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Abstract — To measure the arterial stiffness at home is
important in order to prevent and treat arteriosclerosis. Pulse
wave velocity (PWV) is one of the indexes of arterial stiffness. We
have proposed a device that measures PWV at home. The device
measures pulse transit time (PTT) and calculates PWV using the
PTT. The PTT measurement is used electrocardiogram (ECG)
and photoplethysmogram (PPTG). The operator of the device is
user oneself. At home, it is difficult to judge whether the
measurement condition is appropriate because medical staff is
not at heme. Motion artifacts are problem that eccur as well. The
methed with artifact tolerance is useful for both increasing the
measuring precision and decreasing re-measurement to suppress
the motion artifact automatically. Therefore, the purpose of this
research is to propose a pulse transit time measurement method
with artifact telerance, and to evaluate its measurement
precision. We proposed the method that outlier of PTIT is
excluded using an average and 2 standard deviation (SD), The
average and the SD are calculated using R-wave and peaks of
PPTG in 30 seconds. An experiment that ECG or PPTG has
deliberate motion artifacts was performed with developed
measurement system. To evaluate, we used the developed
measurement system that has the pulse transit time measurement
method with artifact tolerance. Precision of the measurement
system was 7.97% when ECG or PPTG with the artifact. It was
smaller than 8.4% that is precision of the existing medical
equipment. Therefore the proposal method that has sufficient
artifact tolerance was confirmed.

Index Terms - arteriosclerosis, pulse wave velocity, pulse
transit time, arfifact tolerance

1. INTRODUCTION

In the world, cardiovascular diseases account for 31% of
its mortality. Arteriosclerosis accounts for 78% of the
cardiovascular diseases [1]. Blood pressure is checked at home
in order to prevent and treat the cardiovascular diseases {2].
Because blood pressure is affected by not only atherosclerosis
but also other factors, arteriosclerosis is not accurately known
from blood pressure measurement [3]. In medical institutions,
pulse wave velocity (PWV) is measured in order to inspect
arterial stiffness [3-7]. Pulse transit time (PTT) is used to
calculate PWV. PTT is measured with air plethysmogram or
pressure pulse wave.

Home devices need precision at the same level as exiting
devices and miniaturization. An air plethysmogram sensor and
a pressure pulse wave sensor are difficult to miniaturize
because these need an air comp: or h
Moreover Accurate positioning of these sensors are important
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for precision. Our research group has proposed a measurement
device of arteriosclerosis for measurement of hospital level [8-
9]. The device measures electrocardiogram (ECG) and
photoplethysmogram (PPTG) to calculate PWV. An ECG
sensor and a PPTG sensor can be miniaturized because the
sensors consist of only el and the don’t
need air compressor. The PWV measurement using ECG and
PPTG has been reported [10-12], however feasibility of the
PTT measurement has been shown using a general-purpose
recorder in a condition without an artifact. The research only
used the g I-purpose recorder, and home equip has
never developed.

The device we proposed is measured with both electrodes
attached to the chest and a photo sensor attached to the
fingertip. Changes in condition of contact between the
electrodes or the photo sensor and the skin cause motion
artifacts. The artifacts cause a decrease in measurement
precision. In medical institutions, when professionals such as
doctors find the artifact, ECG and PPTG can be measured
again. However, in the home, we cannot check the artifact and
cannot again b the professionals are not in the
home. In addition, repetition of measurement increases
measurement time and effort. Therefore, to prevent repetition
of t and a d in the precision of

, a thod that red automatically the
artifacts is necessary for the PTT measurement device. The
PTT is influenced directly by the artifact, because the PWV is
calculated using the PTT that is measured with ECG and
PPTG. i

Therefore, the purpose of this research is to propose a
pulse transit time measurement method with artifact tolerance,
and to evaluate its measurement precision.

1I. DEVELOPMENT AND METHOD

A.  Measurement of Pulse Transit Time

An artifact caused by contact failure of a measuremen
probe is not canceled in previous h that a meast t
device requires users to keep motionless and ts by
medical specialists. We have been developed a personal and
miniaturized measurement system for home healthcare that
enables us to obtain PTT data without medical specialists. In
order to calculate PTT The system uses to measure ECG with
electrodes and to measure PPTG with an optical sensor.

Accurate PTT calculation requires synchronization
between ECG and PPTG. The integration of the ECG and
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Fig. 2 The schematic diagram of the measurement system,

PPTG sensor

ECG sensor

=i

20 [mum]
Fig. 3 Appearance of the measurernent deviee,

PPTG sensors that are developed in previous study contributed
to measure synchronized ECG and PPTG signals within 1 ms
time lag.

PWV is an index to estimate arteriosclerosis development
that reflects stiffness of a target vessel. The vessel is defined
two points of arterial blood pressure measurement. Another
target vessel is defined by other measurement points, Fig. 1
shows measurement points. In this research, two sets of
measurement points are defined: measurement point.set of the
chest for ECG and a tip of a toe for pulse wave that is
compatible to  conventional measurement  method;
measurement point set of chest for ECG and finger tip for
pulse wave that are easy to measure. Each target vessels

points and
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include an aorta that relates serious diseases. The target vessel
between a tip of a toe and the chest includes leg artery that is
one of the site of favorite site for arteriosclerosis obliterans.
The target vessel between a fingertip and the chest includes
arm artery.

B.  Measurement System

Fig. 2 shows a structure of a measurement. system. The
system consists of a measurement device and a computer.
Ce jcation b the device and the
computer is wireless. The computer is installed software that
controls the device, caleul PTT and displays
ECG, PPTG and PTT.

© I} Measurement device: The measurement device is
simple appeatance (Fig. 3). The device is cnongh small to get
hold and easy to use solely. The measurement device has two
parts. One of the parts (96%60x21 mm) is ECG sensor.
Another part (21x17x9 'mm) is PPTG sensor. The device has
only 4 toggle switch and is casy to use. The measurement
procedure is auiomatic. The procedure starts by a click of a
button on the software on the computer. Such simple operation
is convenient to use for non-specialists at home hedltheace.
Users attach the pulse wave sensor to a finger or a toe and put
the ECG sensor on a chest to utilize the device.

The pulse wave probe is wited 10 the communication unit.
The ication unit supplies power to the pulse wave
probe and receives signal from the probe. The wired
connection makes the probe small by omitting power source
and communication circuits.

The ECG sensor has communication unit and signal
processing circuit for ECG my . The ¢ icati
wnit has a microcontroller, a wircless communication module
and a buttery. The microcontroller i~ dsPIC30F3013
(Microchip Technology In¢, U.S.A.). It has an analog/digital
converter (12 bit, 1 kHz). The wireless communication
module is KC22 (KC wirefree). 1t is 4 Bluetooth module. It
guarantees  enough  communication  speed. and long
communication  distance, The module uses  serial
communication by serial port profile. The buttery is lithium-
ion rechargeable battery (3.7 V, 1000 mAh). It is power source
of the measurement device: The buttery is charged by USB
and a charging circuit is in the unit.
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Fig. 4 The layout of the

T -
1 Caleulation of an-average PTT E

TFig. 6 Procedure of PTT calculation

The ECG is measured with three electrodes (diameter §
mm) and the signal processing circuit. The electrodes are
made of Ag-AgCl disk that is suitable for biological
measurement. There are two- electrodes for differential
amplification, and there is-an electrode for ground. Fig. 4
shows thie Tayout of the clectrodes. Waveforms measured by
this sensor are similar to leads 1 that is one of the 12-leads
ECG. Signals that are detected by the electrodes are amplified
and filtered with the signal processing circuit.

The pulse wave probe has a light emitting diode (LED), 2
photodiode (PD) and a signal processing circuit. Pulse wave
signals detected by the PD are amplified and filtered with the
signal processing circuit. The wavelength of the LED is 940
nm. This wavelength is suitable for PPTG measurement
because of high absorbance in blood and low absorbaisce in
other tissue. Both the LED and the PD put on a same plane in
order to attach. A hook-and-loop fastener as shown in Fig: § is
used to fix the probe. In this way the probe can attach both
finger and toc. ‘
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2} Algorithm for Measurement of Pulse Transit Time:
Precision of PWV measurement is affected by PTT, because
the length of blood vessels in adults is not changed. It is
important to measure PTT with high precision. And it is
necessary that the signal processing is simple in order to
measure quickly. Therefore the following method is used in
this study and the algorithm is in the software.

First, we explain a way to detect feature points of ECG
and PPTG in order to calculate PTT. The PTT is defined as an
average of time differences for 30 seconds between an R-wave
of ECG and a leading edge of PPTG. The R-wave is defined a
maximum point in one heartbeat. The leading edge of PPTG is
defined a minimum point (Pyp,) in one heartbeat. Procedure of
PTT calculation is R-wave detection, Puy, detection,
calculation of the time difference between R-wave and Py,
exclusion of outliers, calculation of an average PTT (Fig, 6).
The ECG signals transmit to high pass filter. Its cut-off
frequency is 0.1 Hz in order to reduce base-line drift before R~
wave detection. The PPTG signals transmit to a moving
average filter of 30 samples in order to reject high frequency
noise before Py, detection. The PTT is caleulated when the
number of R-wave detection in heart rates equivalent is more
than 40 beat par minute and less than 120 beat par minute.
Because, it is considered that the electrodes or the PPTG
sensor has a bad condition such as electrical contact.

Second, we explain an exclusion process of outlicrs for
the measurement has the artifact tolerance, The PTT that is
time difference between R-wave and Ppy, is caleulated by (1),

tp—Ig o

Where, Torris a PTT, #; is time of R-wave, #p is time of Py,
and fp is smaller than #p. The artifacts cause failure of
detecting the feature point that is R-wave or the Pnum. The
failure of detection is that the feature point is undetectable or
that the detected point is wrong. In this case, PTT is incorrect.
The measurement that has artifact tolerance can be performed
with exclusion of incorrect PTT. We propose the method that
decides range of PTT dynamically.

A range of PTT is defined as & mean of time differences

Trrr=

and a standard deviation (8D) of the time differences. The

time differences arc defined between R-wave and maximum
point of PPTG in one heartbeat. The rage of PTT is from the
mean minus the SD to the mean plus the SD. The time
differences that are out of the range are excluded. This
exclusion process is repeated. When the SD is less than 3 % of
the mean, the repetition of the:process stops.

III. EXPERIMENTS

A.  Detection of Feanwre Point

We conducted an experiment of detecting the feature
po;ms that are R-wave and Py, Each feature point is detected
in ECG or PPTG. In three Subjl)Cl’S (healthy person, 22 to 28
years old), the measurement is performed with the developed
device. The pulse wave probe is attached to a finger and a toe.
In a subject, the measurement is one time each place. To
inspect the detection, signals of the measurement that has non-
artifact are adopted.

After resting for Smin, the measurement was performed in
the supine position (Fig. 7). The pulse wave probe is attached
to index finger of the left hand or big toe of left foot.

B.  Evaluation of Fundamental Performance

We conducted a reproducibility experiment. In three
subjects (healthy person, 22 to 28 years old), non-artifact
signals are measured and the signal's coefficient of variance
{CV}) is calculated. Measurement points of PPTG are 2
fingertip and a tip of a toe in order to measure the vessels that
arc in an upper limb and lower limb.

The measurement is performed ten times for one subject.
The sensor is attached cach time. After resting for 5 minutes,
the measurement was performed in the supine position. The
PPTG sensor is atiached a left fingertip or 2 tip of a left toe.
The ECG sensor is attached a left chest.

Measurement point of ECG

Measurement point of PPTG

Fig. 7 The posture and points in the measurerent
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C. Evaluation of Artifact Tolerance

‘We conducted an experiment of motion artifact tolerance
where the artifact is occurred deliberately. Measurement
points of PPTG are a fingertip and a fip of a toe. This
experiment compares two kind of PTT. The one of the PTT is
calculated using the signals that have .no artifact. It PTT is
measured in (1) Detection of Feature Point. Another PTT is
calculated vsing the signals that have artifact.

The effect of artifact in ECG and PPTG is inspected
separately. The artifact in BCG is caused by contact failure of
between the chest and the electrodes; accordingly the
clectrodes are separated from the chest in order to recreate the
artifact. The artifact in PPTG is caused by change of contact
situation of between the skin and the serisor; accordingly the
sensor is shake at about 2.3 Hz in order to recreate the arfifact.

In this experiment, we suppose that frequency -of the
artifact is 0 to 2 times in the 30 seconds measurement, when
the subjects are instructed to rest. And the continuous artifact
is not occurred. Therefore expenment condition is decided the
frequency of the artifact is 3 times more than the supposition.
And duration of the artifactis 1 second.

In three subjects (healthy person, 22 to 28 years old), four
kinds of experiments are performed. Combinations -of the
experiment condition are upper or lower limb and the artifact
in ECG or PPTG. The measurement is 5 times at one of the
condition. A number of measurements in each condition are
five times. After restmg for Smin, the measurement: was
performed in the supine position, The pulse wave probe: is
attached to firsy finger ;)f the left hand or big toe of left-foot.

1t is enough precision that the error of this measurement is
less than 8.4 % because rcpeatabxlzty of existing - mcdxcat
equipment is 8.4 % [3].

IV. RESULTS

A.  Detection of Feature Points

Fig. 8 shows one of the results, We defined the feature
points of ECG and PPTG. R-wave is the feature point'of ECG.
Poain is the feature point of PPTG. In Fig. 8 (a), a solid lin is
ECG and broken lines are time of R-wave detection. In Fig. 8
(b) and (c), a solid line is PPTG and broken lincs are time of
Py detection. As can be seen from Fig. 8, the feature points
were detected, In other subject, dlso, the feature points were
detected.

B.  Evaluation of Fundamental Performarice

Table | shows the measurement tesults that are precision
without the artifict. When PPTG was measured at the
fingertip, average of standard deyiation (SD) was 2.98 mg and
an average of coefficient of variation (CV) each subject was
1.70 %. When PPTG was measured at the fingertip, average of
the SD was 8.38 ms and an average of CV ecach subject was
2.94%. The upper limb’s CV is'smaller than the fower limb's
Cv.

C. Evaluation of Artifact Tolerance -

Table 2 shows the results that are PTT and errors. The
error rate was caleulated by (2), where E, is the percent error
rate, 4, is PTT with artifact, #yis PTT without artifact.
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E=100(t—tn)/ty (2)

The maximum error rate was -7.96 % each measurement
part and each subject. The maximum error rate of each
measurement parts was 3.53 % when PPTG was d by

of the PTT that was measured on a fingertip was smaller than
CV of the PTT that was measured on a tip of a toe. These were
170 % and 296 %. It is inferred from this result that
measurement on the fingertip is more precision than

fingertip and PPTG has artifact. The absolute value of (2) of
each subject was used in order to calculate the maximum error
rate.

V. DISCUSSION

From the result of detection of the feature point, when the
signals have no motion artifact, we made sure that detection of

on the tip of a toe. It is thought that
measurement on the fingertip is high convenience. It is more
useful to measure PTT on the fingertip than to measure PTT
on the iip of a toe for home health care. However, in the
future, it is necessary to consider that statistically significant
diffe of the p the ber of our
experiments subjects is few. In addition, it is necessary to

the feature point was performed properly. The detection was
performed properly regardless of subjects and the PPTG
measurement point that is a finger or a toe.

From the result of fuati of fund, 1

ider relationship to arteriosclerosis.

We used standard deviation and average in order to
exclude of outlier. As other method, there is a way the range
of PTT is defined in advance. The value of PTT depends on

performance, the maximum CV was 2.94 % when the signals
have no motion artifact. The PPTG measurement point of this
result is toe. This result is smaller than 8.4 % that is
repeatability of baPWV [3]. The target vessels of our device
are similar to baPWV that is existing index of arteriosclerosis
for medical institutions. The value of baPWV is result of the
experiment of interobserver reproducibility. In our research,
subjects attach the measurement device to own body and
operate the = system. B of this, experiment
condition is not completely same as the experiment condition
of baPWV. Qur expenment only re-attaches the devlce on
each The i ion error and i ver
error are effect on interobserver reproducibility. Unlike the
medical equipment used in medical institutions, an observer of
our device and a subject of our device are the same person.
Therefore, considering that condition of use our device, we
think that the comparison of the install error of our device
with reproducibility of baPWV is valid. In the case that the
signals don’t contain the motion artifact, the precision of our
measurement system is sufficient. Because the installation
error of our system is sufficiently smaller than the
reproducibility of baPWV.

From the result of artifact tolerance, the precision of the
measurement system is lower than the reproducibility of
baPWV when the signals have the motion artifacts. Therefore,
the measurement system has the artifact tolerance.

In this research, measurement points were a fingertip or a
tip of a toe. In the evaluation of fundamental performance, CV

t point, height and arterial stiffness. Because of
this, the range needs to be broad. However the broad range
d the precision. Therefore, ad decision of a

range is difficult.

VI. CONCLUSION

In this research, we proposed a puise transit time
measurement method with artifact tolerance, and evaluated its
measurement isi To I the
precision, we used the developed measurement system that has
the pulse transit time measurcment method with artifact
tolerance. Precision of the system was 7.97%
when ECG or PPTG has the artifact. It was smaller than 8. 4%
that is precision of the existing medical equij
the proposal method that has sufficient artifact tolerance was
confirmed.

TABLE1
THE RESULT OF PTT MEASUREMENT WITHOUT THE ARTIFACT

Fingertip measurement ‘Tip of toe measurement

Subjects [ Mean SD v Mean 5D (2
ms ms % ms ms %

A 1724 297 1.722 2903 517 178

B 159.5 2.87 1.80 263.4 10.76 4.08
[ 198.7 3.1t 1.56 313 9.22 296
Mean 176.9 2.98 L70 2884 8.38 294

TABLE Il
THE RESULT OF PTT MEASUREMENT WITH THE ARTIFACT
point is the ip Measurement point is tip of the toe
- ';;h” Artifact in ECG Artifact in PPTG w:a"m Artifact in ECG Artifact in PPTG
wrifoet | PTT | Eror | {Erorl | PIT | Ervor | Erron | wrggoet | pgg | Evor | Ermon | PTT | Eror | (Eron
ms ms ms % ms ms % ms [ms] % Ims] ms] %
1724 | 1742 | 1.83 | 106 [ 1703 | 203 | 118 | 2003 | 2968 | 650 | 224 | 2952 | 486 | 167
B 1595 | 1570 | -256 | 1.60 | 1524 | -7.14 | 448 | 2634 | 2659 | 251 | 095 | 2424 | -2097 | 7.96
[ 1987 | 1881 |-105 | 529 | 1889 | 979 | 493 | 3113 | 3090 | -220 | o7 | 3080 | -338 | Log
Mean - - - 2,65 N . 3.53 - - B 130 . . 357
912
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The Discriminant Criteria Detecting Operational Intention
from Myoelectricity for Alternative Interface System
Junji Takahashi =, Noel Segura Meraz?, Yasuhisa Hasegawa *, and Yoshiyuki Sankai >

Abstract: This paper propeses an alternative interface
system with novel architecture flexible enough to adapt to
various types of physically challenged person and able-bodied
person, and also capable of connecting to various devices,
using a tablet computer as a central system with which a user
are interacting. For this interface system surface
myoelectricity of various muscles which a user still has control,
are used as input signals for controlling a tablet. The aim of
this system is to extract operational intention of user while
user doing deskwork. The special patterns of myocelectric
signals, which are rarely observed in daily life, are uﬁlized for
discriminating operational i tion from

However, there is a people who do not have the function
of finger due to various ; both-arms amp spinal
cord injury, muscle dystrophy, and paralysis. They need an
alternative interface system to control devices. The ultimate
alternative interface system is a Brain-Machine interface
(BMI) " which detects instantaneously intentions
generated in the brain. Although the BMI is beneficial for
patients with server paralysis in order to output their
mtentmn, it is difficult for the system to extract particular

from near-i P py (NIRS) or

We developed discriminant criteria and validated it
experimentally. Additionally the operability of our proposed
interface system is evaluated by Fitts® law based test GUIL. The
experimental results show that our propesed system fs better
than other types of alternative interface system.

Keywords: myoelectric signal, Human-Computer interface, detecting
llmman intention

1. INTRODUCTION

Interface technologies have been taking an important
role in robotics research ﬁe]d 1o couple a human and an
artifact, which has been t iplex and
more diversified, One of primary r roles of mterface device is
to extract human intentions and transmit them to a device,
such as a personal computer, a robotic manipulator, a
power-operated vehicle, an automobile, and so on. A good
interface device requi and ease of
learning. From this perspective, almost all interface devices
for healthy person are designed under the assumption that
they are inputted by fingers or hands. Recently, since the
most deskwork is done with a laptop or desktop computer
connecting with web, most business can be handled if only
the function of the finger is available.

This study was supported by the "Center for Cybernics Research (CCR) -
World Leading Human-Assistive Technology Supporting a Long-Lived
and Healthy Society™ granted through the “Funding Program for
World-Leading Innovative R&D on Science and Technology (FIRST

elec phalogr (EEG), t wide variety of
intentions are generated and evaporating without stopping in
human brain. The difficulty of discriminating intentions
requires patients to train a lot so as to make full use of the
BMI system.
On the other hand, because myoelectric signals can be
registered on peripheral part of body after the intentions are
separated off in a way, users do not have to practice the
myoelectricity based interface system as hard as when they
practice BMI system, The advantage of myoelectricity (easy
to output user intention), has been recogmzed for a long time
and studied for ions of user to
control functional electric prosthet:cs B4 and powered
exoskeletal assistive robot sy 561 Englehart el al. has
developed a classification scheme for multifunction
myoelectric control ™. They studied and founded a feature
extraction method from myoelectric signals that the
performance of it is either equaling or surpassing to
frequency-domain features. Hence, most of the studies about
motion classification from myoelectric signal utilize their
methods. The feature extraction method and several
classification methods are described in detail in . Yokoi et
al. have developed 2 tactile feedback system and integrated
with their proposed prosthetlc hands system for giving the
amputee user tactile impressions ', Their system enhanced
the mutual adaptation mechanism in user brain so as to learn
easier. Sankai et al. have developed powered exoskel
system named “HAL” for amplifying, assisting, and
supporting motor ability of lower limb disabilities

These studies utilize the myoelectric signal for detecting
1 intentions to support user’s own body part by
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1 limb or an alternative part such as prosthetic. On
the contrary, we aim to utilize the myoelectric signals for
detecting operation intentions to control an ¢lectric device.
Therefore, the usage of myoelectricity of our proposed
system is different from other studies. The pilot study has
reported in ™, but the validation was not enough. In this
paper, we reformulate the discri tion criteria and valid

it experimentally.
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Myoelectricity

Fig. 1, Concept of the alternative interfave system

In section 2, the myoelectric signal based interface
system including the concept idea, clectrode positions,
caleulation mothod, and the correspondence between
muscles and cursor movements are described. Section 3
formul the diseri criteria between operational
intention and motional intention from myoeclectric signal, In
section 4, the Fiits’ law based performance test and the
significant ‘results of the test are described. Secnon 5

Fig. 2. The position of electrodes

TABLE 1
CORRESPONDENCE BETWEEN CHANNELS AND MUSCLES

concludes the paper and sketches future h di

2.  ALTERNATIVE INTERFACE SYSTEM
UsING MIVOELECTRIC SIGNAL

A. Motivation and Concept

The myoeleetricity induces muscles to contract. The
contractile strength of musele is roughly proportional to the
amplitude and frequency of myoclectricity. However, there
is no puarantee that same myoelectric signal patterns are
always registered, even if a person remains fixed posture or
takes same motions. This fact makes it difficult to extrapolate
an actual {ntention from the myoelectric signal pattern in an
accurate fashion. However, it can be said that a person is able
to output various myoelectric signal patterns while he/she is
taking a similar posture or motion. We regard this character
of myoelectricity as an advantage and aim to develop anovel
interface system which extracts operational intention
separately from usual motions of body in order to control
electric devices like a tablet (Fig. 1).

Considering the use of a computer, especially in the
functional agpect, amputee does not need the prosthetic hand
similar to real hand in appearance. Moreover, if only there is
a transmitter which conveys operational inténtions of the
user to'a computer aceurately and smoothly, a physical hand
is not needed for cursor control and keyboard input.
Therefore, if only operational intentions can be- picked up
from some sort of his/her biological signal, an amputee or an
upper limb disorder can use a computer, The purpose of this
research is to develop an alternative computer interface
between a person who has a dysfunction in both handsand a
computer with using myoelectric signals from residual
muscles of him/her, If this system is materialized, it
promotes social reintegration of various types of physically
challenged persons.

ch musele oh | muscle

cht'| Right biceps brachii ~¢h9 | Right friceps surae
ch2 | Right triceps brachii ch10] Lefttriceps surae:
.ch3 | Left biceps brachii chil ] Right pectoralis major
chd | Left _triceps brachii chl2 | Left pectoralis major
ch5 | Right upside trapezius | ¢hl3 | Right middle trapezius
ch6 | Left upside trapexius chid | Left middle apezius

ch7 | Right latissimus dorsi

ch8 | Left latissimus darsi

Amplifier Electtedes

Fig, 3. ZeroWire EMG dveloped by AURION SRL: The electrodes send
registered data to amplifier via wircless protocol,

B. Measurement of Myoelectric Signals from
Various Muscles

Our approach is to register surface myoelectric signals
from electrodes attached on the surface skin at various
muscles. We investigated the ease of outputting the
myoclectric signal at 14 numbers of muscles. The electrode
positions and muscles corresponding with them are shown in
Fig. 2 and Table 1. The diameter of cach clectrode and the
centres distance between pair of electrodes are 14 mm and 30
mim, respectively.

The measurement system named ZeroWire EMG(Fig. 3),
which consists of electrodes and amplifier deviee, utilized for
experiments are shown in Fig. 3. The sampling frequency is
2000 Hz and 10-1000 Hz band pass filter are applied before
the fime series data are transmitted to the PC. According to
the device manual, the time delay from the electrode to the
PC is 20ms. Let £(?) denote the data received at the PC forin
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each instant of time ¢, T denote integral time and m denote
} 1 ber, then the integrated my ic signal iE()
for smoothing is defined as follows,

E" () =%J;’_T|E’" (@)dr. m

Then the i£(t) is normalized with Percent Maximum
Voluntary Contraction (%MVC) method in order to compare
the contraction level of different muscles, different subjects,
and different days of experiment. The value of MVC" is
registered in every experiment. A subject is asked to contract

the indicated les (m) for 2 ds. Then the MVC" is
given from the registered data by follows equation,
1
m_ 1 m

MyC = max Tf_rlE (’L’)ld’l’. )

Finally, a normalized integrated myoelectric signal n£(f)
is given as follows,

E™(f

nE™ () = ( ) x100  [%]. o)

C. Corr de b Muscles and Cursor Actions

P
The requirements of good interface device are that a user

is able to manage it intuitively and that a user can become
accustomed to the usage of it at once. Aiming this,
bl les are experi ily explored to decide

the correspond bety les and cursor actions. A

subject was asked to contract each muscle intentionally in

turn to output myoelectric signal. Saying from the conclusion,

the subject was able to output the signals from all muscles.
However, a subject felt difficulty to output myoelectric
signal at the both side of middle trapezius (ch13, 14) without
ing other les. Besides at the left side pectoralis
major (chll), the electro-cardiac potential (ECP) were
registered strongly and involuntary. Thus these 1

mouse cursor takes action, when the registered nE™(t) of
either cl 1 ds a threshold k. However, this is not
sufficient, because the cursor may take actions with usual
body movements despite user’s intention, and also because
the body moves together with cursor movements. So, we
developed discriminant criteria between operational
intention and motional intention.

3. ‘THE DISCRIMINANT CRITERIA
BETWEEN OPERATIONAL INTENTION
AND MOTIONAL INTENTION

17

A. Operational I ion an

A sequence of motions of human in daily life is realized
by compositional contractions of extremities muscles or
trunk muscles, and is rarely realized by a contraction of an
isolate muscle, Meanwhile, we can contract an isolate muscle
intentionally like a body builder without change our postures.
These facts give us significant hint to design the discriminant
criteria. Basically, we can design the discriminant criteria
that the system detects operational intention when special
myoelectric signal pattems, which are rarely registered in
daily life, are registered. Wherein, we define an operational
intention as a special pattern of myoelectric signals. And any
other patterns of myoelectric signals are defined as motional
intention.

B. The Special Patterns of Myoelectric Signals for
Discriminating Operational Intention
In order to design an intuitive, easy-to-use, dependable
interface system, the special patterns of myoelectric signal
for outputting operational intentions should meet follows
requirements,

should be excluded from the use for the interface.

TABLE2
CORRESPONDENCE BETWEEN THE MUSCLE AND THE CURSOR ACTION

Cursor | Channels
Action ] Muscles
Mqve to | chl, ch2

right Biceps and triceps of right side
Moveto | ch3,chd
left Biceps and triceps of left side
Moveto | chS,ché

up Right trapezius and left trapezius

Requirement I: A user can output the operational
intention easily and can control a mouse cursor
intuitively,

Requirement II: The operational intention should be
d d without changing body posture or body
motion trajectory,

Requirement III: The operational intention should
not be detected when a subject takes usual motions
in order to avoid false operation of mouse cursor.

1

In the section 2B, the correspond between
and cursor actions are already derived from viewpoints of
and intuitiveness for cursor control as shown in

Moveto | ch7,ch8

down Right latissimus and left latissimus
Left click | ch10

Table 2. In this table, the cursor movements of’ right-and-leﬂ
are assngned thh biceps nnd triceps of each side. They are in
of ag - of an elbow joint. The

Left triceps surae

Considering the control of a mouse cursor, 5 isolated
signals are enough (right, left, up, down and click). So we
decided to use the muscles, biceps brachii and triceps brachii,
for right and left mo ; trapezius upside les, for up
movement; latissi dorsi les, for down m
triceps surae muscles, for click achon, as shown in Table 2
Then we organized the interface in such a way that: the

joint angle i is d -d by a total h of these 1

contraction. From the perspective of the energy efficiency,
the  agonist-antagonist muscles rarely  contract
simultaneously in daily life. Briefly, the simultaneous
contraction of the agonist-antagonist muscles is one of the
special patterns of myoelectric signal. So, this combination
fulfils the Requirement 1II. Moreover, we can contract these
muscles with same tension so as not to change the elbow
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angle. This meets the Requirement 1.

‘The eursor up movement is assigned with right and left
trapezius. The simultancous contraction of them is often
observed when & user holds up something with one's hands,
but besides that, it is not often observed. So, the Requirement
111 is roughly satisfied as long as a user is careful sbout it
The cursor down movement is assigned with right and left
latissi The simul contraction of them is rarely
observed unless a user does chin- -up. So, the Requirement I
is satisfied.

Because the both side trapezius and the both side
latissimus are not in relation of agonist-antagonist muscles,
body movements arise, However the body movements are
not so large to affect the ‘one’s posture. So, it can be
considered that the Requirement 11 is satisfied.

The click action is assigned with left triceps surae, In this
study, it is assumed that & user control a PC with sitting on a.
chair or lying in a reclining chair. So, the legs are free and
Requirement 11 and I1] are satisfied.

The condition that the system detects an operational
intension is simultancous contraction of combination
muscles defined above. It means the pair of normalized
integrated myoeleotric signals exceeds the threshold and
defined mathematically as follows,

Aetion on : k< nE"(t), nE™' ()
Action off : others.

@

C. Experi | Evaluation of Discriminant Criteria

1} Experimental Condition: The pwpose of this
experiment is to confirm that the selected wmuscles
combinations meet the Requirement 1, If, and 1L The test
was conducted in two sessions for ecach muscles
combination by a subject sitting on a chair, In the first
session, a subject is asked to rhythmically contract each
muscles combination five times and then keep contraction
of it for 5 seconds. They are for checks of responsiveness
and continuousness. In the sécond session, a subject takes
usual motions likely to confuse the system; arranging a
bookshelf, fidying up a desk, lifting a notebook computer by
both hands, picking a pen up from the floor. This session is
for check how much the system satisfics the Requircmcnts
111, The mtegml time 7'is 100 [ms] and the threshold kis 15
[%MVC] in all test.

2)  Experimental Results: The experimental results of all
muscle combinations are shown in Fig. 4, In the left side
graphs, which are results of first session of each muscles
combination, it is confirmed that the system correctly
detects user’s operational intention. In the right side graph,
it is confirmed that the system is not confused by usual
motions. However, in the case that the subject lifis a
notebook computer by both hands, the system wrongly
detects operational intention (Fig. 5). So, a user is expected
riot to lift something with both hands, when he/she uses the
proposed alternative interface system. Nevertheless, it can
be said that the proposed discriminant criteria meets the
Requirements deseribed in section 3B,

B8 8

nER(Y) e

o B &

kL)

s Time {8} e

Fig, 4. Experimental resulis: The right sides are second sessions; (2) and (4)
are the case of wrranging a ‘bookshelf, (6) is the case of tidying up a desk, (8)
is the case of picking a pen up from the floor,

60

S g

&)
&)
40
Fal

1
s
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Fig. 5. One of the typical results of ihat the systein wrongly detects the
operationat intention, At the beginning, during from 10s to 20s, and around
253, the subject lifts the notebiook computer with his both hand,
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4. OPERABILITY TEST

A. Fitts* lew based operahility test

So as to evaluate the performance of our proposed
alternative interface system more objectively, we have
developed Fitts? law U™ based opembﬂxty test GUI (Fig. 6)
which was ded to two-di ional model in contrast
with the traditional mode! taking one-dimensional model.
Fitts® Jaw is used to model the action of pointing, either by
physically touching an object with a hand or finger, or
virtually, by pointing to an object on a computer screen
using a pointing device. It is, therefore, useful to be aware
of the operability of a new computer pointing device and to
compare it with other computer pointing device, According
o’ Fitts” law, the movement time (MT) of the cursor to a
farget and the task difficulty (ID: index of difficulty) have
the following linear relationship,

MT=a+pfID, (O]
where arepresents the start/stop time of the device
(intercepty and fF stands for the inherent speed of the device
{slope). The reciprocal number of Fis called the index of
performance {IP) in bits per-second and IP represents how
quickly the pointing and clicking can be performed with the
computer pointing device. The equation shows that an
interface with a high IP is better than that with a lower IP,
because a high IP indicates that the device performance is
less affected by a high ID.

The 1D depends on the (), which is equal to diameter
of the target circle in our model, and the distance (D)
between the cursor and the target. The 1D is defined as
follows,

D
ID =1 T+=1 5
ng( +W) (5)

Fig, 6. Fitts” law based test bet GUI

Thus, it is obvious that the task becomes more difficult
as D increases or W decreases. The operability parameter IP
and also the parameter o are determined experimentally in
following section.

B. Experimental condition and subject information

The two-dimensional Fitts” law based test bet GUI is
shown in Fig. 6. Eighty number of cyan colored circle
targets, the size and location of which are random (30 <}’ <
300 pixel), appear in order in the black screen after the
former target is clicked correctly. The MT is measured as
time interval between the former target and the next target.

The test was condueted in two The first

used a mouse interface and second nsed our proposed
interface system, Four subjects (S1-84) with intact limbs
(four males, average 25 years old} voluntcered and sat
comfortably in front of the computer screen showing the test
bed GUIand were instructed to point to and click a circle
target by moving the cursor, Since the S1 developed this
system, he was comparatively habituated to use it. Others
use this proposed mtcrfacc system for the first time.

The cor P! b the ¢t 1 and the
mouse actions are deseribed in Table 2. One trial requests
the subject to click the target cighty times. The subject did
15 trials with our propesed interface and did a trial with
mouse interface, Every trial was done in one day. Then the
system evaluated by 1P,

C. Experimenial results

Some of experimental results are shown-in Fig. 6. Each
graph represents the relationship between the MT and the
ID of the cach trial. From these graphs, the IPs are calculated.
Figure 7 shows the transition of the IP during the
experiment. It is obvious that the subject had progressed
while repeating the practice and that the proposed system is
easy to learn. The maximum scores of the subject 1, 2,3 and
4 are [P=1.873, 1.3, and 1.2, 0.8 respectively.

Table 3 shows a comparison of our proposed interface
systems with other alternative interface systems by the IP
Our proposed s iyste:m outperforins the system proposed in
using BMI, in "™ using forearm myoelectricity.
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Fig. 6. Some of Experimental results plotied on [D versus MT graph
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e OMP"——-&S:;‘H‘:”” LATED STODIES BE {31 Cipriani, C. and Zaccone, F. and Micera, S. and
finger  Myoclectricity  Troposed  Mouse  Mouse Carrozza, M.C., “On the shared control of an
2] [13] method.  ourdata  [13] EMG-controlled prosthetic hand: analysis of user~
e e .
b‘if/s 0386 134 87 600 960 prosthesis interaction,” IEEE Trans. on Robotics, vol.

5. CONCLUSION

This paper proposed an alternative interface system by
extracting a4 human intention from histher surface
electromyogram registered on the skin surface. To realize an
alternative interface system, we developed discriminant
criteria to detect operational intention from various patterns
of myoelectric Slgrmls The criteria are for detecting special
patterns of o ic signals as operational intenti The
special patterns of the signals are consisted of the
simultaneous confraction of agonist and antagonist muscles
of elbow joints, the simultaneous contraction of right and left
of upside ius, and the simult o jon of
latissimus dorst.

- The discriminant criteria were evaluated and were
validated experimentaily. The results show that the system
can be utilized by a user while doing other works except for
lifting something with both hands. Ne’(t, the special patterns
of myoelectric signals are iated with the mo of

[4]

{51

{6}

]

{8]

24, NO. 1, pp. 170184, 2008.

Engeberg, E.D. and Meck, S.G., “Backstepping and
Sliding Mode Control Hybridized for a Prosthetic
Hand,* IEEE Trans. on Neural Systems and
Rehabilitation Engincering, vol.17, NO. 1, pp.70-79,
2009

Kawarnoto, H. and Lee, S. and Kanbe, S. and Sankai,
Y., “Power assist method for HAL-3 using EMG-based
feedback controfler,* IEEE Int. Conf, on Systems, Man
and Cybernetics, vol..2, pp. 16481653, 2003,

Fleischer. C..and H 1, G, “AH Ponekol
Interface Utilizing Electromyography,” IEEE Tmns on
Robotics, vol. 24, NO. 4, pp. 872-882, Aug. 2008,
Englehart, K. and Hudgin, B. and Parker, PA., “A
wavelet-based continuous classification scheme for
multifunction  myoclectric  control,”  Biomedical
Engineering, IEEE Transactions on, vol. 48, No. 3, pp.
302-311, 2001,

Englehart, K. and Hudgins, B., “A robust, real-time
control scheme for multifunction myoelectric control,”

cursor pointer (right, left, up, and down) to organize an
alternative interface systen. The operability of the proposed
interface system was cvaluated with Fitts’ Taw based
operability test bed by four subjects. The results, the best
score of which is IP=1.83, show that the proposed system
overcomes other related studies in IP comparison,

This alternative interface system enables both arms

to utilize a by controlling mouse cursor

more quickly and smoothly so that they get back into

socxety Addxtmnally, the concept, which is taking

ge of resid les, can be applied for other

types of physically challenged parson, such as spinal cord
injury, muscle dystrophy and paralyzed patient.

One of the future works is to develop an auto-calibration
algorithm for normalization of myoelectric signal and for
deciding a threshold k so that a user does not have to do the
MVC based normalization process Hy. I it realized
the usability of proposed system b dr
Another is to develop.a whole system including electrodes,
amplify, caleulator, and connection part for each individual
case of 4 physically challenged person.
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Abstract

fihjectiver To investigate the feasibility of rehabilitation training with a new wearable robot.

Design: Before-after clinical intervention.
Setting: University hospital and private rehabilitation facilities.

Particip : A

{n=8}, musculoskeletal diseases {n==4), and other diseases (n==14),
The patients

Main Functional was

sample of patients {N =38) with Hmited mobility. The underlying diseases were stroke {n==12), spinal cord injuries

d 90- rnmme training with o wearable robot twice per week for 8 weeks (16 sessions).
d with the 10-m walk test (10MWT) and the Timed Up & Go (TUG) 1est, and

balance 4bility was nssessed with the Berg Balance Scale (BBS). Both assessments were performed at baseline and after rehabilitation
Results: Thirty-two patients completed 16 sessions of training with the wearable robot. The results of the 10MWT included significant

were observed, as measured with the TUG st and BBS, the

improvements in gait speed, number of steps, and cad Although §

results were not statistically significant. No serious adverse events were observed during the training,
Conclusions: Eight weeks of rehabilitative training with the wearable robot (16 sessions of 90min) could be performed safely and effeciively,

even many years after thie subjects yeceived their diagnosis.
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Rehabilitation robotics emerged in the 19805 with the aim of using
robotic technology to assist people with movement dysfunction,'
Robotic devices have recently been developed for use in clinical
settings, Tefertiller et al® reviewed 30 articles (14 randomized

controlled trials, 16 nonrandomized controlled trials) that exam-
ined the effects of locomotor training with robotic assistance in
patients after stroke, spinal cord injury (SCI), multiple sclerosis,
tranmatic brain injury, and Parkinson’s discase. The review
the conclusion that Jocomotor training with robotic
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is b ial for imp walking function in indi-
viduals after stroke and SCL® The development of main gait
training machines followed, These machines either involve an
exoskeleton robutic device (eg, Lokomat, LOPES exoskeleton
robot)™* or a robotic device with foot-driven plates (eg, Gait
Trainer GT I, Haptic Walker).*¢ The exoskeleton robotic device is
equipped with programmable drivis-or passive elements that flex
the knees and hips during the swing phase, wherdas with the other
type of robotic device, the feet are plaed an footplates, whose
trajectories simulate the stance and swing phases. Other than
robotic gait training and conventional therapy, another treatment
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appm.mh involves treadmill training thh partial body weight

R

suppon However, this approach const involve-

ment of a physical therapist; and Hly, 3 therapists are
Tequired 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 comimon benefits of robotic gait
training are that it involves repeatedly undergoing sufficient and
aceurate. training for a prolonged period. Lokomat is the first
robotic-driven gait orthosis with electromechanical drives to assist
the walking o of gait-impaired patients on a treadml]l by
supporting the body weight®® H et at'® p
a Lokomat group that received 30 minutes of robotic training with
a control group that received 30 minutes of conventional physio-
therapy. After 4 weeks of therapy, although there was no signifi-
cant difference in walking ability between the groups, the walking
ability in both groups as expressed by functional ambulation

patients. The purpose of the present study was. to investigate the
feasibility of 16-session (8-wk) HAL rehabilitation training for
patients with limited mobility.

Methods
Study design

A quasiexperimental study was used, with measurements before
and after the clinical § tion, The targét population included
patients with limitations in their walking (1o matter the diagnosis,.
the time since the diagnosis, and the patient’s age at diagnosis). The.
protocol of this study was approved by the Institutional Review
Board. of the University of Tsukuba Hospital and was registered
with the UMIN Clinical Trials Registry. The clinical intervention
was conducted at the University of Tsukuba Hospital and Cyber-

ciassification was significantly improved. The h ported

that the Lokomat group demans!mted an advantage for robotic

training over ional physiotherapy in the img of.

gait abnormality and body tissue composition.'® However, in

a recent randomized controlled study’ 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 Jeg were observed in subjects who received therapist-
assisted locomotor training. Thus, the usefulness of robot-
assisted rehabilitation is controversial.

The robot suit hybrid assistive Timb (HALY?'® is 4 new
weamb]e robot that has a hybrid control system composed of
2 subsystems: cybemic voluntary control (CVC) and -cybernic
autonomous control (CAC) (fig 1). The HAL suit has power units
and force-pressure sensors in the shoes. The power units consist of

-angular sensors and actuators on bilateral hip and knee joints,

Muscle action potentials are detected through the electrodes on the
anterior and posterior surface of the wearer's thigh. These various
biologic signals are processed by a computer. The HAL suit can
support the wearer’s motion by adjusting the Tevel and timing of
the assistive torque provided to each joint according to the surface
muscle action potential as well as the pressure sensors. The HAL
suit can enhance the wearer’s motion through the wearer’s muscle
action potential; thus, the HAL suit can appear as an actual
motion. Therefore, if the wearer’s muscle action potential varies,
the wearer's motion varies, too. The HAL training, using muscle
activity, has the potential to intensify the feedback by inducing an
appropriate motion more strongly than standard robot training.
Thus, after HAL training, patients with limited mobility will
improve their walking abilities (gait speed, number of steps,
cadence, or ability to transfer).

Few studies have been conducted to clarify the feasibility of
rehabilitation with HAL. Only 1 preliminary study'® has reported
on the short-term effects of HAL on the walking pattern of stroke

List of abbreviations:
BBS Berg Balance Scale
CAC cybernic sutonomous controt
CYC gybernic voluntary contrel
HAL hybrid assistive limb

MADS loskeletal disnbility I

SCI spinal cord injury

10MWT 10-m walk test
TUG Timed Up & Go

dyne, Inc, in Japan between January 2010 and March 2012. The
patients included in this study. were volunteers. recruited. through
local newspaper advertisements or outpatients at the University of
Tsukuba Hospital. They were mfoxmsd ‘about the aim and design of
this study, and they “subseq ided written, - informed
consent. Informed consent was also obtamed from the patient's
guardian if the patient-was younger than 20 years.

The inclusion criteria ‘were: (1} musculoskeletal ambulation
disability symptom complex (MADS) or the underlying disorders
of MADS, which is a condition newly defined in 2006 by Japanese
medical societies'; (2) requiring physical assistince or assistive
devices in-at Jeast | of the following daily activities: standing up,
sitting down, and walking; (3] ability to understand an explanation
of the study and fo express consent or refusal; (4) body size that
can fit in the robotic suit HAL (height range, 145—180cm;
maximal body weight, 80kg); and (5) ability. o undergo wsual
physical and occupational therapies. The exclusion criteria were
the following: (1) ihadequatel conmﬂied i far disor-

‘ders; (2) inadéc 1y controlled disorders; (3) intel~

lectual impairments that limit thc ability to understand
instructions; (4) moderate to severe articular disovders, including
contracture in the lower E:xtremities:, (5) moderate to seyere
invol ataxia, or impai of p 1 reflex
in the trunk or !he Jower extremities; and (6) severe spzu-mcxty in
the Jower extremities.

Participants

Thirty-eight patients (25 men, 13 womien) were énrolled in this
study (24 outpati 14 volunteers through adverti ). The
mean age = SD of the 38 patients was 53,2£17.8 years (range,
18—81y). Table | summarizes their clinical characteristics. Their
underlying discases were. stroke (10 men, 2 women), SCI (6 men,
2 woman), musculoskeletal diséases (2 men‘ 2 women), and other
di (Parki ’s d)sease, gonado
limb-girdie lar dystrophy,. incl body myosizi& trau—
matic brain injury, disuse syndrom Yy ito

Tympk t of poliomyelitis, and hypoxxc~

o) ! palsy,
1schnn‘uc encephalopamy, 7 men, 7 women). Twenty patients were
able to ambulate independently ‘without any help (n=9) or with
several assistive devices (T-cane, ‘bilateral crutches, or lateral
crateh) (n=11). Eleven patients wers able to ambulate with
several assistive devices and under supervision. Three patients

d human assi ‘to ambulate at least 10m (cases 33, 34,
38), and the remaining 4 patients were unable to zmbulate even
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Fig 1 The robot suit HAL

with assistive devices and human assistance (cases 8, 13, 17, 27).
Al the patients with stroke and SCI were in chronic stages.

Training program

HAL training was administered twice per week for 8 weeks
(16 jons). The 90-minute training sessions consisted of
single-leg motion, a standing and sitting exercise, and walking on
the ground with HAL. For safety reasons, a walking device (All-
in-One Walking Trainer®) with a harness was used. Treadmill
training with mild body-weight support (Unweighing System®)
was also used for some patients, The HAL suit has a hybrid
control system comprising the CVC and CAC, The CVC mode of
the HAL suit can support the patient’s voluntary motion according
to the voluntary muscle activity and the assistive torque provided
to each joint. The CAC mode provides physical sapport-autono-
mously, based on output from force-pressure sensors in the shoes.
This study mainly used the CVC mode, which allows the operator
to adjust the degree of physical support to the patient’s comfort
and gradually reduce support as training progresses.

Gutcome measures

The feasthility of rehabifitation with HAL was assessed by the
number of completers and the amount of time or the number of

herapists needed to impl ining. Patients were asked to
report adverse events during the training period.

The primary were functional ambulation and balance
ability. Functional ambulation was i with a 10-m walk test

(1I0MWT) and a Timed Up & Go (TUG) test. In the 1OMWT,
patients were instructed to walk without wearing HAL on a flat
surface at their self-selected, comfortable pace, Patients began to

the pre- and postintervention Therapists. closely
attended the patients during the 10MWT but did not provide
physical assi For cach the 1OMWT was

performed twice. The faster time of 2 trials was selected for
analysis. In the TUG test, the following actions were timed:
ding up from a dard-height chair, walking 3m, returning to
the chair, and sitting down without HAL. Two trials (each turning
clockwise and counterclockwise) were carried out for each
Balance ability was d with the Berg Balance
Scale (BBS), consisting of 14 tasks, as detailed by Berg et alt®
Each task was scored on a scale ranging from ( to 4 points
(0 indicates inability to complete), and the total score was used as
the index of balance ability. All primary outcomes were assessed
at baseline and after completion of the 16 training sessions.

Statistical analysis

All parametric data are expressed as means with SDs. Paired ¢
tests were used to evaluate differences between the baseline
measurements and outcomes after the 16 sessions. Unpaired 1 tests
were used 10 eval the diff; in el istics of those
who completed 16 sessions and those who did not, An effect-size
caleulation (Cohen d) was used to assess the effect of the training.
Pearson correlation coefficients were used to assess the relation-
ship among outcome measures. Data were analyzed using IBM
SPSS Statistics 18 software,” with the alphas level set at 5%.

Results

A typical 90-minute HAL training session proceeded as follows:

of blood 1 resting heart rate, and walking
pattern (10min); preparation of electrodes aud putting on the HAL
suit {Smin); computer setup (Smin); HAL training (60min,
including resting time during computer operation); taking off
the HAL suit and the electrodes (Smin); and reassessment of
walking pattern (Smin). The net walking time was approximately
20 minutes. Typically, 2 therapists implemented the training: one
supported the patient and the other operated the computer. All
therapists-and related staff had participated in a 3-hour training
workshop conducted by the manufactarer to learn how to operate
the HAL system.

Of the 38 patients (25 men, 13 women), 32 (21 men, 11 women)
completed all 16 training sessions. The mean age & SD of the
32 patients was 53.2::17.3 years (vange, 18—81y). There was
no statistically significant difference in age between those who
completed training and those who did not (54,0£19.8y). It took
10.0:43.1 weeks (range, 8—21wk} to complete 16 sessions. Of
the 6 patients who did not complets the 16 sessions, 2 (cases
15, 21y dropped ow for medical reasons, and 4 (cases 1, 2, 29,
35) dropped’ out for personal reasons (difficulty visiting the
hospital). One medical reason for dropout was low back pain
that developed during the first training session (case 21); the

walk before they reached the starting line of the 10-m di 50
that they could accelerate and attain a stable speed before the test.
To calenlate gait speed (in/s) as a primary outcome, the 10-m

patient withdrew consent at the third session. The other medical
reason for dropout was a relapse (after the second session) of

walking time was d using # bandheld b In
addition, the number of steps berween the start and fiaish line was

d, and patient cadence was caleufated from the walking
time and number of steps. Paticnts were allowed to use their
assistive deviee or lower 1imb orthosts, or both, as necessary. Edch
patient used the same assistive device or orthosis, or both, during

www.archives-pmyr.org

curopathic pain caused by SCI (case 15); the patient withdrew
consent at the fifth session. There were no serious training-
rejated adverse cvents. One stroke patient (case 7) had knee
pain (patellar tendinitis) at home after the 15th session but was
able to complete the 16th session after 1 month of rest. Another
patient with inclusion body myositis (case 31) developed knee
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pain at home after an early session but was able to complete
16 sessions.

Qutcome measures

Functional ambulation was not assessed for 5 patients at baseline
because 3 were unable to ambulate with any assistance (cases 8,
17, 27), and the other 2 patients needed considerable human
assistance to ambulate (cases 34, 38). The other 27 patients had
significant improvements {P<.03) in gait speed, number of steps,
and cadence after the 16-session HAL training (10MWT, table 2).
Improvements in gait speed, number of steps, and cadence are
defined as an incre a d and an i in the
respective parameters. The mean = SD improvements and effect
sizes {Cohen d) in gait spesd, number of steps, and

test) and the BBS (n=32) indicated improvement after the 16
training sessiony, but these improvements were not statistically
sipnificant. The mean & SD decreuse (Cohen 4) in the TUG test
was 6.4::16.4 seconds {d=39). Twenty-one of 26 patients were
faster after training, and 5 patients were slower (cases §, 13, 30,
31, 36) (fig 5). The mean = 8D increase (Colen o) in BBS was
1.9:45.5 (d=.35). Nineteen of 32 patients: had higher scores
compared with baseline; no change was-observed in 6 (cases 12,
17,23, 27, 36, 37), and 7 had lower scores (cases 11, 16, 26, 30,
31, 32, 34) (fig 6)

Discussion

were 09:+.11m/s (d=:82), 3.04.9 steps (d=61), and 6.8£7.1
steps/min (d=.96), respectively. Improvements in gait speed,
steps, and cadence were observed in 25, 18; and 25 patients,

pectively (figs 2—4). W 1 gait speed and cadence were
observed in 2 patients (cases 28, 30). In regards to the number of
steps, we observed no change in 8 patients (cases 3, 5, 16, 25, 28,
30,33, 37) and increased steps in 1 (case 20). Correlation coef-

We i igated the feasibility of rehabilitation using a robot suit
HAL. We demonstrated that HAL rebabilitation could be imple-
mented safely and effectively. Although a few patients developed
lumbar or knee pain during the training, no serious training-related
adverse events occurred. Significant improvements in gait speed,
number of steps, and cadence were abserved, as assessed by the
TOMWT. Improved TUG test and BBS results were also obsérved,
but because of the small sample size of this pilot study, these

ficients for gait speed with number of steps and with cads were
r=.30 (not significant} and r=73 (P<O1), respectively. The
effect sizes for gait speed in patients with stroke (n=9), S8CI
{n=6}, musculoskeletal disease (n=3), and patients with other
diseases (n=9) were 141, .78, 2.43, and .63, respectively. The
results of the TUG test (n==26; case 10 was unable to perform the
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Fig 2 Change in 1OMWT gait speed for 27 patients after HAL
training. Abbreviation: A, osteoarthritis,

imp were not statistically significant. Overall, our
results suggest that HAL rehabilitation has the potentidd to

D! bulation in pati with limited mobility.

Two patients {cases 15, 21) dropped out for medical reasons.
One developed Jumbar pain {case 21), and 1 had a velapse of
neuropathic pain cassed by SCI {case 15). Although it is unclear
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Fig3 Change in number of steps during 10MWT for 27 patients after
HAL training. Abbreviation: 0A, ostéoarthritis.
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Fig4  Change in 10MWT cadence for 27 patients after HAL training.
Abbreviation: OA, osteoarthritis.

whether there was a causal relationship between HAL training and
the pain that developed, the Jumbar pain in case 21 had been
persistent before the HAL training and even after the. training
ended, and the nevropathic pain in case 15 followed a previous
pattern of symp flares iated with | change.
Therefore, it is likely that HAL training did not directly cause the
pain that developed in these 2 cases. Two other patients complained
of knee pain during the teaining period, but this pain was not severe,
and the patients were able to complete the training. Although, once
again, direct causality xs unclear, safe implementation of HAL
rehabilitation requi te caution on the part of therapists and
self -awareness of the part of patients who have Jumbar and knee
pain. Regarding feasibility, approximately 10 mi was

for 2 10 3 therapists to put el des.and the HAL suit on or take

Fig 6 Change in BBS score for 32 patients after HAL training.
Abbreviation: OA, i

that of gait speed with steps (r=.73 vs r=.30). Theretore, the
improvement in gait speed with HAL wraining was mainly brought
about by improvement in cadence. That is, HAL training improved
stride frequency more than stride length, This finding is in agreement
with that of a previous robotic training study.' The effect sizes for
the TUG test-and BBS were smaller than the effect sizes for the
10MWT. This result seems to occar becanse the TUG test and BBS
involve complicated motions such as moving from sitting to
standing, walking and returning, reaching forward, and alternating
feet on each step. The effect sizes for gait speed in 9 patients with
stroke and in 6 patients with SCI wers large (1.41 and .78, respec-
tively). Th , training effecti in patients with stroke and
those with SCI can be expected. The effect size in 3 patients with

loskeletal di was also large (2.43), but the number of

them off the patient. This procedure is a slight inconveni to
address but not a major obstacle to HAL rehabilitation.
Significant improvements in functional ambulation were
observed, and the effect sizes (Cohen ) for gait speed, number
of steps, and cadence were .82, .61, and .96, respectively. The
correlation coefficient for gait speed with cadence was higher than

200 T
. e Str0EE
18 \\ JR—
160 . e DA KRRE
\w
140 ¢ . s OthOES
™.
120 S onguua
% 00
]
2 w
L]
© ]
s N
» S
ESaeenrn
o Baseline Alter the training
TUG

Fig5 Change in TUG test results for 26 patients after HAL training.
Abbreviation: OA, osteoarthritis.
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patients was small, Therefore, further swudies are needed, In this
study, we recruited patients with a wide range of stroke and SCI
severities. Future studies should examine the influence of the
severity of stroke and SCI on the effectiveness of HAL rehabilitation,

Many recent studies have reported the efficacy of robot-
assisted rehabilitation, Yt is very difficult to directly compare
these studies and our study, because of differences in diseases,
severity and du of the disorder, robotic f hads of
intervention, and outcome measures.”® Wirz et al*' reported that
after locomotor training with Lokomat, the 10MWT gait speed of
20 patients with chronic incomplete SCI increased by .1 1. 10m/s
(d=1.10). The number of patients with SCI in our study was
limited to 6, but our results also indicate the efficacy of HAL
rehabilitation for these patients (d=78). Hornby et al'* reported
that after robotic-assisted locomotor training, the gait speed in
chronic stroke patients increased by .07:.07m/fs {d=1.0). Our
results alse indicate the efficacy of HAL rehabilitation for
9 patients with chronic stroke (d==1.41), We conjectured that the
mechanism of this recovery of functional ambulation was due to
changes in plasticity in the spinal cord and supraspinal centers.
Appropriate sensory inputs, such as maximum weight loading,
facilitating proper frunk posture, and hip extension, are essential
for maximizing functional recovery.*® Our experience with HAL
indicates that the HAL-induced motion might evoke the sensory
input, which has & favorable feedback effect on the central nervous
system for a recovery of I fi In addition, even if
a patient’s condition were too severe for medical therapists to

S. Kubota et at

provide adequate rehabilitation training, HAL might still make
adequate fraining possible. HAL is a robotic-device with potential
rehabilitation appli that are dependent on the physical
suppeort it can provide.

Study timitations

This study was not a randomized controlled trial and could not
compare the efficacy of HAL training with conventional rehabilita-
tion. -Second, long-term efficacy was not assessed after HAL
training. Third, this study conld not exclude observer bias and subject
bias because the same staff implemented assessment and training,
and approximately. half of the patients were recruited throtgh local
newspaper advertisements. Finally, the statistical power was low
because of the small number of patients with each disease.

Conclusions

This guasiexperimental study led the feasibility of HAL
training for rehabilitating patients with limited mobility. This
study ‘has shown that it is possible to mavage 8§ weeks of reha-
bilitation. with HAL training (16 sessions of 90min) safely and
efféctively, even with persons who received their diagnosis many
years ago. After HAL significant impro in gait
speed, number of steps, and cadence were observed, Although
improvements were observed in the TUG test and BBS, they were
not statistically significant. There were no serious adverse events,
Further studies are needed to ¢ompare the effectiveness of HAL
training and conventional rehabilitation.
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Feasibility and Safety of Acute Phase Rehabilitation
After Stroke Using the Hybrid Assistive Limb Robot Suit
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Abstract

Acute phase rehabilitation is an important treatment for improving the functional outcome of patients
after stroke. The present cohort study analyzed the feasibility and safety of acute phase rehabilitation
using the hybrid assistive limb robot suit in 22 patients, 7 males and 15 females (mean age 66.6 * 17.7
years). Neurological deterioration, mortality, or other accidents were recorded as adverse events. Base-
line characteristics of each patient were recorded at the first hybrid assistive limb rehabilitation.
Hybrid assistive limb rehabilitation was conducted for 12.1 + 7.0 days with the patients in stable con-
dition. Acute phase hybrid assistive l;mb rehabilitation was performed a total of 84 times with no
adverse events recorded except for orthostatic hyp ion. Good f i £ were obtained in
14 patients. Orthestatic hypotension was observed during the first hybrid assistive limb rehabilitation
in four patients, and was significantly iated with int; bral hemorrhage (p = 0.007) and lower
Brunnstrom stage (p = 0.033). Acute phase rehabilitation using the hybrid assistive limb suit is feasible
and safe. Patients with intracerebral hemorrhage and lower Brunnstrom stage should be carefully

monitored for orthostatic hypotension.
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Introduction

Acute phase rehabilitation is an important part of
the treatment for improving the functional outcome
of patients after stroke in the acute hospital sett-
ing.35888.13-1517) The hybrid assistive limb (HAL) suit
is one of a number of advanced technologies that
have been developed for the assistance of stroke
patients.’?19 This robotic device was originally
designed to support elderly patients with muscle
weakness, and to assist with independent mobility
in people with impaired motor function. However,
whether the HAL suit can be used for the rehabilita-
tion of patients with acute stroke without adverse
complications remains unclear. The present study
investigated the feasibility and safety of the HAL
suit in the rehabilitation of patients in the acute
phase after stroke.
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Materials and Metheds

This prospective cohort study was designed to evalu-
ate acute phase rehabilitation after stroke using the
HAL robot suit in the Department of Neurosurgery,
Fukuoka University Hospital from November 2011
to March 2012. A total of 22 patients, 7 males and 15
females {mean age 66.6 * 17.7 years) were enrolled.
The oldest participant was aged 90 years. The
Fukuoka University Institutional Review Board ap-
proved the study and informed consent was ob-
tained from all participants or their representatives.
The protocol included subjects satisfying the follow-
ing criteria: hemiplegia or ataxia after stroke, height
>120 cm, weight <100kg, Glasgow Coma Scale
(GCS) score >9, systolic blood pressure betwsen 100
and 160 mmHg, oxygen saturation without sup-
plementation >90%, heart rate between 40 and 120
beats per minute, and body temperature <37.5°C.
The limitations of height and weight were deter-
mined by the size restrictions of the HAL suit, as
recommended by the manufacturer (CYBERDYNE
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Inc., Tsukuba, Ibaraki). GCS score <9 was used to
exclude coma status. Nine patients with subara-
chnoid hemorrhage, seven with intracerebral
hemorrhags, and six with cerebral infarction were
enrolled, Vital signs were carefully monitored dur-
ing the rehabilitation. Anthropometry data, vital
signs, time scheduled for HAL rehabilitation, time
after eating, antihypertensive and diuretic medica-
tion, presence of diabetes mellitus, GCS, National
Institute of Health Stroke Scale [NIHSS),
Brunnstrom stage (Br), medified Rankin scale
(mRS), mini-mental state examination {MMSE),
presence of sensory disturbance, presence of neu-
rocognitive  impairment, disease entity (in-
tracerebral hemorrhage, cerebral infarction, and
subarachnoid hemorrhage), and adverse events in-
cluding mortality, neurological deterioration, or-
thostatic hypotension {OH]J, fali, bone fracture, or
skin erosion were recorded. OH was defined as a
decrease in systolic blood pressure of over 20 mmHg
immediately after sitting or standing.

Normally distributed data are expressed as mean
+ standard deviation. Age, systolic and diastolic
blood pressure before HAL rehabilitation, time
scheduled for AL rehabilitation, time after eating,
GCS, NIHSS, Br, mRS, and MMSE were treated as
continuous variables. Sex, antihypertensive and di-
uretic medication, presence of diabetes mellitus,
presence of sensory disturbance, presence of neu-
rocognitive impairment, and clinical entity were
treated as categorical variables. Fisher'sexact test, t-
test, and U-test were used to compars each variable
and OH in the participants. Statistical differences of
p < 0.05 were considered significant, Data analyses
were performed using the SPSS 14.0.] program
[SPSS Inc., Chicago, illinois, USA}

Results

Acute phase rehabilitation using the HAL snit was
performed a total of 84 times (mean 3.8 % 4.1 times).
HAL rehabilitation was conducted over 12.1 & 7.0
days when the vital signs of the patients were stable
(Fig. 1).

Following HAL rehabilitation, two patients had
improved walking and torso posture, 12 patients
could stand with HAL assistance, and two patients
showed no change. Six patients withdrew from the
study due to depression status, inappropriate size of
shoes, and lumbar spondylosis, which prevented
correct fitting of the backpack and mounting of the
gyroscope and accelerometer required for torso
posture estimation {Table 1).

Ne episode of mortality, neurological deteriora-
tion, falling, bone fracture, or skin erosion occurred

EMG biceps vastus biceps vasius

femoris lateralis famoris lateralis
a ; i : }
L

Fig. 1 Pholographs during hybrid assistive limb (HAL}
rehabilitation showing the patient in Brunnsirom stage
X geiting up (loft} and standing upright (vight) with HAL
assistance. Electromyogram (EMG) was detected on the
paralytic side while upright. L: left side, R: right side.

Table 1 Outcomes of hybrid assistive limb (HAL) train-
ing in stroke patients

Outcome No. of cases
Improvement of walking and torso posture 2
Standing with HAL assist 12
No change in activity 2
Refusal of second HAL rehabilitation 6

throughout the acute phase rehabilitation using the
HAL suit. However, four patients demonstrated OH
as an adverse event, which prevented one patient
receiving second HAL rehabilitation. Intracerebral
hemorrhage and lower Br were significantly associ-
ated with OH, as demonstrated by Pisher’s exact test-
and U-test {p = 0.007 and p = 0.083, respsctively;
Table 2). No other variables were associated with
OH (Table 2). Lower Br was not associated with any
of the clinical characteristics (Kruskal Wallis test, p
= 0,268).
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Table 2 Factors correlated with orthostatic hypoten-
sion

Orthostatic hypotension
Factors ~—————————————— p Value
No Yes
No. of patients 18 4
Age (yrs) 66.0(19.0) 69(12.2) 0772
Sex, men/women 612 1/3 1.000
Body mass index 21.2(4.8) 21.0(4.0) 0953

Pre-HAL systolic BP (nmHg) 130.9 (20.8) 129.5 (18.5) 0.800
Pre-HAL diastolic BP (mmHg} 73.4 (13.2) 86.3 (12.8) 0.092
Time scheduled for HAL (hrs}  2:00 pM 1:00pM  0.218

Time after eating (hrs) 3.5(1.3) 3.0(0.4) 0.220
Antihypertensive medication 13 9 0.264"
Diuretic medication 21 1 1.000*
Diabetes mellitus 19 3 0.470*
GCS score 14.1(1.8) 125(1.9) 0.102
NIHSS score 6.9(7.9) 14.8(13.9) 0.094
Brunnstrom stage 4.1 (1.8} 2,0(2.00 0.033
MMSE point 17.8 (11.2) 115 (13.9) 0.338
Modified Rankin scale score 4.0 {2-5) 4.8(0.5) 0.082'
Prssnce of senory B s
Presence of neurocognitive

impairment ® n 3 1.000°
First HAL rehabilitation day =~ 12.7 (7.6)  9.5(2.4) 0.426
T';ﬁ;ﬁn‘:gl‘ rehobilitation 351, 4 5367 0585
Disease entity 0.007"°

subarachnoid hemorrhage 9 1]

intracerebral hemorrhage 3 4

cerabral infarction [ 0

Values in normal distribution are shown as the mean (stan-
dard deviation), and values in non-normal distribution are
shown as the median (minimum-maximum). All variables
were recorded on the first day of HAL rehabilitation. p
Values are calculated by t-test, *Fischer’s exact test, or
*U-test. BP: blood pressure, GCS: Glasgow Coma Scale,
HAL: hybrid assistive limb, MMSE: mini-mental state ex-
amination, NiHSS: National Institute of Health Stroke
Scale,

Discussion

The present study demonstrated that HAL rehabili-
tation is feasible and safe after stroke in the acute
phase. To prevent falls, neurological deterioration,
or any other morbidity, the presence of OH should
be monitored in patients with intracerebral hemor-
rhage and lower Br. An elastic stocking on the para-
lytic side or delaying rehabilitation for a few days
enabled us to continue HAL rehabilitation in three
of four patients with OH. OH has been attributed to
the time after eating, antihypertensive and diuretic
medications, and the presence of diabetes mellitus,
implying the involvement of autonomic dysfunc-
tion.’8 However, we found no significant differ-
ences in these variables between the patients with
and without OH, as only intracerebral hemorrhage

Neurol Med Chir (Tokyo) 53, May, 2013

and lower Br were significantly associated with OH:
Lower Br was not associated with any clinical
characteristic, suggesting that intracerebral hemor-
rhage and lower Br were not confounding factors.
The variable of intracerebral hemorrhage may be an
independent risk factor for OH. The severe degree of
autonomic dysfunction in patients with intracere-
bral hemorrhage is a likely mechanism of OH in the
present acute setting. Further studies with more
cases are required to avoid type II error.

The HAL suit consists of a ‘cybernics voluntary
control system,’ which provides complete control
using bioelectric signals, and a ‘cybernics robotic
autonomous control system,” which generates the
characteristic motor patterns of human motion.?219
The HAL system functions by utilizing several sens-
ing modalities: skin-surface electromyographic elec-
trodes placed on the rectus femoris, vastus lateralis,
gluteus maximus, and biceps femoris muscles,
potentiometers, and a gyroscope and acceleromster
mounted in a backpack for torso posture estimation.
The objective of the HAL suit is to increase and as-
sist the voluntary motor functions of stroke patients.
We found that some patients exhibited electric sig-
nals on the paralytic side, which might have been
facilitated by the HAL suit (Fig. 1). Standing with as-
sistance of the HAL suit in the acute phase may not
only facilitate the recovery of the paralytic side, but
also prevent the non-paralytic side from disuse, al-
lowing patients to have a better quality of life. In-
deed, a prospective study reported that earlier and
more intensive mobilization after stroke may
facilitate more rapid return to unassisted walking
and improve functional recovery.” We expect that
HAL acute phase rehabilitation will also result in
earlier and better recovery. Standing and walking
are also reported to induce plasticity in the spinal
cord network and central pattern generator.”

Age,? depression,® and cognitive impairment*!
are potential negative factors hindering good func-
tional outcomes. In this feasibility study, depression
was the main reason for the refusal of HAL rehabili-
tation. Furthermore, particular attention should be
paid to the presence of OH which can induce falls!®
and result in serious consequences.) The efficacy
and indications of acute phase rehabilitation using
HAL are being examined in a follow-up cohort
study.

Acknowledgments
The patient and physical therapist provided written

informed consent for the use of the photograph in
Fig. 1.

290 T. Ueba et al.

Conflicts of Interest Disclosure

None declared. All authors who are members of The
Japan Neurosurgical Society (JNS) have registered
online Self-reported COI Disclosure Statement
Forms through the website for J]NS members.

References

1) Batchelor FA, Mackintosh SF, Said CM, Hill KD:
Falls after stroke. Int J Stroke 7: 482-490, 2012

2) Bejot Y, Rouaud O, Jacquin A, Osseby GV, Durier ],
Manckoundia P, Pfitzenmeyer P, Moreau T, Giroud
M: Stroke in the very old: incidence, risk factors,
clinical features, outcomes and access to resour-
ces—a 22-year population-based study. Cerebrovasc
Dis 28: 111-121, 2010

3) Bernhardt ], Dewey H, Thrift A, Collier ], Donnan G:
A very early rehabilitation trial for stroke (AVERT):
phase 1I safety and feasibility. Stroke 39: 380-396,
2008

4) Carod-Artal F], Ferreira Coral L, Trizotto DS,
Menezes Moreira C: Poststroke depression: preva-
lence and determinants in Brazilian stroke patients.
Cerebrovasc Dis 28: 157-165, 2008

5) Chan DK, Cordato D, O'Rourke F, Chan DL, Pollack
M, Middleton S, Levi C: Comprehensive stroke units:
a review of comparative evidence and experience. Int
] Stroke Epub 2012 Jul 19

8) Cumming TB, Thrift AG, Collier JM, Churilov L,
Dewey HM, Donnan GA, Bernhardt J: Very early
mobilization after stroke fast-tracks return to walk-
ing: further results from the phase II AVERT ran-
domized controlled trial. Stroke 42: 153~158, 2011

7) Dietz V: Proprioception and locomotor disorders.
Nat Rev Neurosci 3: 781-780, 2002

8) Di Lauro A, Pellegrino L, Savastano G, Ferraro G,
Fusco M, Balzarano F, Franco MM, Biancardi LG,
Grasso A: A randomized trial on the efficacy of inten-
sive rehabilitation in the acute phase of ischemic
stroke. ] Neurol 250: 1206-1208, 2003

8) Drummond AE, Pearson B, Lincoln NB, Berman P:
Ten year follow-up of a randomised controlled trial
of care in a stroke rehabilitation unit. BMJ 331:

10}

11)

12)

13)

14)

15)

16)

17)

18)

491-482, 2005

Feldstein C, Weder AB: Orthostatic hypotension: a
common, serious and underrecognized problem in
hospitalized patients. ] Am Soc Hypertens 6: 27-39,
2012

Jaillard A, Grand S, Le Bas JF, Hommel M: Predicting
cognitive dysfunctioning in nondemented patients
early after stroke. Cerebrovasc Dis 29: 415-423, 2010
Kawamoto H, Taal S, Niniss H, Hayashi T,
Kamibayashi K, Eguchi K, Sankai Y: Voluntary mo-
tion support control of Robot Suit HAL triggered by
bioelectrical signal for hemiplegia. Conf Proc IEEE
Eng Med Biol Soc 2010: 462-466, 2010

Kwakkel G, Wagenaar RC, Koelman TW, Lankhorst
GJ, Koetsier JC: Effects of intensity of rehabilitation
after stroke. A research synthesis. Stroke 28: 1550~
1558, 1997

Kwakkel G, Wagenaar RC, Twisk JW, Lankhorst GJ,
Koetsier JC: Intensity of leg and arm training after
primary middle-cerebral-artery stroke: a randomised
trial. Lancet 354: 191-186, 1999

Langhorne P, Stott D, Knight A, Bernhardt |, Barer D,
Watkins C: Very early rehabilitation or intensive tele-
metry after stroke: a pilot randomised trial.
Cerebrovasc Dis 29: 352-360, 2010

Maeshima S, Osawa A, Nishio D, Hirano Y, Takeda
K, Kigawa H, Sankai Y: Efficacy of a hybrid assistive
limb in post-stroke hemiplegic patients: a prelimina-
ry report. BMC Neurol 11: 116, 2011

Preston E, Ada L, Dean CM, Stanton R, Waddington
G: What is the probability of patients who are nonam-
bulatory after stroke regaining independent walking?
A systematic review. Int ] Stroke 6: 531-540, 2011
Tang A, Eng JJ, Krassioukov A: Application of the
Sit-Up Test for orthostatic hypotension in individuals
with stroke. Auton Neurosci 168: 82-87, 2012

Address reprint requests to: Tetsuya Ueba, MD, PhD,

Department of Neurosurgery, Faculty of Medicine,
Fukuoka University, 7-45-1 Nanakuma, Jonan-ku,
Fukuoke 814-0180, Japan.

e-mail: tueba@fukuoka-u.ac.jp

Neurol Med Chir (Tokyo) 53, May, 2013



A

SICE Annual Conference 2013
September 14-17, 2013, Nagoya University, N

goya, Japan
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Abstract: In order not only to realize the functions of wearable robots, but also to improve the the design of mechanism
and controller, and to establish a safety standard of these types of robots, a method to measure the physical interaction at
the contact sites of robot and wearer is required. To evaluate the physical interaction, we propose a measurement method
based on strain gauge. A basic experiment was conducted to evaluate the proposed method. The proposed method is also
applied to Robot Suit HAL for Well-being to evaluate its interaction with a wearer during several kinds of single joint

motion task. Experimental results show the plausibility of this app

Keywords: keleton, hu hi

1. INTRODUCTION

‘Wearable robots, which support, enhance and extend
human physical capabilities, are expected to be used for
various kinds of purposes, by incorporating adaptability
of computer programming and physical strength of me-
chanical structures[1]. In the field of medical care and
welfare, wearable robots are expected to support physi-
cally challenged persons so that they can, for example,
eat[2] and locomote[3] independently. In rehabilitation
of the impaired motions, they are expected to assist mo-
tions of the affected limbs, as well as helping physical
therapists from repeating many times the burdensome ex-
ercises for functional recovery[4]. Nowadays, interactive
bxo-feedback loop of motion intention and excution and

lized by a ble robot is thought
to be able to play an important role in the neural recovery
of the impaired motions[5]. Care givers may also have
benefit wearing these robots in carrying and moving the
patients{6].

Wearable robots assist motions by applying forces di-
rectly on the wearers body[1]. When they push or pull
each other, interaction force between them are caused at
the contact sites. Measuring interaction force provides
a criteria to evaluate the effectiveness of assist given by
the robot to the wearer, and to evaluate usability, com-
fort, and safety from the wearer’s viewpoint. This gives
critical information to improve the design of mechanism
and controller[7]. It may also lead to establishment of a
safety standard for these types of robots, which is needed
since wearable robots are abundantly developed and even
already used in some clinical situations.

Cuff accompanied with stretching belt is one of the
major methods of mounting robot to human body, since
it is adaptive to the shape of human leg and lessens peak

by widk tact areas. Cuff is used for ex-
ample in HAL[8], LOPES[9] Locomat{4], etc.

In human biomechanics, each body segment is consid-
ered as a rigid body, and motion of it is determined by
the total force acting on it according to the Newton’s law.
Likewise in evaluation of the effectiveness of assist and
support provided by the robot, total force on each body

h for the rent of the interaction force.

interaction, motion assist, force measurement

segment gives the most direct value related to the result-
ing motion. Therefore, we are interested in the amount
and direction of total force at each cuff, instead of pres-
sure at each point in the contact area. De Rossi et al.
[10] has proposed tactile sensors (Skilsens) to measure
the interaction force at the cuff of LOPES, however it can
measure only component of the foces perpendicular to the
sensor surface. There are some proposed methods using
load cells[11]{8], they measure load on robot structure
rather than interaction force at the contact site.

In this paper, we propose a method to measure inter-
action force between robot and human body using strain
gauses installed on the metal frame of cuff. To restrict
the number, location, and direction of the forces applied
on the metal frame, we propose to introduce load bear-
ings of the same number of the strain gause pairs into the
gap between the metal frame and the contacting surface.
In section II, our target robot HAL is briefly depicted.
In section IIT, installation of strain gauges and bearings,
model of strain-foce relationship, and its calibration is de-
scribed. In section IV, a basic experiment to evaluate the
plausibility of the obtained forces is shown. In section V,
the paper is concluded.

2. HAL (HYBRID ASSISTIVE LIMBS)

Robot suit HAL for well-being (Fig.1) is developed
for the purpose of assisting motions of neurologically im-
paired persons[5]{12]. It is composed of power units to
actuate the hip and knee joints on both sides, exoskele-
ton frame to transfer actuation and to support the wearer’s
posture, and several sensors including joint angle sensors,
floor reaction force sensors, and current sensor for each
motor.

HAL has two modes of assistive control; CAC (Cyber-
nic Autonomous Control) and CVC (Cybernic Voluntary
Control). According to situation of the patient, one or
combination of them is applied. In CVC mode, HAL pro-
vides assist according to the bio-electric signal detected
on the surface of the skin, which represents the wearer’s
intention to activate muscle. This method is useful for
augmenting or supporting healthy and lightly impaired

PRO001/13/0000-0401 ¥400 © 2013

SICE Annual Conference 2013
September 14-17, 2013, Nagoya, Japan

Top view

Plastic

Fig. 1 HAL for well-being and its cuff: the cuff is struc-
tared with a metal frame and a plastic plate, and at-
tached to the robot frame. A belt is vsed to wrap
around them and human leg.

person’s motion. CAC mode is for spinal cord injury pa-
tients and stroke patients whose motor center of nervous
System is damaged and bic-electric signal cannot be de-
tected. In this mode, HAL utilizes floor reaction force
and accelerometers to estimate the intention of motion,
and presents pre-planned trajectory.

Cuff of HAL is used to contact thigh and shank of the
wearer to the robot frame for the left and right legs. Its
structure, as shown in Fig.1, has a plastic frame that in-
terfaces with human leg through a thin sponge on it and
a metal frame which keeps the curved shape while bear-
ing the interaction force. They are attached to the robot
frame which transmits motor actuation. The metal frame
is binded between the plastic frame and the robot frame.
A stretching belt is used to wrap around human leg and
the cuff. Strain gauges are attached to measure the bend-
ing of the metal frame, as will be described in the next
section.

3. METHOD

3.1 Model of Cuff Strain - Force Relationship

On a thin cantilevered curved beam, when the thick-
ness is enough smaller than than the radius of the whole
shape, the relation among the bending component of
strain ¢, which can be obtained by the subtraction be-
tween the measured strain on one side(e,) and the other
side(ep)

€= g4 = 6, ®
the applied external force f, and the vector [ starting from
the position of strain gauges to the point where the force
is applied, is given by the following equation

=[x f 1))
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C is a constant representing the local properties of shape
and material characteristics. Strain ¢ is given by the sub-
traction between the two strains measured on two oppo-
site sides at a location on the beam.

Supposing that we have n pairs of strain gauses and m
forces applied on the beam,

Cie; = M(i=1---n) 3
> lx i @
jeqlt)

where M; represents total bending moment working on
the ith strain gauge pair and ¢{7) represents the set of
forces that can apply bendmg moment at ¢ th steain
gauses. Outer product 57  fj is equal to the scalar prod-
uct of di; and f;

M= %" dijfy, )

F€qli)

where d;; is a perpendicular distance between the loca-
tion of strain gauges and the force vector crossing the ap-
plied point, and f; is the amplitude of the force.

By arranging the indexes in eq(5) and considering
eq.(3), we can get the following matrix representation.

Ce=Df, )

where € is a diagonal mauix with C; in the diagonal
components, € is a vector composed of €;, I is a matrix
composed of d;; considering g(4), and f is a vector com-
posed of f;. In practice, values of strain is affected by
the weight of the beam and initial state of the gauses in
attachment, which should be counted as an offset b,

Ce—b=Df %)

By designing the location of strain gauses so that D is
invertible, the interaction forces f can be obtained as,

f=D"Ce~1b) @®

Fig. 2. Placement of strain gauses and load bearings ona
caff of robot suit HAL.
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Fig. 3 Setup in the calibration experiment.

In calibration process, values of strain are obtained cor-
responding to the known applied forces. Using these val-
ues, coefficients of eq.(8) can be computed by regres-
sion. Knowing the coefficients, the equation can be ased

@
&1 /
- e

=

£g-

17 B
2 o~
a —  load
o / = Unload

T T T T T
[ 10 30 40

20
Force [N]

Fig. 5 Hysteresis test to compare the change of strain
with the increasing and decreasing external loads.

As we have discussed in the introduction, we are in-
din ment of total force acting between the

A

to estimate the applied forces according to the i
strains.

However, on cuff of wearable robots, because of the
flexible interface with the human leg like plastic plates
and sponges, the forces are scattered all over the inter-
facing surface, and it is difficult to assume the number,
direction, and applied points of the forces. To deal with
this problem, we would install load bearings between the
metal frame and the plastic plate, in the next subsection,

3.2 Yustalling Strain Gauges onto Cuff

For the derivation in the previous subsection to hold,
the ber, di and applied points of the forces on
the metal frame, on which the strain gauses are attached,
have to be known, For this reason we introduced four
joad bearings between the metal frame and the plastic
plate of a cuff of HAL (Fig.2). In this way, the num-
ber of the forces acting on the metal frame are restricted
to-be the same number as the bearings, the direction is
restricted to be perpendicular to the metal frame, and the
applied points are restricted to be same as the attachment
points of the bearings. By this way, we can apply eq.(8).

a
& 7} -~ 20deg -
g | =~ Odeg -
&7 e 20deg

S g 4 e

Ee

58
8
B o T
o | T

20 2 30
External force [N]

Fig. 4 Linear relationship between the applied external
force and the strain. The external forces are applied
with various amplitude and direction,
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human leg and the robot through cuff. Since we have in-
troduced four bearings, the total force F* is computed as

F=fi+h+f+h ®

By introducing the coordinate frame (z,y) shown in
Fig.2, f; can be written in 2 and y components.

Fo= [t to) £ 10

Considering eqs.(9), (10), and (8), we have

F = TF (€3}
= TP 'Ce~TD™ (12)
= Ade-V, 13)

where 7" is a matrix with t;; and £;, in the components,
and A and b are simplified representation of the coef-
ficients. It shows that the total force F and the bending
strains € have a simple relationship represented by a lin-
ear coefficient matrix with an offset vector. These coeffi-
cients will be calibrated in a basic experiment in the next
section.

Before calibration of the parameters, several basic
characteristics of the strain were tested. Fig.4 shows lin-
earity between the applied external force and the bending

g 1
T4l I\ %
o NG, oz
e 8 N 80%
i .
w3 | 50%
2
- 10%
o o
1 i ¥ ¥ T
0 1 2 3 4 5
Time {s}

Fig. 6 Step response of the strain.
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Fig. 7 Result of calibration: estimated forces can be com-
pared to the real forces. Top: pushing direction. Bot-
tom: pulling direction,

component of the measured strain value (eq.(1)). The an-
gles of the external force conform to the definition in the
next section.

Fig.5 shows the result of hysteresis test, in which
the external force was graduaily increased and then de-
creased with the interval of 0.5[kg]. It shows that there is
no significant hysteresis in the strain value, which allows
simple mapping of the strain values to estimate force.

Fig.6 shows step response of the strain value to the
external force, 3[kg] load was initially applied and at one
moment it was reduced to 1{kg]. In the graph, the value
of strain is pormalized to 0 initial value, and the amount
of change to positive. It shows that the response is fast
enough for our purpose of measuring human walking or
leg swinging.

3.3 Calibration of the Model

To calibrate the parameters A and b’ in eq.(13) the cuff
was attached to a soft cylinder which mimics human leg,
and external forces were applied by pulling the cylinder
into several directions at several aniplitudes (Fig.3).

Parameters of the applied forces were l.amplitude
(from O[N] to 40[N] with 10[N] interval), 2. direction
(pulling and pushing the metal frame), 3. angle (O[deg],
20[deg], -20[deg]). These parameters were applied to
each channel, therefore generating 5x2x3x4=120 sets
of data. Among the 120 sets randomly chosen 80 sets
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Fig. 8 Single joint experiment with HAL, HAL and the
wearer swing the knee joint and the interaction force
at the shank cuff is measured.

weze used for regression, and the resting 40 sets were
used to test the calibration.

The result is shown in Fig.7, The estimated forces are
enough close to the given force shown in gray arrow, in
both of the pushing (Left) and pulling (Right) direction.
Statistically, in the pushing direction, 95% of the error
was less than 1.7[N] and 2.5[deg], and in the pulling di-
rection, it was less than 4[N] and 4.3[deg]. We suspect
that the cause of the difference in the directions may be
the structural difference. For example, the curvatare of
cuff is different between the directions, a plastic plate is
attached only on the inner side of the metal part, and a
belt wraps around the metal pact. It has to be investigated
into more detail in future,

4. EXPERIMENT

We tested the plausibility of the estimated interac-
ton force in 4 situation where a human wears HAL. For
this purpose, single joint motion, where the wearer (one
healthy subject) sits on a chair wearing HAL and moves
his left lower leg around the knee joint, was tested (Fig.8).
Control mode of HAL was either fully autonomous, no
actuation, viscosity compensation or CVC (c.f. section
2). In the fully autonomous mode, it was controlled to
track a pre-planned sine wave trajectory of 0.5[Hz] with
45[deg] amplitude at the knee joint with a comparatively
high feedback gain. In this control mode, the wearer was
asked to swing his leg in accordance with the HAL mo-
tion, earlier than HAL as if to increase the pace of swing-
ing, or later than HAL as if to decrease the pace. In the
other control modes: the wearer was asked to swing his
leg according to 2 metronome Hnging at 0.5[Hz]. Were-
ferred to [13] to design the experiment.

Fig.9 shows knee joint angle, its velocity and the es-
timated interaction force at the shank cuff. Larger joint
angle indicates flexing and positive force indicates push-
ing {ex. HAL pushes human leg into extension). In the
case where the wearer tries to swing earlier than HAL
(Top Left), the interaction force is almost in phase with
the velocity reffecting that the wearer is trying to accel-
erate HAL. Contrarily, in the opposite case (Top Right),
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Fig. 9 Kaee joint angle, its velocity and the interaction force at the shank cuff. Larger joint angle indicates flexion and
positive force indicates pushing (ex. HAL pushes human leg into extension). Top Left: Autonomous control, Wearer
tries to swing earlier than HAL as if to increase pace. Top Right: Autonomous control. Wearer tries to swing later
than HAL as if to decrease pace. Middle Left: Autonomous control. Wearer trdes to swing in accordance with HAL.
Middle Right: No actuation. Wearer swings according to the metronome. Bottom Left: Viscosity compensation
control. Wearer swings according to the metronome. Bottom Right: CVC mode. Wearer swings according to the

metronome,

the force is almost anti-phase with the velocity, since the
wearer is trying to decelerate HAL. In the case of no actu-
ation (Middle Right}, the force is almost in-phase with the
velacity, since the wearer has to exert against mechanical
viscosity. In the other three cases, interaction force was

paratively small, the nature of the motions,
1t is interesting to see that with a healthy sabject viscos-
ity compensation control and CVC do not make much
differences in amplitude, siace his bio-electric signal and
motion is almost synchronized.

Compared to the joint angle and velocity trajectories
which seem to be resembling to each other among the var-
ious control conditions, which is natural after the task was
to swing the lower limb at the same frequency and ampli-
tude, the interactive force varies a lot. It implicates the
importance of measuring the interaction force directly,
For example, inverse dynamics method which computes

405

the interactive force based on kinematic movement is not
appropriate 1o uncover such varation, since the interac-
tive force may not appear in joint motion by being bal-
anced with joint torques of human skeleton and HAL.
Simply put, it is possible that the human leg and HAL
pushing or pulling strongly each other, but still keeping a
static situation. Also, as shown in the results, HAL may
be assisting or preventing the motion of the human leg,
which is very important in evaluating the role of motion
assistive robots.

In this experiment, a simple task of single joint motion
was conducted to evaluate the plausibility of the method.
It was adopted as a test motion because it allows intuitive
interpretation of the estimated forces, At the same time,
this motion has clinically significant implication. In the
treatment course of rehabilitation after damage caused by
stroke or other neural or biomechanical injuries, patients

SICE Annual Conference 2013
September 14-17, 2013, Nagoya, Japan

first go through training of single joint motions lying on
a bed or seated on a chair, before going into the stage of
walking training. Since the robot assisted rehabilitation
is expected to be applicable to the single joint training as
well as walking training, data obtained in this section has
possibility to provide ref for evaluation of clinical
single joint training in a future p ive.

L4

5. CONCLUSION

‘We proposed a method to measure the intraction force
between human and wearable robot based on strain
gauges installed on cuff frame, By this method, total
force of interaction at cuff can be measured at a good
accuracy, without affecting the interaction, whose plausi-
bility was shown in a single joint motion experiment with
HAL and a human wearer. Future work includes applica-
tion to locomotion support and analysis of effectiveness
of assist and safety.
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Abstract. Treadmill training after traumatic spinal cord injury is established as a
therapy to improve walking capabilities in incomplete injured patients. In this
study we investigate walking capabilities after a three month period of HAL®
exoskeleton supported treadmill training in patients with chronic (>6 month)
complete/incomplete (ASIA A — ASIA C) spinal cord injury. We monitored
walking distance, walking speed and walking time with additional analysis of
functional improvement by using the 10-m-walk test, the timed-up-and-go test and
the WISCI II score in combination with the ASIA classification.

1 Introduction

Previous studies have confirmed that regular treadmill training can improve walking
capabilities in incomplete spinal cord iniurv patients [1-41. Over the last ten vears.

1 Introduction

Previous studies have confirmed that regular treadmill training can improve walking
capabilities in incomplete spinal cord injury patients [1-4). Over the last ten years,
driven gait orthoses have been applied for such treadmill training in order to move
the patient’s legs continuously and physiologically [5-7]. However, such training
requires extensive resources, is locally limited to the treadmill, does not allow
supported walking abilities outside the driven gait orthoses attached to the treadmill,
and is limited only to passive motion of the legs. More recently, various exoskeleton
systems for paraplegic patients became available, which allow patient mobilization
outside the treadmill, though, mainly on a basis of passive range of motion (ROM).

" Corresponding authors.
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The HAL® Robot Suit (Cyberdyne Inc. Japan) however, additionally allows
voluntary machine supported active ROM (CVC mode) of incomplete paraplegic
patients by using minimal bioelectric signals recovered from hip and knee flexors
and extensors [8-10]. The goal of this study is to evaluate initial functional results in
chronically complete/incomplete paraplegic patients after using the supported active
ROM mode of the HAL® Robot Suit Exoskeleton.

2 Material and Methods

2.1 Subjects

We have investigated four patients (35 years to 62 years of age; 3 males and 1
female) with chronic (time since injury > 6 months) paraplegic spinal cord injury
participated in the HAL® Robot Suit training for a three months period. One
patient suffered from incomplete thoracic spinal cord injury (ASIA C), two
patients from an incomplete lesion of the conus medullaris / cauda equine (ASIA
B/C), and one complete paraplegic patient below Th 12 with zones of partial
preservation in L1-L3 (ASIA A).

il

2.2 Treadmill Associated Measuremenis

Walking distance, walking speed and walking time when wearing the robot suit
were measured on the treadmill at the beginning of the training, as well as after 6
and 12 weeks. Also the body weight support was measured.

2.3 Functional Measurements

To describe the functional improvement we did the 10-m-walk test before and
after each training. The timed-up-and-go test was done once a week. By using the
WISCI I score the needed support was documented.

2.4 Others

Additionally we measured individual spasticity of one patient with the modified
Ashworth scale. The muscle strength according to the Frankel scale was recorded
although as the ASIA score.

3 Results

During the training period, initial body weight support when wearing the HAL®
robot suit could be reduced from 30% body weight to 15% (3 patients) and
0% (1 patient) of body weight. The walking distance when wearing the robot
suit with voluntary machine supported active motion (CVC mode) increased
significantly from 62 m -~ 216 m to 260 m — 1153 m after three months of training
(as shown in Fig.1).
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Walking distance

distance {m}

¥ig. 1 Walking distance in pre and pogt evaluation

The walking speed increased from 0.7 km/h up to 2.2 — 2.8 ka/h. Only one
patient with spasticity had no improvement.

The walking time increased also from 12.09 - 18.14 min. to 18.01 — 30.03 min.

The needed time for the 10-m-walk test was significantly reduced in three
patients from 56.82 — 72.02 sec. to 16.50 — 27.44 sec.

All patients showed reduction of the needed time for the umed»up-and-ﬁo test
(31.22 - 82.03 sec. 10 34.22 sec. — 74.06 sec.)

After the HAL® exoskeleton training the spasticity in one patient was reduced
from Ashworth IV to Ashworth IL

Two patients were able to reduce the support in the 10-m-walk test, measored
with the WISCIIT score. The score increased from 6 to 9 points after 12 weeks (as
shown in Fig. 2).

One patient (date of injury 25.05.2011) switched from ASIA B (24.02.2012) 10
ASIA C (03.06.2012). In the other patients we found no significant increase in
muscle strength.

236 ' M. Aach et al.

4 Discussion

Our preliminary results present in all patients significant increases in. their
functional abilities already after a three months period of active training using the
HAL® robot suit in a CVC mode. Not only the treadmill associated walking and
the on ground walking increased. Although an improvement in the WISCI II score
and a switch in the ASIA classification were shown in some patients. These results
have to be evaluated against the background that all patients were chronic spinal
cord injured and were already on a constant functional level after intensive
standard neuro-rehabilitation training.

5 Conclusion

Treadmill training using the HAL® exoskeleton might be a useful innovative
training in chronic SClI-patients. However, these promising preliminary results are

- only descriptive and must be confirmed in a larger group of patients, allowing

detailed statistical analysis before further conclusions can be drawn.
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Abstract. Training leads to increased neuronal excitability, decreased inhibition
and different types of neuronal plasticity. Most studies focus on cortical plastic
changes after cerebral lesions or in healthy humans. In this study, we mvesuoate
cortical excitability and plastic changes after a three month period of HAL®

exoskeleton supported treadmill training in patients with chronic incomplete
spinal cord injury by means of electrophysiological measurements and functional
magnetic resonance imaging. Here we report preliminary results of four patients.

1 Introduction

Recent studies have confirmed that regular treadmill training can improve walking
capabilities in patients with incomplete spinal cord injury (SCI). In the last ten
years, driven gait orthotics have been used in treadmill training to move the legs
of patients in a physiological way. Now exoskeletons for paraplegic patients are
available. In a pilot study, the exoskeleton HAL® (Cyberdyne, Japan) was used in
treadmill training with bodyweight support. The HAL® system records voluntary
electromyographic activity with surface electrodes from the extensor und flexor
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muscles of hip and knee, and then actively supports the voluntarily initiated
movements.

In the somatosensory and motor cortex of patients with SCI, large-scale
somatotopic reorganization was demonstrated in a large number of studies [1-6].
For example, Henderson et al. investigated 20 subjects with complete thoracic SCI
[7]. SCI resulted in significant primary somatosensory cortex (S1) reorganization,
with the little finger representation moving medially towards the lower body
representation. Furthermore, although SCI was associated with gray matter volume
loss in the lower body representation, this loss was minimized as reorganization
increased. As analyzed by diffusion tensor imaging, the authors postulated that S1
reorganization resulted from the growth of new lateral connections, and not simply
from the unmasking of already existing lateral connections.

Considering these results, we hypothesized that treadmill training with the
exoskeleton HAL® would lead to plastic changes in the primary somatosensory
cortex of patients with incomplete chronic SCI as assessed by functional magnetic
resonance imaging (fMRI). Moreover, plastic changes were expected to be a result
of increased inhibition as assessed by somatosensory evoked potentials after
paired-pulse stimulation of the median nerves.

Here we report preliminary results of the first four patients with chronic SCI,
who participated in the HAL® training for a three-months-period.

2 Material and Methods

2.1 Subjects

We investigated four patients with chronic incomplete SCI with a time since
injury of more than 6 months. One patient suffered from incomplete thoracic SCI, -
three patients from an incomplete lesion of the conus medullaris / cauda equina.

2.2 Electrophysiological Measurements

All patients underwent standard electrophysiological measurements with motor
evoked potentials, somatosensory evoked potentials and nerve conduction studies
before and after three months of training.

To assess changes of excitability of somatosensory cortex, we applied a paired-
pulse electrical stimulation protocol to the median nerves while recording SEPs
from the right and left S1, respectively. The stimulation protocol consisted of a
single pulse (pulse duration 0.2 ms) followed by a paired pulse (pulse duration 0.2
ms, ISI 30 ms) delivered transcutaneously via a block stimulator located above the
median nerve at the wrist at a frequency of 3 Hz. Stimulation intensity was 2.5
times of each patient's individual sensory threshold and was accompanied in all
patients by a small muscular twitch in the thenar muscles.
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SEPs were recorded using an electrode over the left and right S1, located 2 cm
posterior to C3 and C4 (CP3 and CP4) according to the International 10-20
system. A reference electrode was placed over midfront (Fz) position. SEPs were
recorded in epochs from 20 ms before to 200 ms after stimulus onset with a 32~
channel amplifier (bandpass filter, 100-2000 Hz; Brain AMP MR; Brain
Products) and stored for off-line analysis. For each single- and paired-pulse
stimulation, 800 stimulus-related epochs were recorded. Peak-to-peak amplitudes
of the cortical N20-P25 SEP components were analyzed. Paired-pulse suppression
was expressed as a ratio (A2s/Al) of the amplitudes of the subtracted second
(A2s) and the first (A1) N20-P25 peaks. Amplitude ratios < 1 indicate paired-
pulse-suppression while ratios > 1 represent paired-pulse facilitation.

2.3 Functional MRI Scan

fMRI studies were conducted in a 3 Tesla scanner using a 32-channel head coil
(Achieva 3.0T X, Philips Healthcare). Blood-oxygen level-dependent (BOLD)
images were obtained with a SpinEcho EPI sequence (TR 3200 ms, TE 35 ms, 224
mm “field of view”’, 3 mm slice thickness, voxel 2 x 2 x 3 mm). During the scan,
tactile stimuli were delivered simultaneously to the three phalanges of the second
digit of both hands using an airpuff device. A total of 480 stimuli were applied to
each side at a frequency of 1.25 Hz. Preprocessing and analysis of the event-
related fMRI data were performed using SPM8 (Wellcome Trust Center for
Neuroimaging, University College London, UK). Functional imaging data were
corrected for slice-timing and head motion.

2.4 Treadmill Training with HAL®

All patients performed daily treadmill training with the exoskeleton HAL®
(Cyberdyne, Japan) and body weight support for a three month period. Training
was supervised by a physiotherapist and a medical doctor.

3 Results

After three months of training, which led to a significant functional improvement
in all patients (results are presented separately at this conference), we found an
increased paired-pulse inhibition of somatosensory evoked potentials in both
hemispheres following median nerve stimulation at the wrist (as shown in Fig. 1).
This increased inhibition was accompanied by a reduced S1 activation of the
activated area in both hemispheres after tactile stimulation of the index finger (as
shown in Fig. 2). Standard electrophysiological measurements did not differ
between pre- and post-conditions (not shown).
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Fig. 1 Mean paired-pulse ratios are plotied for both hemispheres contralateral to the
stimulated hand. After exoskeleton training period (post), the patients show decreased
amplitude ratios compared with the baseline (pre).
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Fig. 2 Functional magnetic imaging data of one paticnt show a decreased activation in the
somatosensory cortex during tactile stimulation after exoskeleton HAL® training.

4 Discussion

These preliminary results show plastic changes in the brain, which accompany the
functional improvement in these four patients. Since standlard electrophysiological
parameters (MEP, SEP, nerve conduction studies) did not change after three
months of training, the results suggest that cortical plastic changes due to improved
use of the remaining intact spinal connections, rather than regeneration of the
lesioned spinal connections might be responsible for the functional improvement in
these patients.

5 Conclusion

Treadmill training using the exoskeleton HAL® seems to be a useful innovative
training method for chronic paraplegic SCI patients. However, so far these



