Methods

Subjects

In all, 10 SCI patients who met the following criteria
participated in this study: (i) injured at thoracic level,
(i) complete motor paralysis in the lower limb muscle
(ASIA classification; grade A or B), (iii} no history
of cardiorgspiratory disease. All patients were at least 6
months since time of injury, with time since injury
ranging from 8 to 32 months (Table 1). Each subject
gave his or her informed consent to the experimental
procedure, which was approved by the local biological
ethics commitiee of the National Rehabilitation Center
for the Persons with Disabilities (NRCD).

Orthotic gait training

All patients had undergone a standard rehabilitation
program, consisting of muscle stretching, balance
training, and transfer activity, and participated in
orthotic gait training with a weight-bearing control
orthosis (WBC) or advanced reciprocating gait orthosis
(ARGO). Eight of 10 patients have kept the orthotic gait
training for 15 weeks, and the other two patients have
kept for 10 (patient E) and 4 weeks (patient G),
respectively. Although there is individual variation, in
many cases, lower thoracic level of paraplegic patients
could walk after 10 weeks of gait training independently,
while it needs more practice for higher thoracic level
- of patients. After the training period, each subject could
perform the orthotic gait (patients F and G still required
light support to avoid falling) independently, and were
able to walk continuously for at least 20 min.

Apparatus

Appearance and sequential picture of walking with WBC
and ARGO were shown in Figure 1. The mechanical
features of the WBC: have been fully described else-
where.' "2 This orthosis consists of a rigid frame that
supports the user’s body weight, a special hip joint device
that reciprocally propels each leg forward, a gas-powered
foot device that varies the sole thickness of the device for
foot/floor clearance, and a control system of the orthosis.

Table 1 Characteristics of the patients
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As a whole these mechanical features enable a user to
ambulate at a faster speed and with less energy
expended.® The ARGO also has a special hip joint
device named ‘hip driving cable’ which connects both
sides of the leg frame. With this device a torque exerted
by the right {Jeft) hip joint is mechanically transmitted to
the left (right) hip joint, resulting in the torque to the
opposite direction excerted by the left (right) hip joint.

FPhysical intensity during orthotic gait

On a separate day, cardiorespiratory responses at rest
and during orthotic gait were measured. Subjects were
asked to abstain from alcohol and caffeine for at least
12h before the experiment. The temperature and
humidity on the experiment were 23.5+42°C and
68.3+3.3%, respectively, The experimental procedure
was as follows: Smin at rest in the sitting position,
20min of continuous walking at the most comfortable
speed. The cardiorespiratory parameters at rest and
during walking were measured continuously with a
telemetric device (K4 Cosmed, Italy) and were analyzed
in real time. The telemetric device consists of a
transmitting unit, a face mask to sample the expired
gas, a heart rate chest strip, a battery, and a receiving
unit. The following cardiorespiratory parameters were

‘Weight bearing control orthosls (WBC)-

¥igure 1 - Appearance and sequential picture of walking with
weighit-bearing control orthosis (WBC; above) and advanced
reciprocating gait orthosis (ARGO; below)

Age Height Weight Duwration of paraplegia

Patient Sex (years) {cm) (kg) Lesion level Grade of ASIA (months) Orthosis
A M 28 173 63 Th8 A 12 WBC
B M 27 175 60 - Th10 A 10 WBC
C M 22 175 68 Thl2 A 8 WRC
D M 21 167 46 Thi2 B 32 WBC
E M 36 178 73 Thil A 20 - ARGO
F M 19 175 53 Th5 B 24 ARGO
G F 26 156 45 Thl0 A 13 ARGO
H M 30 178 67 Th12 A 13 ARGO
1 M 34 165 54 Thé A 23 ARGO
J M 168 65 Th8 A 26 ARGO

23
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obtained: oxygen uptake (Vo,} and heart rate (HR).
Walking speed in the steady state during walking and
rating of perceived exertion (RPE) score were also
recorded. After the experiments, the energy consump-
tion and walking energy cost were calculated. The terms
adopted were those. of Nene and Patrick® and calcula-
tions performed aceording to their protocol:

Energy consumption (J/kg/s)

_ Ambulatory min Vo,(ml/min)

Weight (Kg)x60 *K

Energy cost {J/kg/m}
_ Ambulatory min Vg,(ml/ min)
- Speed (m/ min)x60

where K=20.19J/ml, since 1ml Qy=4.825cal and
Tecal=4.1841.

XK

NK cell activities :

Blood samples were drawn from an antecubital vein
with the patient in the seated position before and just
after orthotic gait exercise. The exercise consisted of
20min of continuous walking at the most comfortable
speed in the inside of the hospital ward.

NK cell activity was determined by (superscript: 51)
Cr-release cytotoxicity assay using the K562 cell-line
which derived from cells with chronic myelogenous
leukemia as targets, and calculated using the following
formula: %NK cell activity={(experiment mean —
spontaneous mean)/(total mean — spontanecous mean)}
4 100. In all NK cell activity testing, percent of
spontaneous release was less than 5% of total release.
Eifector:target (E:T) ratios used were 20:1. Controls
included cultures of untreated cells (spontaneous re-
lease) and cells treated with 3% sodium dodecyl sulfate
(SDS) (total release).

Table 2 Physical intensity during orthotic walking

Statistical analysis )

Values are given as the mean+SD. Statistical difference
in NK cell activity between pre- and postexercise was
tested by paired z-test. Significance was accepted at
P<005.

Results

Physical intensity during orthotic gait

The average walking speed during orthotic gait was 18.
(1 1+2.22m/min. Eight of 10 patients were able to walk
continuously, without stumbling, for 20min. Table 2
shows the cardiorespiratory responses, energy consump-
tion, energy cost, walking speed, and RPE during
orthotic gait. During walking, cardiorespiratory para-
meters clearly showed a significant increase compared
with resting rate. The steady-state value of the Fg,
ranged from 1420 to 24.83ml/kg (average va-
lue=18.13+3.92ml/kg), and HR was 99.2-166.4b/
min (average value=142.53 +19.84 b/min). The energy
consumption and energy cost during walking were
5.94+1.16J/kg/s and 19.63+5.04J/kg/m, respectively.
The RPE score just after exercise ranged from 13 to 19
(median value: 15).

NK cell activity

The average value of NK cell activity in the SCI patients
at rest (12,745, 28; ranging from 7.6 to 23.4) was
remarkably lower than the standard value in the healthy
nondisabled persons (32.9415.8). Nine &f 10 patients
showed enhancement of NK cell activity in response to
the 20min of orthotic gait exercise. The total average
value of the postexercise NK. cell activity was signifi-
cantly higher than that of the pre-exercise {pre versus
post; 12.7+5.28 verses 17.76+6.71, P<0.05, Table 3,
Figure 2).

Energy consmption

Vo, (mlfkg) HR (beatimin) Energy cost Walking speed RPE score
(Jlkgls) (J{kgfm) (mfmin) (unit)
Patient Rest Exercise Rest Exercise
8.84 17.39 . 846 154.0 5.85 17.55 20 15
6.76 14.67 104.4 1329 - 4.94 16.45 18 15
4.57 18.05 96.0 145.1 6.07 16.56 . 22 13
6.71 15.62 78.3 131.5 5.26 17.19 18 13
8.29 21.14 104.1 166.4 7.11 29.06 15 19
6.78 24.20 62.11 132.5 8.14 26.22 18 17
6.70 16.01 40.1 99.2 5.39 16.12 20 13
9.75 24.83 81.0 143.6 8.35 2933 17 17
5.80 15.19 107.8 163.0 511 19.67 16 17
Mean 7.03 18.13 85.18 142.53 6.10 20.61 18.01 15 (median)
SD 1.53 3.92 21.23 19.34 1.32 5.49 2.22 -

Spinal Cord



Table 3 NXK cell activity in pre- and postexercise

Patient Pre Post A% Pre}
A 10.1 14.4 142.36
B 11.3 14.6 129.19
C 234 27.1 115.87
D 18.0 194 107.78
E 98 17.3 176.53
F 18.3 16.6 90.71
G 9.3 30.8 331.18
H 7.6 11.6 152.63
I 11 17.3 157.27
I 8.3 86 103.61
Mean 12.70 17.76 150.71
-SD 5.28 6.71 68.87
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Figure 2 Natuoral killer (NK) cell activity in response fo
20 min of orthotic gait exercise. Thick and thin lines indicate

the total averaged (n=10) and each subject’s valne, respec-
tively. NK cell activity was represented by an E/T ratio (20:1)

Discussion

In the present study, we aimed to examine the effect of
orthotic pait exercise on the NK cell activity in SCI
patients. The main observations made here were as
follows: (i) the NK cell activity in SCI patients was

remarkably lower than the standard value in healthy

persons; (i) the NK cell activity was significantly
increased through 20min of orthotic gait exercise, and
(iil) the one patient who showed decrement of NK cell
activity in response to exercise had an injury of the
highest level (Th5) and showed the higher energy cost
during orthotic gait exercise.

Previous investigations have reported that SCI was
accompanied by depression of immune system including
decrement of NK cell activities.® These findings, taken
together with the fact that paraplegic patients have
significantly reduced Vo, peak values as a consequence
of th¢ reduction in the daily activity levels,°
that the decrements of NK cell activity may be the result
of limitation of the patient’s physical activity.

Because immune resistance is generally regarded as an
essential factor for health care, it is conceivable that
enhancement of immune function is important for SCI

sugpest
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patients to maintain decent physical condition. In this
regard, many investigations have reported the possibility
of enhancement of immune function through moderate
exercise not only in normal persons™™® but also in SCI

patients.! Kliesch er al® demonstrated restoration of

immune function through rehabilitation therapy in
treated subjects by comparison with those not receiving
treatment. The present result of exercise-induced en-
hancement of NK cell activity is in good agreement with
these reports. In the present study, the steady-state value
of the Vo, during orthotic gait was 18.13+3.92ml/kg,
and HR was 142.53 + 19.34 b/min (Table 2). The level of
physical intensity implied by these values was considered

to be suitable for promoting the general health of SCI

patients. Further, all of our subjects, with the exception
of patient F, conld walk for a considerable time and
distance without exhaustion, It is therefore considered
that the enhancement of NK cell activities was the result
of the suitable aerobic condition during orthotic gait.

Finally, we considered why only patient F showed a
decrement in the NK cell activity in response to the
orthotic gait exercise. As mentioned above, this patient
showed the higher energy cost during orthotic gait and
had the highest level of injury in all eight patients. The
orthotic gait for SCI patients requires compensatory
motion of the residual trunk and upper limbs to swing
the paralyzed leg.'*!?® Patient F, who was injured at
Th5, could not contract his trunk muscles due to motor
paralysis. Consequently, the excess erergy expenditure
and burden on his upper limbs made it impossible for
him to achieve suitable exercise intensity for enhance-
ment of immune function during orthotic gait. His
higher RPE score (19: very very hard, Table 2) reflects
greater energy consumption than that of the other
patients during orthotic gait.

To date, many researchers have reported extremely
high-energy requirements of orthotic gait.%!*1
Although many devices have been developed to improve
this problem to date, it is still unknown whether the
orthotic use contribute to facilitate the health care for
SCI persons. The present result provides evidence of the
effectiveness of the orthotic gait exercise for promotion
of the general health of these SCI patients. However, the
question remains whether regular exercise training leads
to chronically elevated NK cell activity. Further study
will be needed to clarify this issue.
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Abstract This is, to our knowledge, the first report
demonstrating the effects of orthotic gait trainihg on the
activity of the spinal focomotor neural networks. Three
subjccts with complete spinal cord injury (SCI) performed
1-h training with reciprocating gait orthosis 5 days/week
for 12 weeks. The results showed that after 3 (»=1) or
6 weeks (n=2) of training, EMG activities synchronized
with locomotor rhythm appeared in the soleus muscle
(SOL) in all subjects, although very litle EMG activity
accompanied the orthotic gait at the early training stage.
Qur results suggest that the induced modulation in the
SOL EMG waveforms might be attributable to changes in
the orthotic gait movement pattern, and/or changes in the
interneuronal activities of the spinal locomotor neural
networks, as a result of orthotic gait training,

Keywords Spinal cord injury - Locomotion - Gait
orthosis - Plasticity

introduction

It has heen well established that the human spinal cord has
the potential to generate the basic locomotor pattern by
interaction of the locomotor neural networks and periph-
eral sensory information concomitant with limb move-
ments (Harkema et al. 2000). For example, several
researchers bave demonstrated that in severe spinal cord-
injured (SCI) subjects, locomotor-like coordinated elec-
tromyographic (EMG) activity can be induced in paral-
yzed lower linb muscles by passive stepping on a moving
treadmill with partial body-unloading (Dietz et al. 1994,
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1995; Dobkin et al. 1994; Wemig et al. 1995). However,
the nature of the neural networks involved in generation of
locomotor EMG activities in SCI persons is not yet fully
undesstood.

During a specific type of upright walking with gait
orthosis called weight bearing control orthosis {(WBCO)
(Yano et al. 1997), modulation of lower leg-muscle
activities that synchronize with that particular locomotor
cycle can be induced (Kojima et al. 1998). Because the
WBCO gait, like other reciprocating gait orthoses, is a
“stiff-leg” gait, i.e., a gait with the knee locked m full
¢xtension and the ankle in a neutral position, the afferent
information thought to primarily contribute to inducing the
locomotor-like EMG activity would be associated with
hipjoint movement and load on the leg (Dietz et al. 2002},
This in turn might mean that use of the orthotic gait would
allow us to investigate the contribution of the involvement
of hip extension/flexion movement or load on the leg to
generation of locomotor-like EMG modulation, specifi-
cally in the “lower leg” muscles, which are remote from
the hip joint. However, in our experience, little EMG
activity appears during the WBCO gait when the user is
not well trained, whereas it has been demonstrated in a
well-trained SCI subject that locomotor-like EMG is
observed (Kojima et al. 1998), These empirical observa-
tions might be explained as follows: (1) affervnt inputs
concomitant with limb movements would not be sufficient
to evoke locomotor EMGs during the untrained orthotic
gait; and (2) the orthotic gait training induces an alteration
in intemeurcnal activities in spinal neural networks, which
would generate the locomotor EMIG even when the pattern
and amount of afferent inputs are the same. To test these
possibilities, we first had to longitudinally evaluate
changes in EMG activities in paralyzed muscles, and to
relate these EMG changes with gait-motion changes
during the time course of training, The purpose of this
study, therefore, was to clarify: (1) whether alteration in
the EMG activities in the lower leg muscles occurs during
the time course of orthotic gait training, and (2) the
relation between the EMG activitics and kinetic/kinematic
alteration of the gait motion due to the training,
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Materials and methods

Subjects and orthotic gait training

Three clinically complete paraplegic men (22-28 years; 60-68 kg;
173-177 cm} with traumatic spinal cord injuries (Th8-Th12)
voluntarily participated in this study. The physical characteristics
of the subjects are shown in Table 1. The American Spinal Injury
Association (ASIA) impairment scale was used for the clinical
assessment of subjects, and in each case the sensorimotor functions
were classified as A, which means no motor or sensory function
below the level of the lesion: The subjects gave their informed
consent to the experimental procedures, which were conducted in
accord with the Helsinki Declaration of 1975 and approved by the
ethics committee of the National Rehabilitation Center for the
Disabled, Tokorozawa, Japan. The long brace reciprocating gait
orthosis, the WBCO, was used for the training. The subjects

" performed orthotic gait training with WBCO for 12 weeks, at
1 how/d for 5 days/week. The mechanical featuzes of the WBCO
have been fully described elsewhere (Yano et al. 1997; Kojima et al.
1998). In short it has two specific features that the other existing gait
orthoses do not have. The first one is a special gas-powered system
to control the foot sole thickness. It can switch the sole thickness
depending on the gait phase; when a leg is swinging forward, the
sole of this particular leg is held at the thinner position; and just
before the heel strikes; the sole gets changed to the thicker position,
With this system a user can swing their legs easier without leaning
the body sideward to miake a clearance between a foot sole and floor,
The second one is a special hip joint device. With this device a
torque exerted by the right (left) hip joint is mechanically
transmitied to the left (vight) hip joint, resulting in the torque to
the opposite direction exerted by the left (right} hip joint. This
systern assists each leg to reciprocally propel forward. As a whale
these mechanical features eriable a user ambulate at faster speed and
with less energy expended (Kawashima et al. 2003),

Experiments

To evaluate the kinetic and kinematic changes in the orthotic gait
motioti during the course of training, the gait motion was measured
willt a three-dimensional motion-analysis sysfem (VICON373,
Oxiord Metrics, UK). The motion-analysis system consists of a
conventional video-snalysis system with seven cameras and Kistler
force plates. The force plates, sized 160%450 cm, consisted of two
80x200 cm plates and four 40%250 cm plates. These separate force
plates enable us to measure ground reaction forces (GRF) under the
feet and canes on both sides, separately. The orthofic gait motion
was recorded along with electromyographic (EMG) activities in the
right soleus (SOL} and tibialis anterior (TA} muscles. EMGs were
recorded by two surface clectrodes (Ap/AgCl, 0.8 cm diameter)
attached along the muscle fibers over the belly of each muscle and
set at an interelectrode distance of 0.5 cm. The EMG signal was
detected by a bipolar differential amplifier with upper and lower
cutoff frequencies of 50-3000 Hz. Very thin elastic nylon bandages
were used to firmly hold both electrodes and lead lines to the body,
preventing any small displacement of electrodes and lines that might
cause artifacts. These measurements were camied out three times
(after 1, 6, and 12 weeks) in subject A; six times (after 1, 2, 3, 4, 10,
and 12 weeks of training) in subject B; and twice {after 1 and
6 weeks) in subject C during the training perod. For the

Table 1 Clinical characteristics of subjects studied

measurement, subjects ambulated along a 10-m walkway several
times at comfortable cadences. They repeated the trials with short-
time intermissions, usually a couple of minutes, until the minioum
required number of data was obtained, We sampled at least six step
cycles for the analysis. Many step cycles, for example more than ten
cycles, could not be recorded in the measurements of this study,
since high quality VICON data could be obtained only for one or
two steps of around five steps in a trial. At the beginning of training,
especially, the experimenter had to walk beside the subjects to
prevent a fall. This disturbs the motion capture with the VICON
system, and makes the space in which the motion capture is possible
small. Due to this limitation it would have taken a refatively longer
time for the subjects to record many step cycles. To reduce time for
the experiment we decided to finish the measnrement when at least
six step cycles were obtained in good quality.

Changes in the following kinetic and kinematic variables were
evaliated from the measured VICON data throughout the training
period: kinetic variables, including the impulse and mean vertical
GRF (mGRF) under the foot, and kinematic variables, including the
stanice time and swing time, velocity, cadence and step Jength, joint
range of motion (ROM), and peak velocity during the stance phase
of the hip. and ankle joints. The digitized EMG signals were full

-wave-rectified after rejection of the DC component. Then, from the

rectified EMG signals, mean values (mEMG) for the stance phase
were calculated and normalized by those values at rest.

Stretch reflex test

The reflex EMG responseés elicited by mechanical stretches at
various velocities wete tested to verify whether the stretch reflex
mediated the induced EMG activity in the SOL during the orthotic
gait. Stretch reflex responses were evoked by imposing a quick
dorsiflexion with an amplitude of 10 deg to the SOL muscle, while
the subjects were seated comfortably in a chair with the right leg
fixed to a foot plate connected to a servo-controlled torque motor
(Senoh Inc., Japan). The hip, knee and ankle joints were set at
80 dep, 60 deg flexed and 10 deg plantar-flexed positions
{anatomical position is 0 deg), respectively. All of 25 perturbations,
each consisting of various angular velocities (50-350 deg/s), were
applied to the ankle joint in random order. In the present study, the
short Jatency reflex component, M1, was evaluated, since only M1
component wag induced in the three subjects, The onget of the first
EMCG response was defined as the moment when the rectified EMG
activities reached levels higher than the average resting potential
plus three times its standard deviation (BGA+3SD), and the
response duration was defined ag 30 ms from the response onset.
The average rectified EMG value above the resting potential level
over the response duration was considered as the M1 level, and the
relation between the imposed stretch velocity and the M1 level was
analyzed for each subject.

Additional experiments

Additional experiments were done for the subject A in order to
ascertain whether: (1) the EMG activity was induced with another
conventional gait orthosis (advanced reciprocating . gait orthosis,
ARGO), and (2} in order to compare how different gait velocities
affected the induced EMG activity before and after the training.
Because this subject continued the training for over half a year,

Subject Sex Age (years) Height (cm) Weight (kg) Injury level (segment) ASIA  Time postinjury (months) Eticlegy

A M 27 177 60 T10
B M 22 174 68 T12
C M 28 173 63 T8

A ‘ 10 Trauma
A 8 Trauma
A 12 Trauma




measurements could be taken at the 1st week (1-W), 4th week (4-
W), and 20th week (20-W) of the training. In the measurements, the
subject ambulated at varions velocities, speeding up his pace on the
basis of his comfort.

Statistics

The measured kinetic and kinematic variables during the training
period were compared with the first meagurement values nsing the
Student’s #-test. Data are presented as mean + SD. Significance was
accepted as p<(.05. : :

Results

All subjects could ambulate independently with the aid of
canes in the 1st week of training. In subjects A and B, gait
velocities were respectively increased from 7.7 to 13.2 nv/
min, and from 11.8 to 21.2 m/min after the 12-weck
training; these increases are concomitant with increases in
step length, ROM, angular velocity of hip and ankle joints,
and the mGRF during the stance phase. In subject C,
however, both the hip and ankle-joint angular velocities
" were decréased; the hip joint’s ROM was decreased; and
the ankle joint’s ROM was increased. These findings were

Fig. 1 Changes in EMG ac-
tivities in the lower leg muscles
during orthotic gait before and
after the training. Results from
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likely due to the markedly faster gait velocity (22.4 m/
min) of this subject, as compared to the other two subjects,
at the beginning of the training. In none of the subjects
was clear modulation in the EMG activities of either
muscle observed at the beginning of the training. After
three (subj. A) or six (subjs. B and C) weeks of training,

- however, synchronized EMG bursts with the stance phase
commonly appeared in the SOL in all three subjects,
whereas no clear modulation was observed in any of the
TA EMG waveforms (Fig. 1A). Figure 2 shows changes in
the walking velocities, hip and ankle joint angular
velocities, mGR¥s, and SOL EMGs during the time.
course of training in the three subjects. As mentioned
above, the SOL EMG activities increased during the
training period in all subjects, and this increasing time
course was qualitatively most similar to the gait velocity
and mGRF. The increasing patterns in the SOL EMGs
were not necessarily in parailel with those in the hip and
ankle joint velocities. In subject C, specifically, the hip
joint and ankle joint velocities demonstrated a tendency to
decrease, though the SOL EMG increased.

Beginning

the three subjects ate shown GRF
{GRF the vertical ground reac-
tion force, SOL, T4 rectified
EMGs from the soleus and tib- - SOL
ialis anterior museles, respec- Subj. A
tively)
TA
GRF
Subj.B SOL
TA
GRF
Subj.C SOL

TA
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- Fig. 2 Changes in the SOL EMGs, the gait velocities, the hip and ankle joint angular velocities, and the ground reaction forces over the

training penod for the three subjects

Additional experiment
Figure 3 shows the SOL EMG activities during the
orthotic gait at three different gait velocities at the 1-W and
4-W measurements. It was demonstrated that the synchro-
nized EMG burst with the stance phase increased
drastically with the ambulation velocity after 4 weeks of
training; no such clear modulation was observed at the
1st week measurement.

Relationships of the SOL EMGs during the stance phase
with the gait velocity, hip velocity, ankle velocity, and
ground reaction force, respectively, in each measurement
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Fig. 3 A comparison of the velocity dependent changes in the SOL
EMGs dwing orthotic pait before and after the 4-week training with
the other gait orthosis

are demonstrated in Fig. 4. In the 1-W measurement, the
SOL EMG did not clearly increase with the gait velocity
or the other kinetic and kinematic variables; the measure-
ment reflected no qualitatively clear modulation. Int the 4-
W and 20-W measurements, however, the SOL EMGs
covaried with the gait velocity and the other variables. It
should be noted that the levels of SOL EMGs in the 4-W
and 20-W measurements were greater than those in the 1-
W measurement, even though the kinetic and kinematic
variables were in similar ranges. This result suggests that
the observed increase in the SOL EMG during the time
course of training was not merely dependent on the kinetic
and kinematic factors; neurological factors were to some

" degree involved.

Stretch reflex test

5

Figure > demonstrates the relationships between siretch
velocity and the reflex EMQG responses in the SOL for the
three subjects, It was indicated that in all three subjects,
the stretch reflex EMG response was induced when the
applied stretch velocity was faster than 100 deg/s, meaning
the threshold velocity of the reflex was around 100 deg/s,
These threshold velocifics were well above the peak ankle
dorsiflexion velocities observed during the orthotic gait in
the three subjects, suggesting that the SOL EMGs
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Fig. 4 Comparisons of the relationships of the SOL EMGs to the,

kinetic and kinematic varlables before and sfter 1 month and
5 months of training. Abbreviations: vs Gait Fel, vs Hip Vel, vs Ankle
Vel, and vs GRF refer to the relationships between the SOL EMG
and the gait velocity, hip joint angular velocity, ankle joint angular
velocity, and ground reaction force, respectively

observed were not merely mediated by the stretch reflex
pathway.

Discussion

The results in the present study demonstrated that intense
orthotic gait training induced modulation of EMG
activities in the ankle extensor SOL muscle in individuals
with clinically complete SCI. These results constitute
neurologically significant indirect evidence that knee (and
to some degree ankle) movements are far less important
than hip movement and loading for the induction of
locomotor EMG activity, at least in the SOL. Further, these
results have great clinical significance especially in terms
of gait rehabilitation of patients with incomplete spinal
cord injury. It is worth noting that the results must be
carefully interpreted, given that many factors may

contribute the observed phenomena. Considering that

possibility, we divided the various factors into two
different types; (1) kinetic and/or kinematic, related to
changes in the orthotic gait movement itsclf, and (2)
neurclogical factors, namely, supposed changes in the
interneuronal activities of the spinal locomotor networks
as a result of training. We believe that neither the kinetic/
kinernatic nor the neurological factors alone can fully
explain the observed results
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Fig. 5 Relationships between the stretch reflex EMG activities in

" the SOL and the applied stretch velocity for the three subjects. Note

that the estimated threshold velocity to elicit the reflex is over
100 degfs, which is far faster than the peak ankle joint velocity
during the orthotic gait in any of the three subjects

Effects of the orthotic gait motion on modulation of
EMG activity

The results of the stretch reflex test in the SOL indicated
that the threshold velocities of siretch reflex in the SOL
were far higher than the observed ankle dorsiflexion
velocity during the orthotic gait. This result strongly
suggests that the observed SOL EMGs during the orthotic

- gait were not indaced merely by the spinal stretch reflex.

Rather, in the present study, supposed spinal iocomotor
networks appeared to play a role in the induction of SOL
EMGs during orthotic gait,

The observed modalation in the SOL EMG activities
synchronized with gait phase confinmed our previous
observation that even the knee-locked “stiff-legged” gait
with a gait orthosis is effective to induce locomotor-like



122

EMG activity in lower limb muscles (Kojima et al. 1999).
Because the stiff-legged gait is a gait with the knee locked
in full extension and the ankle in a neutral position, the
afferent information thought to primarily contribute to
inducing the observed modulation in the EMG activity
would be associated with the hip-joint movement and load
on the leg. This result is consistent with recent observa-
tions from infant stepping experiments (Pang and Yang
2000) and experiments vsing a driven gait orthosis for
paraplegic subjects (Dietz et al. 2002). Dietz et al. (2002},
on the basis of their elegant series of studies on locomotor
capacity of human spinal cord and relevant animal and
buman studies, concluded that “afferent input from hip
joints, in combination with that from load receptors, plays
a crucial Tole in the generation of locomotor activity in the
isolated human spinal cord”. The result in the current
study would constitute indirect evidence to support this
notion, With respect to afferent input from the hip joint,
further, Schimit and Benz (2002) recently demonstrated
that imposed hip joint extension/flexion movements in
spinal cord-injured subjects induce a unique, stereotypical
reflex response in hip, knee, and ankie joints, suggesting
that hip movement would activate spinal intemeuronal
pathways associated with coordinated motor behaviors
such as posture and locomotion. Given this notion, the
results in the current study suggest that afferent informa-
tion associated with hip extension during the orthotic gait
might activate the spinal neural network responsible, at
least in past, for the synchronized EMG activity in the
SOL, which may be the common network generating the
extensor reflex. With regard to the effect of limb loading
on the locomotor activity in the paraplegic human, a
growing body of indirect evidence from studics on humans
has indicated that load-related afferent inputs play an
essential role in the generation of locomotor-like efferent
patierns by the human spinal cord (Harkema et al. 1997,
Pang and Yang 2000, 2001; Dietz et al. 2002). The
observed close relationship between the SOL EMG levels
and mGRF during the training period (Fig. 2) and within a
single experiment (Fig. 4) in the current study is consistent
with that found in previous reports and our previous study.
(Kojima et al. 1999), in which we demonstrated that the
tevels of lower limb muscle EMGs during orthotic gait
were well correlated to the level of limb loading.

Alteration of the infrinsic property of spinal neural
networks due to training

The observed EMG alteration in the SOL might not solely
depend on gait-motion changes due to training, but also on
alterations m the intrinsic propertics of neural networks.
This hypothesis is supported by the result of an additionat
experiment, in which the EMG modulation occurred even
under kinematic and kinetic profiles of orthotic gait similar
to those of the pre-training gait after 4 weeks of training
(Fig. 4). In addition, the effect of changing gait velocity
was, obviously different before and after several weeks of
training, suggesting that the input and output properties in

the spinal nevral networks during orthotic gait were altered
due to the training. Another observation that supports this
hypothesis might be the observed EMG changes in subject
C, whose orthotic gaif motion was at a higher level (i.e.,
faster velocity and larger ROM, etc.) at the first stage of
training and did not largely change during the training
period. Nevertheless, modulation of the SOL EMG was
induced in this subject, despite rather reduced angular
velocities of hip and ankle joints after 8 weeks of training.
Use-dependent plasticity s now a well-known property
of spinal neural networks (Hodgson et al. 1994; Muri and
Steeves 1997; Rainetean and Schwab 2001). Repeated
afferent input accompanying gait training might result in
improvement in the transmission efficacy within the neural
network respensible for the SOL EMG activity during
orthotic gait. This possibility is extremely important with
regard to rehabilitation strategy for SCI patients (Field-
Fote 2001; Protas et al. 2001}, If the act ambulation with
an orthosis itsclf has the potential to improve neuronal

_activity in the spinal’ locomotor neuronal networks, a

specific gait orthosis one could be designed and developed
for locomotor training. Future studies should explore the
optimal design for a gait orthosis that can cffectively
activate the spmal locomotor neural network, using the
ﬁndmgs in the current study as the first step in such a
series of investigations.

Finally, almost no EMG modulation appeared in the TA
i the current study, This might be explained by the
following: (1) because the correlation between tlie Toad on
a limb and EMG activity is less in the TA than in the SOL
(Harkema et al. 1997, Kojima et al. 1999), load-related
afferent information during the orthotic gait in our study
might not have been sufficient to evoke TA activity; and
(2) although an imposed hip flexion can induce the ankle
flexor response (Schmit and Benz 2002), the flexion
amplitude or velocity during the orthotic gait was not
sufficient to induce the TA activity. Further, the ankle joint
was mechanically immobilized in the orthosis in our study,

-and the absence of ankle motion might have prevented the

clicitation of TA activity. However, further training might
induce modulation in TA EMG activity, based on the fact
that we observed a reciprocal EMG activity pattern
between the ankle extensor and flexor muscles during
the orthotic gait in a well-trained SCI subject (Kojima et
al. 1998). Furtber studies arc needed to clarify this issue.
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Assistive techno!ogics for locomotion in spinal cord injury patients
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Power assist control of cruiches by uSing torque unit
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A pair of crutchies tor the walking assistanee that are equipped with motor has been developed In this paper. Power assist Is
obtained by the conservation law of angular mowertum wsing torgue unit. The benetit of this approach is the eaxe ol

maintenance and the case of changing dynamics. In this report. the prototype has been designed and evaluated. .
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Kawashima, Noritaka, Daichi Nozaki, Masaki 0. Abe, Masami
Akai, and Kimitaka Nakazawa. Alternaie leg movement amplifies
locomotor-like muscle activity in spinal cord injured persons. J
Neurophysicl 93: 777-785, 2005. First published September 22, 2004;
doi:10.1152/jn.00817.2004. It is now well recognized that muscle
activity can be induced even in the paralyzed lower limb muscles of
persons with spinal cord injury (SCI) by imposing locomotion-like
movements on both of their legs. Although the significant role of the
afferent input related to hip joint movement and body load has been
emphasized considerably in previous sindies, the contribution of the
“alternate” leg movement pattern has not been fully investigated. This
study was designed to investigate to what extent the alternate leg
movement influenced this “locomotor-like” muscle activity. The
knee-locked leg swing movement was imposed on 10 complete SCI
subjects using a gait training apparatus. The following three ditferent
experimental conditions were adopted: ) bilaterat alternate leg move-
ment, 2) unilateral leg movement, and 3) bilateral synchronous (in-
phase) leg movement. In all experimental conditions, the passive leg
movement induced EMG activity in the soleus and medial head of the
gastrocnemivs muscles in all SCI subjects and in the biceps femoris
muscle in 8 of 10 SCI subjects. On the other hand, the EMG activity
was not observed in the tibialis anterior and rectus femoris muscles.
The EMG level of these activated muscles, as quantified by integrat-
ing “the rectified EMG activity recorded from the right leg, was
significantly larger for bilateral alternate leg movement than for
unilateral and bilateral synchronous movements, although the right
hip and ankle joint movements were identical in all experimental
conditions. In addition, the difference in the pattern of the load applied
to the leg among conditions was unable to explain the enhancement of
EMG activity in the bilateral alternate leg movement condition. These
results suggest that the sensory information generated by alternate leg
movements plays a substantial role in amplifying the induced loco-
motor-like muscle activity in the lower limbs.

INTRODUCTION

It is now well recognized that the paralyzed lower limb
muscles of a person with spinal cord injury (SCIL) can be
activated by body weight—supported stepping movement on a
treadmiil (Dietz et al, 1995, 2002; Dobkin et al. 1995; Ferris et
al. 2004; Harkema et al. 1997) or by locomotion with the use
of a gait orthosis (Kojima et al. 1999; Nakazawa et al. 2004).
Since the stepping movement accompanies joint rotation, it is
possible that such muscle activity might merely reflect the
reflex responses induced by rhythmic muscle-tendon stretches
{Dobkin et al. 1995; for review, see Harkema 2001). Never-
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theless, this muscle activity is considered to come from the
interaction of the central pattern generator (CPG) in the spinal
cord (Dimitrijevic et al. 1998) with the sensory input rather
than a mere reflex response (Dietz et al. 2002).

This interpretation is justified by several recent findings.
Harkema et al. {1997) have shown that the magnitude of EMG
activity induced in SCI persons is more closely related with the
peak Ioad applied to the leg than with muscle-tendon streich.
Similarly, Dietz et al. (2002) have shown, using a driven gait
orthosis, that the ankle muscle activity observed in ordinary
locomotion movement was not induced either when the ankle
joint alone was moved or when the body weight was com-
pletely unloaded. The crucial role of the sensory information of
Ioad and hip position in generating and/or shaping the rhythmic
output pattern from the CPG has been considerably empha-
sized by previous studies using reduced animal preparations
(Duysens and Pearson 1980; Grillner 1985; Pearson 1995), and
these findings also support the view that the muscle activity
induced in SCI persons reflects the output from the locomotory
CPG.

However, it remains unclear to what extent the induced
muscle activity (locomotor-like muscle activity) is actually
“locomotory,” partly because almost all of the previous studies
have not paid attention to a substantial feature of human
bipedal locomotion, i.e., alternating leg movements. This is the
main point that we focused on in this study. To investigate the
significance of alternating leg movements to locomotor-like
muscle activity, we compared the magnitude of the EMG
activity induced in the complete SCI subjects using a gait-
training apparatus in the following different conditions: I)
ordinary bilateral alternating leg movement, 2) unilateral leg -
movement, and 3) bilateral synchronous {in-phase) leg move-
ment. if the spinal CPG is actually- involved in the neural
mechanism of the locomotor-like muscle activity, the alternat-
ing leg movement pattern should contribute to the generation
and/or coordination of the muscle activity.

Pant of this sdy has been presented in abstract form
{Kawashima et al. 2003).

METHODS

Participants

Ten male SCI persons (28.8 + 6.0 yr)r participated in this study.
All of the subjects had an injury at the thoracic ({T) level of the

The costs of publication of this article were defrayed in part by the payment
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spinal cord somewhere between T; and T, complete motor
paralysis in-their lower limb muscles (American Spinal Injury
Association Class: ASIA A or B; Maynard et al. 1997), and
moderate degrees of spasticity. At least one-half a year had passed
since they were injered. The physical characteristics of the subjects
are summarized in Table 1. Each subject gave written informed
consent to the experimental procedures, which were conducted in
accord with the Helsinki Declaration of 1975 and approved by the
ethics committee of the National Rehabilitation Center for Persons
with Disabilities, Tokorozawa, Japan.

Passive leg movement apparatus

To impose locomotion-like movements on their legs, we used an
apparatus (Fig. 1A) originally developed for physical exercise for
petsons with disabilities (Basy Stand Glider 6000, Altimate Med-
ical). This apparatus enables the SCI persons to stand securely by
immobilizing their trunk and pelvis using front and back pads and
by preventing hyperextension of the knee joint using the knee pad.
It also enables the subjects to swing their legs by moving the
handle connected to the foot plate. I this study, the experimenter
manually moved the handle back and forth (+=17.5 cm from default
position) in a sinusoidal manner (Fig. 1C) by matching the move-
ment frequency with the sound of & metronome (1 Hz). This handle
movement could induce approximately =14 and +9° motion in the
hip and ankle joints, respectively (these values of range of joint
motion depend on the subject’s lower limb length). This range of
motion of each joint is similar to the data for the normal walking
provided by Winter (1990). Although only reciptocal leg move-
ment can be induced at the defaulf setting, synchronous or unilat-

eral leg movement can be induced by removing the bolts that.

comnect bars 1o both sides,

Experimental protocol

Before the experiment, we checked that the standing posture was
stable and that no hypotension was observed. First, bilateral
alternate leg movement was imposed for 3 min so that the subjects
could experience the standing posture and the imposed leg move-
ment. Then, the experiments were performed under the following
three conditions: ) bilateral alternate (anti-phase) leg movement;
2) unilateral leg movement; and 3) bilateral synchronous (in-
phase) leg movement. In the unilateral leg movement, the right leg
was moved while the position of the left leg was fixed to be
vertical. In the bilateral synchronous leg movement, both legs were
passively swung simultaneously in the same direction. Throughont
the exercise period, subjects were asked to grasp the bar in front of
them and to keep their upper limbs relaxed (Fig. 1A). The exper-
imenters had conducted a sufficient number of practices before the

TABLE 1. Characteristics of the SCI subjects
. Duration of
Age, Weight, Lesion Grade of Paraplegia,
Subject yr kg Levei ASIA moe
81 19 53 T B . 24
52 30 74 T, A 12
3 24 75 T A 24
S4 32 68 T A 32
85 © 22 70 T A i1
Se 39 . 67 Ty A 13
57 35 55 Ty A 46
S8 27 75 T2 A 22
59 30 72 Ty B 23
510 30 60 T, A 17

-subject (level of lesion,
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FIG. 1. A: overview of the experimental setup, During the experiment, the
spinal cord injury (SCI) subject stood securely on a special device (Basy Stand
Glider 6000, Altimate Medical). The subject’s Jegs were moved passively by
moving the fever back-and-forth in a sinusoidal manner in pace with the tempo
of a metronome (1 Hz). B: load applied to the foot soles of ¢ach leg was
measuwred by 4 load cells placed under the stainiess foot plate. C: typical
examnple of hip and ankle joint motion and induced EMG activity of an SCI1
T\2) during passive leg movement (Sol; soleus, Gas;

biceps femoris). To quantify level of muscle activity, the averaged EMG signal
was caleulated (right). D: adaptation-like phenomenon in EMG activity in the
Sol. It took ~30 s for the EMG activity 1o reach steady state. Therefore data
from the [st 30 s were disregarded in the calculation of the averaged EMG
signals (C).

testing session so that they could adjust the leg motion to the
predetermined pattern (i.e., the range of motion and swing fre-
quency) under all experimental conditions by monitoring the angle
data from an elécirogoniometer displayed on an oscilloscope. The
duration of each session was 1 min, and an interval of =1 min was
taken for rest between sessions. The order of conditions 1), 2), and
3} was randomized.

Data recording

The surface EMG signal was tecorded from the soleus {Sol), the
medial head of the gastrocnemius (Gas), the tibialis anterior (TA),

- the rectus femoris (RF), and the Jong head of the biceps femoris

(BF) muscles of both Jegs with the use of a bipolar electrode. Care
was taken to exclude any artifact in the EMG signal (e.g., the skin
was washed with a scrub gel and rubbed with sandpaper to reduce
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