia stimulated by optimal OGD preconditioning, (iii) changes in resident 
native endothelial cells, astrocytes, pericytes, neurons, and microglia by paracrine actions of the M2 microglia, 
and (iv) angiogenesis and axonal outgrowth.

Methods
This study was carried out in strict accordance with the recommendations from the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of Health (Bethesda, MD, USA). The protocol was approved 
by the Niigata University Administrative Panel on Laboratory Animal Care. All surgeries were performed 
under inhalation of halothane and according to ARRIVE (Animal Research: Reporting of In Vivo Experiments)  
guidelines51. Rats and mice were maintained under controlled light (lights on, 5:00–19:00), temperature 
(23 ±  1 °C), and humidity (55 ±  10%) conditions and given free access to food and water.

Focal cerebral ischemia. Transient focal cerebral ischemia was induced in male Sprague-Dawley rats 
weighing 290–320 g using an intraluminal filament suture technique52,53. After 90 min of ischemia, the suture was 
withdrawn to restore blood flow. This model provides an area of the ischemic core and penumbra determined by 
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the presence of MAP2 with a high degree of reproducibility, and demonstrates that the time window for salvage of 
penumbral tissues by reperfusion was 90 min. Focal cerebral ischemia also was induced using a different model of 
focal embolic ischemia using an autologous thrombi technique54–56. Tissue plasminogen activator was adminis-
tered intravenously in the form of Alteplase (Mitsubishi Tanabe Pharma Co., Osaka, Japan) at a dose of 10 mg/kg  
per animal at 4 h after cerebral ischemia for recanalization and reperfusion. Core body temperature, which was 
monitored via rectal probe, was maintained at 37.0 ±  0.5 °C using a heating pad.

Experimental design. Sample size calculations were performed prior to the experiments to determine the 
number of animals needed to detect differences between cell-based therapy and control conditions. Based on a 
pilot study of N =  4 animals in the treatment group, we determined the sample size needed to detect differences 
in motor outcomes between the OGD-preconditioned microglial transplantation group and the control and nor-
moxia groups (α, 0.05; one-sided analysis). Rats were randomly assigned to various experimental groups, and 
analyses were performed by an investigator blinded to the treatment.

The rats that survived for 1, 3, 7, 14, and 
28 days after cerebral ischemia were euthanized with an overdose of halothane, followed by transcardial perfu-
sion with cold normal saline followed by perfusion with cold 4% paraformaldehyde in 0.1 M phosphate-buffered 
saline (PBS; pH 7.4). Brains were removed and embedded in paraffin wax. Serial sections (4-μ m thick) were cut 
from the paraffin blocks and stained using antibodies as described previously53. We also stained free-floating 
sections (50-μ m thick)53. Sections were mounted with Vectashield 4′ , 6′ -diamidino-2-phenylindole (DAPI) 
(Vector Laboratories, Burlingame, CA, USA). Information about the primary antibodies is described in 
Supplementary Table 1. The sections were examined under a confocal laser-scanning microscope (LSM510 
META; Carl Zeiss, Oberkochen, Germany). Cortical tissues corresponding to the ischemic core or penumbra 
were defined by MAP2 staining as described previously52,53.

Immunocytochemistry. Microglial cells on coverslips were washed with PBS and fixed with 100% 
methanol for 10 seconds. After fixation, the cells were incubated with the primary fluorescein isothiocyanate 
(FITC)-conjugated anti-Mac-1 monoclonal antibody (Supplementary Table 1). Sections were mounted with 
DAPI (Vector Laboratories, Burlingame, CA, USA).

To 
perform quantitative analyses of brain tissue structures, tissue sections were immunostained with antibodies 
against CD31 (a marker of endothelial cells and angiogenesis), MAP2 (a marker of neuronal dendrites), SMI31 
and GAP43 (markers of neuronal axons), VEGF, TGF-β , and MMP-9 (Supplementary Table 1), and counted as 
described previously55. Briefly, seven randomly chosen non-overlapping high-power fields (630×  or 1260× ) at 
the level of the anterior commissure of the sham-operated or ischemic cortex in the MCA territory were exam-
ined. Data were acquired from stereotaxically identical 0.03-mm3 regions of interest (ROIs). Three-dimensional 
reconstructions and z-sections collected at 0.15-μ m z-intervals were created and automatically quantified in 
blinded fashion as the intensity of total immunoreactive structure volumes (immunoreactive volume/examined 
ROI volume) using IMARIS imaging software (BitplaneAG, Zurich, Switzerland)55–57. The results were confirmed 
in three or four independent samples (N >  21–28).

For comparing the expression levels of Mac-1 in microglia under normoxic and OGD conditions, high-power 
fields (630× ) were examined. Two-dimensional reconstructions were created and the intensity of total immuno-
reactivity per cell was quantified in a blinded manner using the IMARIS imaging software34 (N =  5).

Cell counting protocol. To determine the frequency of cells positive for Ki67, a proliferative marker39, after 
cerebral ischemia, seven randomly chosen non-overlapping high-power fields (630× ) at the level of the anterior 
commissure of the sham-operated or ischemic cortex (i.e., the border area of the ischemic core and penumbra) 
were examined at 1, 3, 7, and 14 days after cerebral ischemia (N =  21)53,58.

To determine the numbers of cells positive for M1 microglia-specific marker (iNOS) and M2-specific marker 
(CD206)19,20, seven randomly chosen non-overlapping high-power fields (630× ) at the level of the anterior com-
missure of the ischemic cortex (i.e., the border area between the ischemic core and penumbra) were examined at 
3 days after transplantation (10 days after cerebral ischemia (N >  21)53,58.

Primary cell cultures. Primary murine microglia and astrocytes were obtained as previously described33. 
Primary mixed glial cultures were established from the forebrains of postnatal C57Bl/6 mice by dissociating iso-
lated cerebral cortices in papain and then growing the resulting cell suspension for 10 days in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (FBS). After 10 days, flasks were shaken 
for 15 min to remove loosely attached microglia. The purity of these microglial cultures was 99% as determined by 
Mac-1 (CD11b/CD18) immunoreactivity in flow cytometry33. For astrocytes, flasks were then shaken overnight 
to remove microglia and oligodendrocyte precursors. The remaining monolayer was determined as > 95% astro-
cytes by glial fibrillary acidic protein (GFAP) immunoreactivity33.

Oxygen–glucose deprivation. The standardized conditions for OGD have been described in detail  
elsewhere33,35. The cultures containing low-glucose medium were placed in a hypoxia chamber 
(Billups-Rothenburg, Del Mar, CA, USA), which was flushed with a mixture of 95% N2 and 5% CO2 for 1 h, 
and then closed for 18 h. Twenty-four h incubation under OGD conditions promoted cell death, whereas 18 h 
incubation under OGD conditions did not cause cell death as evaluated by propidium iodide33 and lactate dehy-
drogenase assays34. Additionally, M2 microglia were detectable starting from 12 h, maximally increasing at 24 h, 
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and markedly decreased at later time points20. Given these findings, we chose 18 h for the OGD condition in this 
study.

Enzyme-linked immunosorbent assay (ELISA). After overnight incubation under OGD conditions, we 
measured the levels of VEGF, BDNF, TNF-α , TGF-β , IL-1β , IL-6, and IL-10 in the conditioned media using the 
VEGF Quantikine ELISA Kit (RRV00), BDNF Quantikine ELISA Kit (DBD00), TNF-α  Quantikine ELISA Kit 
(MTA00B00), TGF-β  Quantikine ELISA Kit (MB100B), IL-1β  Quantikine ELISA Kit (MLB00C), IL-6 Quantikine 
ELISA Kit (M6000B), and IL-10 Quantikine ELISA Kit (M1000B) (all R&D Systems, Minneapolis, MN, USA), 
respectively, according to the manufacturer’s instructions (N =  5–6).

The Fluorimetric SensoLyteTM 520 (AnaSpec Corp. San Jose, CA, USA) was used to 
quantify the specific enzymatic activity of active MMP-9 using a fluorescence resonance energy transfer (FRET) 
peptide containing a fluorescent donor and quenching acceptor55,59. We measured MMP-9 activities of the sam-
ples according to the manufacturer’s instructions. The protein concentrations of the samples were determined 
using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA). Samples (170 μ g) were placed in a 96-well 
plate containing 50 μ l of assay buffer. The proteolytic activities of MMP-9 were quantified using the FRET peptide.

Cell transplantation. We excluded rats that weighed 2 SD below the mean at 7 days after cerebral ischemia 
to include only rats in the same physiological condition. Cells (1 ×  106, microglia or astrocytes) were diluted 
with 300 μ L of PBS13. Rats subjected to transient MCA occlusion at 7 days after cerebral ischemia were randomly 
assigned to one of the cell-treated groups, in which transplantations of microglia or astrocytes were slowly infused 
through the stump of the external carotid artery over the course of 3 min (microglia group and astrocyte group, 
respectively), or the no cell control group. The same volume of PBS was injected in all groups.

Sensorimotor assessment. Sensorimotor assessments were performed at 0, 1, 4, 7, 10 (3 days after trans-
plantation), 14 (7 days after transplantation), 21 (14 days after transplantation), and 28 days (21 days after trans-
plantation) after cerebral ischemia using the corner test60. Analyses of therapeutic effects were performed by an 
investigator blinded to treatment.

To determine whether transplanted microglia and astrocytes 
can translocate from the blood into the brain parenchyma to exert their beneficial effects after intra-arterial 
administration, we used primary microglia and astrocytes from GFP mice30. GFP transgenic mice were pro-
duced by breeding heterozygous pairs in the Genome Information Research Centre, Osaka University, Japan and 
maintained in the Department of Comparative and Experimental Medicine, Brain Research Institute, Niigata 
University. After preconditioning primary microglia and astrocytes from GFP mice by the OGD condition, we 
administered these cells intra-arterially at 7 days after cerebral ischemia. We performed confocal microscopic 
examination at 3 and 21 days after transplantation.

Statistical analyses. All data are presented as the mean ±  standard error of the mean (SEM). Differences 
in the parameters were analysed using one-way or two-way ANOVA followed by Bonferroni’s post hoc test or 
unpaired t-test. Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 21.0 
(Armonk, NY, USA). Differences in frequencies were assessed with Fisher’s exact test. All tests were considered 
statistically significant at a P value <  0.05.
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