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Abstract This is, to our knowledge, the first report
demonstrating the cffects of orthotic gait training on the
activity of the spinal locomotor neural networks. Three
subjects with complete spinal cord injury (SCY) performed
1-h training with reciprocating gait orthosts 5 days/week
for 12 weeks. The results showed that after 3 (n=1) or

6 weeks (r=2) of training, EMG activitics synchronized -

with locomotor rhythin appeared in the soleus muscle
(SOL) in all subjects, although very little EMG activity
accompanicd the orthotic gait at the carly training stage.
Our 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 locometor ncural
networks, as a result of orthotic gait maining.

Keywords Spinal cord injury - Locomotion - Gait
orthosis - Plasticity

Introduction

It has been 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-
cral sensory information concomitant with limb move-
ments (Harkema et al. 2000). For example, several
researchers have demonstrated that in severe spinal cord-
injured (SCI) subjects, locomotor-like coordinated elec-
tromyographic (EMG) activity can be induced in paral-
yzed lower limb muscles by passive stepping on a moving
treadmill with partial body-unloading (Dictz ot al. 1994,
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1995, Dobkin et al. 1994, Wernig et al. 1995). However,
the nature of the ncural networks involved in gencration of
locomotor EMG activities in SCI persons is not yet fully
understood.

During a specific type of upright walking with gait
orthosis called weight beating 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. 1995). Because the
WBCO gait, like other reciprocating gait orthoses, is a
“stiff-leg™ gait, i.c.. a gait with the knee locked in full
extension and the ankie in a neutral position, the afferent
information thought to primarily contribute to inducing the
locomotor-like EMG activity would be associated with
hip-joint 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 cxperience, little EMG
activity appears during the WBCOQ gait when the uscr is
not well trained, whereas it has been dononstrated in a
well-trained SCI subject that locomotor-like EMG s
observed (Kojima et al. [998). These empirical observa-
tions might be explained as follows: (1) afferent inputs
concomitant with iimb movements would not be sufficient
to evoke locomotor EMGs during the untrained orthotic
gait; and (2) the orthotic gail training induces an alteration
in interneuronal activitics in spinal neural networks, which
would generate the locomotor EMG even when the pattem
and amount of afferent inputs are the same. To test these
possibilities, we first had to longitudinally cvaluate
changes in EMG activitics in paralyzed muscles, and to
relate thesc 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 activitics in the lower leg muscles occurs during
the time course of orthotic gait training, and (2) the
retation between the EMG activities and kinetic/kinematic
alteration of the gait motion due to the training.
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Materials and methods
Subjects and orthetic gait training

Three clinically complete paraplegic men (32-28 years; 60-68 kg:
173177 em) with traumatic spinal cord injuries (Th#-Thl2)
voluntarily participated in this study. The physical characteristics
of the subjects are shown in Table 1. The Aserican Spinal Injury
Association (ASIA) impairment scale was used for the clinical
assessment of subjects, and in cach case the sensorimotor finctions
were classified as A, which means no motor or sensory function
below the level of the lesion, The subjects gave their informed
consent 1o the experimental procedures, which were conducted in
accord with the Helsinki Declaration of 1975 and approved by the
ethics committce of the National Rehabilitation Center for the
Disabled, Tokorozawa. Japan. The long brace reciprocaling gait
orthosis, the WBCO, was used for the training, The subjects
performed orthotic gait training with WBCO for 12 weeks, at
1 howrtd for 5 daysfweek, The mechanical features of the WBCO
have been tully described elsewhere (Yano et al. 1997; Kojima et al.
199%). In short it has two specific featutes that the other existing gait
orthoses do not have. The first one is a speeial gas-powered system
to control the foot sole thickness. 1t 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 10 the thicker position.
With this system a user can swing their legs casier without Jeaning
the body sideward to make a clearance between a foot sole and floor.
The second one is a special hip joint device. Wilh this device a
torque exerled by the right (lefty hip join{ is mechanically
transmitted to the left (right) hip joint, resalting in the torque fo
the opposite direction excried by the left (vight) hip joint. This
system assists cach leg to reciprocally propel forward, As a whole
these mechanical featurcs enable 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
motion during the course of training, the gail motion was measurcd
with a three-dimensional 1motion-analysis system (VICON370,
Oxford Metrics, UK), The moetion-unalysis system consists of &
conventional video-analysis system with seven camerss and Kistley
force plates. The foree plates, sized 160450 cm, consisted of two
80200 cm plates and four 40x230 em plates. These separate force
plates enable us to measure ground reaction forces (GRF) under the
feet and canes on both sides. separately. The orthotic gait motion
was recorded along with clectromyographic (EMG) activitics in the
right soleus (SOLY and tibialis anterior (TA) muscles. EMGs were
recorded by two surface electrodes (Ag/AgCl, 0.8 cm diameter)
attached along the muscle fibers over the belly of each muscle and
sei at an interelectrode distance of 0.3 eni. The EMG signal was
detected by a hipolar differential amplificy with upper and lower
cutoff frequencies of 50-3000 kHz. Very thin elastic nylon bandages
were used to firmly hold both electrodes and lead lines to the body,
preventing any smadl displacement of electrodes and Hnes that might
cause artifuets. These measurcments were cartied out three times
(afler 1, 6, and 12 weeks) in subject A; six times {after 1,2, 3, 4, 10,
and 12 weeks of training) in subject B3; and twice (after | and
6 weeks) in subject C during the training period. For the

measurement, subjects ambulated along a 10-n watkway several
tinwes at comfortable cadences, They repeated the trials with short-
time intermissions, usnally a couple of minutes, until the minimum
required number of data was obtained. We sampled al least six sicp
cyches for the analysis. Many step cyclés, for example more than ten
cycles, could not be recorded in the measurements of this study,
since high guidity 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 experimenier had to walk beside the subjects to
prevent a fall. This disturhs the motion capture with the VICON
system, and makes the space in which the motion eapture is possible
small. Dug to this limitation it would have taken a relatively longer
time for the subjects to record many step cycles. To reduce time for
the experiment we decided o finish the measurement when at Jeast
six step cycies were obtained in good quality.

Changes in the following kinetic and kincmatic variables were
evaluated from the measured VICON data throughout the training
peried: kinetic variables, including the impulse and mean vertical
GRF (mGRF) under the foot, and kinematic variables, including the
stance time and swing time, velocity, cadence and step tength, 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 ol the DC component. Then, from the:
rectified EMG signals, mean values (mEMG) for the stance phase
were calculated and normalized by those valucs at rest.

Streteh reflex test

The reflex EMG responses clicited by mechanical stretches at
various velocities were tested to verify whether the streteh reflex
mediated the induced EMG activity in the SOL during the orthotic
gail. Stretch reflex respenses 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 ankie joints were set at
80 deg, 60 deg tflexed and 10 deg plantar-flexed positions
(anatomical position is ¢ deg), respectively. Al of 25 pertwbations,
cach consisting of various angular yelocities (30-350 deg/s), were
applied to the ankle joint in random order. In the present study, the
short latency reflex component, M1, was evaluated, since only M|
compenent was indaced in the three subjects. The onset of the first
EMG response was defined as the moment when the rectitied EMG
activitics reached levels higher than the average resting potential
plus three times its standard deviantion (BGA+38D), and the
response duration was defined as 30 ms from the response onsct.
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 cach subject.

Additional experiments

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

Table ! Clinical charactetistics of subjects studied

Subject  Sex  Ape (years) Height (cm)  Weight (kg}  Injury level (segment}  ASIA - Time postinjury (months)  Etiology
A M 27 177 60 T10 A 10 Trauma
B M 22 174 68 Ti2 A Trauma
C M 28 173 63 T8 A i2 Trauma
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measurements could be taken at the 1st week (1-W), dth week (4-
W), and 20th week (26-W) of the training. In the measurements, the
subject ambulated at various velocities, speeding up his pace on the
basis of his comfort.

Statistics

The measured kinetic and kinematic variables during the training
pertod were compared with the first measurement values using the
Student’s +-test. Data are presented as mean £ SD. Significance was
accepted as p<0.05.

Resuits

All subjects could ambulate independently with the aid of
canes in the 1st weck of training. In subjects A and B, gait
velocities were respectively increased from 7.7 to 13.2 v/
min, and from 1.8 to 21.2 m/min atter the 12-week
training; these increases are concomitant with increases in
step length, ROM, anguiar velocity of hip and ankle joints,
and the mGRF during the stance phasc. In subject C,
however, both the hip and ankle-joint angular velocities
were decreased; 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 muoscles

during orthotic gait betore and

afler the training. Results from ‘

Lo

likely due to the markedly faster gait velocity {22.4 ny/
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 cither
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. A). Figure 2 shows changes in
the walking velocities, hip and ankle joint angular
velocities, mGRFs, 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
weie not necessarily in parailel with those in the hip and
ankle joint velocitics. In subject C, specifically, the hip
joint and ankle joint velocities demonstrated a tendency to
decrease, though the SOL EMG increased.

the three subjects are shown GRF
(GRF the venical ground reac-
tion force, SOL, T4 reclified
EMGs from the soleus and tib- SOL
talis anterior musches, respec- Subj. A
fively)
TA
GRF
Subj.B SOL
TA
- GRF
Subj.c SOL
TA
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Fig. 2 Changes in the SOL EMUs, the gait velocities, the hip and ankle joint angular velocitics, and the ground reaction forces over the

training period for the three subjects

Additional experiment

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

Slow Normal Fast
1W R e e ——— TYTRTER I
NAMA NN VAR
AW " H ﬁ‘ -". i i ' Imuv

5s
Fig. 3 A comparison of the velocity dependent changes in the SOL
FMGs during orthotic gait before and after the 4-week training with
the other gait orthosis

‘are demonstrated in Fig. 4. In the [-W measurement, the
SOL EMG did not clearty increase with the gait velocity
or the other kinetic and kinematic variables; the measure-
ment reflected no qualitatively clear modulation. fn the 4-
W oand 20-W measurements, however, the SOL EMGs
covaricd with the gait velocity and the other variables. Tt
should be noted that the levels of SOL EMGs in the 4-W
and 20-W measurements were greater than those in the |-
W measurcment, even though the kinetic and Kinematic
variables werc 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 kincmatic factors; neurological factors were to some
degree involved.

Stretch reflex test

Figure 5 demonstrates the relationships between stretch
velocity and the reflex EMG 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 velocities 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 variables before and afier | month and
5 mouths of training, Abbreviations: vs Gait Vel, vs Hip Fel, vs Ankle
vel, and vs GRF refer to the relationships between the SOL EMG
and the gait velocity, hip joint angular velocity, ankle joint angalar
veloeily, and ground reaction foree, respectively

observed were not merely mediated by the stretch reflex
pathway.

Discussion

The results in the present study demenstrated that intense
orthotic  gait training induced modulation of EMG
activities in the ankle extensor SOL muscle in individuals
with clinically complete SCL These results constitute
neurologically significant indirect cvidence 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 elinical significance especially in terms
of gait rchabilitalion 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) kinctic and/or kinematic, related to
changes in the orthotic gait movement itself. and (2)
neurological factors, namely, supposed changes in the
interneuronal activities of the spinal Jocomotor networks
as a result of training. We believe that neither the kinetic/
kinematic nor the neurological factors alone can fully
explain the observed results
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Fig. 5 Relationships between the streteh reflex EMG activities in

the SOL and the applied streteh velocity for the three subjects. Note
that the estimated threshold velocity to elicii the reflex is over
100 deg/s, which is far faster than the peak ankle joint velocity
during the orthotic gait in any of the three subjects

Effects of the ortholic gait motion on modulation of
EMG activity

The results of the streich reflex test in the SOL. indicated
that the threshold velocities of stretch reflex in the SOL
were far higher than the observed ankle dorsiflexion
velocity during the orthotic gait. This rcsult strongly
suggests that the observed SOL EMGs during the orthotic
gait were not induced merely by the spinal stretch reflex.
Rather, in the present study, supposed spinal locomotor
networks appeared to play a role in the induction of SOL
EMGs during orthotic gait.

The observed modulation in the SOL EMG activitics
synchronized with gait phase confirmed our previous
observation that even the knec-locked “stitf-legged” gait
with a gait orthosis is ¢ffective to induce locomotor-like
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EMG activity in lower limb muscles (Kojima cf 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 mn 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 using a driven gait orthosis for
paraplegic subjects (Dietz et al, 2002), Dietz ot al. {2002),
on the basis of their elegant series of studies on locomotor
capacity of human spinal cord and relevant animal and
human studics, concluded that “afferent input from hip
Joints, in combination with that from load receptors, plays
a crucial role in the generation of tocomotor 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 ankle joints, suggesting
that hip movement would activate spinal intcreuronal
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 part, 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 studies on humans
has indicated that load-related afferent inputs play -an
essential role in the gencration of locomeotor-like efferent
patterns by the human spinal cord (Harkema ct al. 1997,
Pang and Yang 2000, 2001; Dietz et al. 2002), The
obscrved close relationship between the SOL EMG levels
and mGRF during the training period (Fig. 2) and within a
single experiment {Fig. 1} in the current study is consistent
with that found in previous reports and our previous study
(Kojima et al. £999), in which we demonstrated that the
levels of lower limb muscle EMGs during orthotic gait
were well correlated o the level of limb loading.

Alteration of the intrinsic property of spinal ncural
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 in the intrinsic propertics of neural networks.
This hypothesis is supported by the result of an additional
experiment, in which the EMG modulation occurred even
under kinematic and kinctic profiles of orthotic gait similar
to those of the pre-training gait alter 4 weeks of training
(Fig. -1). In addition, the effect of changing gait velocily
was obviously different before and after several weeks of
training, suggesting that the jnput and ouiput properties in

the spinal neural networks during orthotic gait were altered
duc to the training. Another observation that supports this
hypothesis might be the observed EMG changes in subject
C, whose orthotic gait 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 afler 8 weeks of training,

Use-dependent plasticity is now a well-known properly
of spinal neural networks (Hodgson et al. {994; Muri and
Steeves 1997, Raineteau and Schwab 20013, Repeated
afferent input accompanying gait training might result in
improvement in the transmission efficacy within the neural
network responsible for the SOL EMG activity during
orthotic gait. This possibility is extremely important with

_regard to rebabilitation strategy for SCI patients (Field-
Fote 2001; Protas ct al. 20¢:). If the act ambulation with
an orthosis itself has the potential to improve newronal
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 effectively
activate the spinal locomotor neural network, using the
findings in the current study as the first step in such a
series of investigations.

Finally, almost no EMG modulation appeared in the TA
in the current study. This might be cxplained by the
following: (1) because the corrclation between the load on
a limb and EMQ 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 sufticient to evoke TA activity; and
{2) although an imposed hip flexion can induce the ankie
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
elicitation 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). Further studics are needed to clarily this issue.
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Kawashima, Noritaka, Daichi Nozaki, Masaki O. Abe, Masami
Akai, and Kimitaka Nakazawa. Alternate leg movement amplifies
locomotor-like muscle activity in spinal cord injured persons, J
Neurophysiol 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 studies, 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 different
experimental conditions were adopted: ) bilateral 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
gastrocnemius 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 obgerved 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 rote 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 (SCIY can be
activated by body weight-supported stepping movement on a
treadmill (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 load applied to the leg than with muscle-tendon stretch.
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
load 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: 1)
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,

Part of this study has been presented in abstract form
(Kawashima et al. 2003).

METHODS

Participants

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

26



778

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 injured. 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
persons with disabilities (Easy 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. In 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 a 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 reciprocal leg move-
ment can be induced at the default setting, synchronous or unilat-
eral leg movement can be induced by removing the bolts that
connect bars to 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 experignce 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 10 be
vertical. In the bilateral synchronous leg movement, both legs were
passively swung simultaneously in the same direction, Throughout
the exercise period, subjects were asked to grasp the bar in front of
them and to keep their upper limbs relaxed (Fig. 14). The exper-
imenters had conducted a sufficient number of practices before the

TABLE L. Characteristics of the SCI subjects
Duration of
Age, Weight, Lesion Grade of Paraplegia,
Subject yr kg Leve! ASIA mo
st 19 53 T, B 24
52 0 74 Ty A 12
$3 24 75 T, A 24
s4 32 65 Tea A 32
S5 22 70 Tia A 1
$6 39 67 T, A (3
87 35 55 Te A a6
58 27 75 T, A 22
50 30 72 T, B 23
S10 30 60 T, A 17
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FIG. . A: overview of the experimental setup. During the experiment, the
spinal cord injury (SCI} subject stood securely on a special device (Easy Stand
Glider 6000, Altimate Medical). The subject’s legs were moved passively by
moving the lever back-and-forth in a sinusoidal manner in pace with the termpo
of a metronome (1 Hz). B: load applied to the foot soles of each leg was
measured by 4 load cells placed under the stainless foot plate. C: typical
example of hip and ankie joint motion and induced EMG activity of an SCI
subject (level of fesion, T,,) during passive leg movement (Sol; soleus, Gas;
medial head of gastrocnemius, TA; tibialis anterior, RF; rectus femoris, BF;
biceps femoris). To quantify level of muscle activity, the averaged EMG signal
was calculated (right). D: adaptation-like phenomenon in EMG activity in the
Sol. It took ~30 s for the EMG activity to reach steady state. Therefore dala
from the 1st 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 electrogoniometer displayed on an oscilloscope. The
duration of each session was [ min, and an interval of =1 min was
taken for rest between sessions. The order of conditions /), 2), and
3) was randomized.

Data recording

The surface EMG signal was recorded from the soleus (Sol), the
medial head of the gastrocnemius (Gas), the tibialis anterior (TA),
the rectus femeris (RF), and the long head of the biceps femoris
(BF) muscles of both legs 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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the resistance of the skin). The EMG signal was amplified (Bag-
noli-8 EMG System, DELSYS) with band-pass filtering between
20 and 450 Hz. Ankle joint motion was recorded with an electro-
goniometer (Goniometer System, Biometrics), whose two sensor
heads were placed on the lateral part of the shank and foot of the
subject (Fig. 1A). Hip joint motion was estimated from the data
recorded by using another goniometer attached to the lateral aspect
of the apparatus (Fig. 1A). ‘

In six subjects, the VICON 370 system (Oxford Metrics) was
used to analyze the fower limb motion more accurately. Eight
markers were altached to the right and left sides of the subject on
the skin overlying the following landmarks: the acrominon (SHO),
greater trochanter (GTR), lateral malleolus (AKL), and the top of
the great toe (TOE). We defined the hip and ankle joint angles as
the angles formed by the SHO, GTR, and AKL and by the GTR,
AKL, and TOE, respectively. Furthermore, in these subjects, the
actual load applied to each foot sole was measured using four load
cells (LMA-A-1KN, Kyowa, Tokyo, Japan) placed under the four
corners of the stainkess foot plate (Fig. 1B). During the experiment,
all data were continuously monitored by Power Lab software
(Chart version 4, AD instruments) and were digitized at T kHz for
later analysis.

Data analysis

The digitized EMG signal was-full-wave rectified after the DC
component was subtracted. It was then averaged over the last 30
locomotion cycles (Fig. 1C). The data of the first 30 cycles were
discarded, because the EMG activity often showed gradual decay, and
it took ~~30 s (i.e., 30 cycles) to become stationary (Fig. 1D). The
locomotor-like EMG activity was quantified using the integrated
value of the averaged EMG signal and the duration over which the
muscle was active (Fig. 1£). We regarded the muscle to be active
when its averaged EMG signal consistently exceeded the level of
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resting EMG activity (mean value + 3 X SD). Furthermore, o
examine the phase-dependent changes in the EMG activity, the
averaged EMG signal was divided into 10 bins, and the mean
amplitude in each bin was calculated. The ranges of hip and ankle
movements were calculated from the data obtained by electrogoni-
ometers, and those were compared with the VICON data. The load
applied on each foot sole was quantified by calculating the summation
of the data from four load celis.

Statistics

Values are given as means = SE, Two-way ANOVA was used to
test the difference in the EMG magnitude, duration, and hip and ankle
joint range of motion among the three conditions. Tukey's post hoc
test was applied to identify differences among the conditions. Signif-
icance was accepted at P < 0.05.

RESULTS
Pattern of the locometor-like EMG activity

Figure 2A shows the averaged waveform of the joint angle
(estimated by electrogoniometers) and the EMG activity ob-
tained from an SCI subject during alternate leg movement. In
this subject, EMG bursts modulated with the locomotion cycle
were observed in Sol, Gas, and BE. A similar muscle activation
pattern was observed in other subjects. Figure 2B indicates the
number of subjects whose muscle activity was judged to be
significant in each of 10 leg movement phases. For all subjects,
the EMG activity was observed in Sol and Gas during the
backward leg swing phase corresponding to the stance phase in
normal locomotion. Similarly, the EMG activity was observed

A B
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= Flexion\‘ HI P \
Dorsi-fiexion
D o Ankle ™
flexion
1000V | Sol

100uv| wwwww Gas

1000V Wyt iponobniiis | A
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FIG. 2. A: ensemble averaged waveform
of hip and ankle joint motion and induced
EMG activity in each lower limb muscle
obtained from an SCI patient. B: probability
of the occurrence of EMG activity in the
lower limb muscles during passive leg
movement. Data show number of subjects
who showed EMG activity in each leg
movement cycle (total number of subjects is
10). Muscle activity was determined to be
active when its averaged EMG signal con-
sistently exceeded the level of resting EMG
activity {mean value + 3 X SD).
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in BF for 8 of 10 subjects during the hip-flexion phase
corresponding to the swing phase in normal locomotion.
Namely, the active phase of these muscles mainly corre-
sponded with the phase during which they were mechanically
stretched. The EMO activity of the TA was observed for two
subjects, and no EMG activity was induced in the RF. In the
RESULTS and DIsCUssiON sections, we will focus only on these
activated musctes (Sol, Gas, and BF).

Typical averaged waveforms of the EMG activity for three
experimental conditions obtained from two subjects are shown
in Fig. 3 (A and D, bilateral alternate; B and E, unilateral; C and
F, bilateral synchronous leg movements), As clearly shown in
these waveforms, the amount of EMG activity varied from
condition to condition. In the unilateral leg movement (Fig. 3,
B and E), no EMG activity was observed in the nonmoving left
leg. The magnitude of the EMG activity was smaller for the
untlateral leg movement condition (Fig. 3, B and E) than for the
ordinary bilateral alternate leg movement condition (Fig. 3, A
and D). In the bilateral synchronous leg movement condition,
the EMG activity was present for both legs (Fig. 3, C and F;
however, its magnitude was smaller than that for the bilateral
alternate leg movement condition (Fig. 3, A and C).

Leg motions and load to foot sole

Figure 44 shows a typical example of the hip and ankle joint
angle movements obtained using the VICON system. In the
right (experimental) leg, both the hip and ankle joint angles
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moved in a similar manner among three conditions. On the
other hand, the left leg movement was completely out of phase
between the alternate and synchronous leg movement condi-
tions, and no obvious hip and ankle motion was observed
during the unilateral leg movement condition. There was no
significant difference in the range of motion of each joint
among three conditions for the right leg and between the
alternate and synchronous leg movement conditions for the left
leg (Fig. 48). In the unilateral leg movement condition, the left
leg movement was kept at almost zero (Fig. 48). It should be
noted that the data in Fig. 4B contain the data measured with
electrogoniometers, because the joimt angle movement esti-
mated using electrogoniometers was not different from that
measured directly using the VICON system.

Figure 5A shows a typical example of the load applied to the
foot sole in the three conditions. The load was modulated
almost sinusoidally with the leg movement cycle. The load was
maximal and minimal, respectively, when the hip joint was
maximally extended and flexed. Although the load averaged
over time was not different from condition to condition (Fig.
5B), there was a statistically significant (P < 0.05) difference
in the peak-to-peak load among the three experimental condi-
tions (Fig. 5C). In comparison with the alternate leg movement
condition, the load applied to the right leg was 83.5 * 3.8% in
the unilateral leg movement condition and 64.3 = 12.5% in the
synchronous ieg movement condition. On the other hand, the
peak-to-peak load applied to the left leg was 22.5 + 4.4% in
the unilateral leg movement condition and 69.9 *+ 11.9% in the
synchronous leg movement condition compared with the alter-
nate leg movement condition,
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FIG. 3. Averaged waveforms of hip and ankle joint motion, load on the leg, and induced EMG activities of limb muscles recorded from subjects S1 and $2
(top, right leg; bo:rqm, left leg). A and D: alternate leg movement condition. B and E: unilateral leg movement condition. € and £ synchronous leg movement condition.
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of hip (top) and ankle (botrom) joint angular motions in I cycle of leg
movement recorded from | subject using the VICON system. B: mean value of
range of motion (ROM) of the hip (top) and ankle (botrom) joint (r = 10). Alr,
Uni, and Syn indicate the alternate, unilateral, and synchronous leg movement
conditions, respectively. Error bars indicate SE,

Difference in the induced EMG activity among
experimental conditions

Figure 6 summiarizes the integrated EMG activity of the Sol,
Gas, and BF in three experimental conditions. The integrated
EMG activity induced by bilateral alternate leg movement was
significantly larger (Z < 0.05) than that induced during the
other conditions. The values of the percentage increase in
EMG magnitude induced by alternate leg movement compared
with that induced by unilateral leg movement were 291 £ 70,
163 = 16, and 278 * 71% for Sol, Gas, and BF, respectively.

Figure 7 shows the mean EMG amplitude in each 10% bin
of the locomotion cycle {top) and in the period during which
the muscle was evaluated to be active (botrom). The amplitude
of the Sol EMG activity in the bilateral alternate movement
was significantly larger (P < 0.05) than that in the unilateral
movement from the 30 to 60% cycles, and significantly larger
than that in the synchronous movement from the 30 to 70%
cycles (Fig. 7A). The duration of the EMG activity of the Sol
muscle during alternate leg movement was significantly longer
(P < 0,05) than that during the other conditions (Fig. 74). Such
an amplifying effect of alternate leg movement on the EMG
activity was also observed for the Gas and BF muscles (Fig. 7,
B and C).

DISCUSSION

These results show that the locomotor-like EMG activity
was significantly larger for alternate leg movement than for
unilateral and bilateral synchronous movements. In the piscus-
sion section, the neuronal mechanism underlying these results,
mainly in the context of what is known about the spinal
locomotor system that was revealed in previous animal and
human studies, will be addressed.

Muscle activity induced by passive leg movement

We used the gait-training apparatus (Fig. 14) to impose the
locomotory movement, However, the leg movement achieved
by this apparatus is different from the ordinary stepping move-
ment in the following two ways. First, the knee joint is locked
in an extended position throughout the entire locomotion cycle.
Second, the sole always touches the foot plate even during the
forward leg swing phase. That is, the sensory information from
the foot sole exists even in the swing phase, and there is no
clear instant that corresponds to “heel contact.” Despite these
differences in the movement pattern, the EMG activity was
observed in the paralyzed lower limb muscles during the
passive leg movement, as was shown during the body weight—
supported stepping movement on a treadmill in previous re-
ports (Dietz et al. 1995, 2002; Dobkin et al. 1995; Ferris et al.
2004; Harkema et al. 1997; Ivanenko et al. 2003). This is
because several factors that are important to this phenomenon,
i.e., hip joint motion (Andersson and Grillner 1983; Griliner
and Rossignol 1978) and load information (Dietz and Duysens
2000; Duysens and Pearson 1980), were well preserved, even
in our experimental setting. In fact, as for the first difference
regarding the knee joint motion, Dietz et al. (2002) have shown
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FIG. 5. Characteristics of load change during passive leg movement. A:
changes of load applied to the foot sole of each leg in | cycle of leg movement.
B: mean value of load averaged over | cycle (n = 6). C:. mean value of
peak-to-peak amplitude of load (¢ = 6). Alt, Uni, and Syn indicate the
alternate, unilateral, and synchronous leg movement conditions, respectively.
Error bars indicate SE. *Significant difference (P < 0.05).
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FIG. 6.  Effect of leg movement pattern on muscle activity, Mean values of integrated rectified EMG induced by 3 types of leg movement. A: soleus {Sol).
B: gastrocnemius (Gas). C: biceps femoris. Induced activity level of all 3 muscles was significantly larger (£ < 0.05) during the alternate leg movement (Alf)
than the unilateral (Uni) and synchroncus (Syn) leg movement conditions. Error bars indicate SE. *Significant difference (P < 0,05).

that the knee-locked stepping movement (hip walking) does
not affect the induced muscle activity. The only difference
between normal and hip walking was that RF activity was
almost absent in hip walking (sec Fig. 4 in their study), a
finding that agrees with our result (Figs. 3 and 5). The second
difference regarding foot contact might influence the load
information associated with the ordinary locomotion cycle:
however, as shown in Fig. 5, we ensured that the load applied
to the leg was periodically changed with the leg motion cycie
in our experimental setting, The load was maximal when the
hip joint was nearly maximally extended (Fig. 5), and this
loading pattern resembled that observed when a stepping
movement was imposed on a treadmill (Ferris et al., 2004). It
is therefore likely that a considerable portion of the afferent
neural inputs during normal walking could be preserved in our
. experimental setting.

In all subjects, coordinated EMG bursts can be induced by
imposing passive leg movement in the lower limb muscle. As
shown in Figs. 2 and 7, the phase in which the muscle activity
was observed coincided with the phase in which it was me-
chanically stretched. That is, Sol and Gas were active while the
leg swung toward the backward, and BF was active while the
leg swung toward the forward. It is therefore possible that the
muscle activity was associated with the stretch reflex response.
However, these results show that the muscle activity was
observed even in the muscle’s shortening phase (Figs. 2 and 7).
Concerning this point, Dietz et al. (1998) have also observed
that the leg muscle activity is equally distributed during short-
ening and it seems therefore likely that the locomotor-like muscle
activity results from the complex interaction of the afferent inputs
and the spinal neural circuits rather than simple stretch reflex.

Contribution of alternate leg movement

One of the most substantial features of human bipedal
locomation is alternating leg movement. Therefore investigat-
ing how such an alternate leg movement pattern affects the
amournt of locomator-like EMG activity would give us impor-
tant information, especially regarding the problem of whether
the activity is actually “locomotory” or not. A relevant ap-
proach has been partly taken by Ferris et al. (2004). They found

- that muscle activity could be induced for complete SCI patients

even in the nonmoving leg when the stepping movement was
imposed only on the other leg. Their results have provided
evidence that the human spinal cord has 2 mechanism to
efficiently realize alternating leg movement. However, we did
not observe any muscle activity in the nonmoving left leg (Fig.
3). This result was similar to the results of the study by Dietz
et al. (2002), who ascribed the contradiction with the work of
Ferris et al. (2004) to the difference in the speed of stepping
and the amount of the load (Dietz and Harkema 2004). Like-
wise, one of the possible reasons for the contradiction between
the results of Ferris et al, (2004) and our results is the
difference in the load pattern on the nonmoving leg. In this
study, the load was tonically applied and the amount of
modulation was small (Fig. 5), while in their study, a load
pattern resembling normal stepping was applied.

On the basis of the absence of muscle activity in the
nonstepping leg, Dietz et al. (2002} referred the possibility that
the interlimb coordination observed in normal subjects requires
the supraspinal systems. Concerning this point, a recent study
revealed that the interlimb coerdination includes the activity of
the supplemental motor cortex area (Debaere et al. 2001).
However, our data have provided sirong evidence that the
spinal cord has an ability to coordinate the movement of both
legs. Figure 8§ shows the relationships between Sol EMG
activity and ankle ROM (lgff), hip ROM (center), and the
peak-to-peak load (right) on the right foot sole. The EMG level
was significantly larger for locomotion-like alternate leg move-
ment than for unilateral and bilateral synchronous movements,
although the hip and ankle joint movements were kept identical
in all experimental conditions. This result also indicates that
the stretch reflex alone is insufficient to explain the modulation
of the EMG activity. If the EMG activity were merely a
response to the rhythmic muscle-tendon stretches, the level of
muscle activity should have been independent of the contralat-
eral leg movement.

One remaining concern is the difference among the three
conditions in the load applied to the right leg (Fig. 8, righn,
because the load-related afferent inputs, such as proprioceptive
inputs from the extensor muscle and the sole of the foot, are
known to influence the magnitude of the EMG activity

J Newrophysiol » VOL 93 « FEBRUARY 20035 « WWW.jn.org

31



MUSCLE ACTIVITY INDUCED BY RECIPROCAL CAIT

W A

()] 10 o BG 50 100(is cyse)
-
+] -
e ——

140

120
g 100
iw
1)
=
% a0

20

i
Wi

. ENG ountion

FIG. 7. Comparison of mean EMG amplitude in each 10% eycle bin (fop)
and duration of EMG activity (beztom) among the 3 experimental conditions.
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(Harkema et al. 1997; Kojima et al. 1999). Therefore the larger
EMG activity in the alternate leg movement condition could
simply result from the load on the right leg having larger
peak-to-peak amplitude. However, this is unlikely because the
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distribution of the Sol EMG activity with respect to the
peak-to-peak amplitude of the load is distinctly different from
other two conditions (Fig. 8, righr). Therefore it is difficult to
explain such a drastic enhancement of Sol EMG activity based
only on the difference in load. In addition, although the
peak-to-peak load was larger in the unilateral condition than in
the synchronous condition, the Sol activity was almost similar
between these two conditions (Fig. 8, A and C, right) and even
smaller for the unilateral condition in subject 82 (Fig. 8B,
right), suggesting that the Sol activity does not depend only on
the toad modulation.

Therefore our results strongly suggest that the afferent input
from the contralateral leg plays a substantial role in amplifying
the induced locomotor-like muscle activity in the lower limb.
In particular, the contralateral leg movement has to be out of
phase so that the muscle activity of the ipsilateral leg is well
amplified. That is, the alternate leg movement should be added
to the recipes for generating locomotor-like muscle activity
that have been previously suggested, such as hip joint motion
and the load applied to the lower limbs (Pearson 1995).

Interlimb coordination generated within the spinal cord

Previous animal studies, using a variety of preparations,
indicate that basic neuronal circuits that generate the locomo-
tive motor output exist in the lumbar level of the spinal cord
(Forssberg et al. 1980; Pearson and Rossignol 1991; for a
review, see Duysens and Van de Crommert 1998). Such
neuronal circuits can operate in the absence of any afferent
input {Grillner 1985), whereas the significance of the interac-
tion of such a spinal neuronal circuit with the afferent input has
also been pointed out (Duysens and Pearson 1980; Pearson
1995). Recent human studies have shown that the afferent
signal from one limb affects the muscle activity of the con-
tralateral limb in locomotory movement in a functional way
{Pang and Yang 2001; Ting et al. 2000). However, since these
studies were conducted in infants (Pang and Yang 2001) or in
healthy subjects (Ting et al. 2000), the supraspinal system’s
contribution remains unclear. Although the supraspinal system
such as the supplementary motor area might contribute to the
interlimb coordination (Debaere et al. 2001), these results
indicate that some mechanism coordinating the alternate leg
movement might exist within the human spinal cord itself. The
precise mechanism(s) are unknown at this stage, but it is
possible that the neuronal circuits associated with our results
have a common origin in the crossed flexor/extensor reflex
(Duysens and Loeb 1980; Duysens et al. 1991). Further re-
search is needed to clarify this point.

In summary, this study was designed to investigate to what
extent the alternate leg movement influences the locomotor-
like EMG activity in the lower limbs of SCI subjects. These
results indicated that the alternate leg movements play a
substantial role in amplifying the induced muscle activity, and
not only suggest the existence of neuronal circuits enabling
interlimb coordination within the spinal cord, but might rein-
force the interpretation that the muscle activity induced by
passive stepping movement is actually locomotory.
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ABSTRACT

Purpose: Even in the paralyzed lower limb muscle, electromyographic (EMG) activity can be
induced by imposing passive leg movement under standing posture in persons with spinal cord
injury (SCI). The purpose of the present study was to ascertain whether or not the oxygenation level
of the paralyzed lower limb muscle co-varied with the muscle EMG activities during imposed
passive leg movement. .

Methods: Six motor-complete SCT subjects and four neurologically normal controls were placed on
a gait training apparatus that enabled the SCI subjects to stand and move their legs passively. After
a 1-min resting stage, consecutive passive alternate leg movements were performed at different
frequencies (0.8, 1, 1.2, and 1 Hz, for 3 min at each stage). In order to obtain post-exercise data,
subjects were kept in a standing posture for 5-min after passive movement ceased. The EMG
activity and concentration changes in the oxygenated {(oxy-) and deoxygenated hemoglobin
(deoxy-Hb) by using near infrared spectroscopy (NIRS) were continuously measured from the
gastrocnemius muscle.

Results: In all SCI subjects, muscle EMG activity was observed during passive leg movement. The
oxy-Hb level gradually increased while the deoxy-Hb decreased, and these changes were
independent of the total Hb changes. In the recovery stage, the total Hb level was found to exceed
the pre-exercise level. In contrast to the SCT patients, the normal subjects showed neither EMG
activity nor changes in oxy- or deoxy-Hb.

Conclusien: The present results demonstrate that passive leg movement can induce not only
muscular activity but also alteration of muscle oxygenation level in the paralyzed lower leg.
Particularly, induced muscular activity seems to correlate with increased perfusion of the muscle.
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Spinal cord injury; paralyzed muscle; oxygenation level; near infrared spectroscopy;
reflexive muscle contraction; passive movement,
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INTRODUCTION

Previous studies have indicated that spinal cord injury (SCI) leads to extreme muscle
atrophy (Lotta et al. 1991, Castro et al. 1999), fiber type transformation towards
fast-fatigable fibers (Grimby et al. 1976, Martin et al. 1992), and lower bone mineral
density (Frey-Rindova et al. 2000, Szollar et al. 1998). This musculoskeletal
degeneration can be attributed largely to the dramatic reduction of muscular activity
and mechanical stress in the paralyzed limbs, which is due primarily to the motor
paralysis following SCI. Furthermore, long-term immobilization of the paralyzed limb
may bring about vascular effects such as reduction in vessel diameter (Boot et al. 2002,
Olive et al. 2002), and changes in muscle blood flow (Nash et al. 1995) and vascular
compliance (Hopman et al. 1994, Olive et al. 2002). Because chronic inactivity and
hypo-circulation of the paralyzed area are especially crucial factors in
cardiovascular-related complications such as pressure sores and deep venous
thrombosis (Boudaoud et al. 1997), enhancement of the metabolism and circulation in
the paralyzed area is particularly important in preventing these problems.

It is now well recognized that, even in the paralyzed muscles of SCI patients,
locomotor-like muscle activity can be induced by imposing stepping movement on a
treadmill (Dobkin et al. 1995, Dietz et al. 1995, 2002). Induced muscle activity is
believed to have the potential to prevent degeneration of the musculoskeletal system in
SCI patients. From the perspective of muscle metabolism, an important issue is
whether the muscular activity induced by imposed passive leg movement is
accompanied by alterations in the oxygenation level and/or circulation in the paralyzed
area. The present study was designed to address this question by simultaneously
recording the electromyographic (EMG) activity and the muscle oxygenation using
near infrared spectroscopy (NIRS). NIRS, a non-invasive and reliable technique for
measuring oxygenation and hemodynamics in tissue, is based on the principle that the
near-infrared light absorption properties of hemoglobin (Hb) and myoglobin (Mb)
depend on their O2 saturations. Recently, NIRS has been applied in clinical fields to
measure metabolic and circulatory patterns in a variety of diseases, and is recognized
to be a useful method for identifying impairment of muscle metabolism (for a review,
see Boushel 2001).

The purpose of the present study was to ascertain whether or not the oxygenation
level of the paralyzed lower limb muscle changed with muscle EMG activity during
imposed passive leg movements. If muscle oxygenation and circulation can be
facilitated by imposing passive movement, it may have significant ramifications for
rehabilitation in cases of SCI, and especially in the prevention of secondary
impairment following SCI. In the present study, we hypothesized that the muscle
oxygenation level should change with the appearance of the EMG activities in the
paralyzed lower limb muscle.

METHODS
Participants :

Six male SCI persons (26.4 = 4.4 years) and four neurologically normal subjects
(25.3 + 2.4 years) participated in the present study. All SCI patients had traumatic
spinal cord injuries at the thoracic level (between Th4 and Thl12) and had complete
paralysis of their lower limb muscles (American Spinal Injury Association (ASIA)
Class A or B; Maynard et al. 1997) with moderate spasticity. Their post-injury time was
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greater than six months. The physical characteristics of the subjects are summarized in
Table 1. The subjects gave their written informed consent for 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.

Table 1 Characteristics of the SCI subjects

Duration of
Age welght Lesion Grade of  paraplegia
Group Subject (yvears) ftkg) level ASIA {months)
SCT St 24 75 Thi2 A 26
52 21 60 Th12 B 25
83 30 74 Th8 A 14
$4 19 53 Th3 B 26
85 39 57 Thi2 A £5
56 32 68 Thi2 A 34
Mean 275 66.2 233
Sn 7.55 B.42 7.58
Normal Muen 26.4 64.2
5D 4.54 543

0.35m
G

NIRS
EMG

Ankle angle
Device angle
{Geniometer)

>

Figure 1 A: experimental set-up. This apparatus enables SCI patients to stand securely by
immobilizing their trunk and pelvis using front and back pads, and by preventing hyperextension of
the knee joint using a kneepad. It also enables them to swing their legs by moving a handle
connected to a foot plate. In this study, the experimenter manually moved the handle back and forth
in a sinusoidal manner by matchitig the movement frequency with the sound of a metronome. B:
Location of the EMG electrode and the NIRS sensor. Because it was impossible to place both the

NIRS sensor and the EMG electrode at the same place, they were placed proximally and distally on
the medial side of the muscle,

Experimental procedure

Passive leg movement: In order to impose locomotion-like movement on the legs, we
used an apparatus (Fig. 1A) developed for the physical exercise of persons with
disabilities (Easy Stand Glider 6000, Altimate Medical, Inc., Morton, MN, USA). This
apparatus enables SCI subjects to stand securely by immobilizing their trunk and pelvis
using front and back pads and by preventing hyperextension of the knee joint using a
kneepad. It also enables them to swing their legs by moving a handle connected to a

foot plate. In the present study, the experimenter manually moved the handle back and
forth in a sinusoidal manner.
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Protocol: Subjects were asked to abstain from alcohol and caffeine for at least 12 hours
prior to the experiment. The subjects were placed in the device and held in standing
posture. We verified that the standing posture was stable and that there was no
hypotension. We had initially planned to measure post-exercise data for 10 minutes,
but some subjects showed orthostatic hypotension over 8 or 9 minutes after the
cessation of the exercise in the preliminary experiment. We therefore set the duration of
post-exercise measurement at 5 minutes. After a 1 min resting stage, consecutive
passive movements were performed for 3 minutes at each of the following frequencies:
0.8, 1, 1.2 and 1 Hz. This protocol was used to examine whether EMG activity and
muscle oxygenation are dependent on the frequency of passive movement. The 1 Hz
movement was repeated to examine time dependent changes of muscle activity and
oxygenation. During the movement, the hip joint range of motion was set at 40
degrees. The experimenter manipulated the lever, keeping pace with the rhythm of a
metronome. The experimenter had conducted a sufficient number of practices before
the resting session so that they could adjust the leg motion to the predetermined pattern
(i.e., the range of motion and swing frequency)} by monitoring the angle data from an
electrogoniometer displayed on an oscilloscope. Since our aim was to estimate the
muscle oxygenation due to EMG activity in the paralyzed muscle, the subjects were
asked to relax their upper limbs.

Near-infrared spectroscopy: During passive leg movement, the oxygenation levels of
the medial head of the gastrocnemius (MG) muscle were continuously measured by a
NIRO-300 (Hamamatsu Photonics, Inc., Hamamatsu, Shizuoka, Japan) with
dual-channel near-infrared laser diodes. The NIRS signal has been assumed to reflect
the combined absorption of the oxygenation level of Hb and Mb. Though it is
impossible to distinguish between Hb and Mb because of identical spectral
characteristics, contribution from myoglobin to the overall signal is quite small.
Changes in oxygenated- (oxy-) and deoxygenated hemoglobin (deoxy-Hb) were
calculated by measuring light attenuation at 775, 813, 850 and 913 nm wavelengths,
and were then analyzed with an algorithm incorporating the modified Beer-Lambert
law. The NIRS probe was placed on the upper portion of the bellies of the MG muscle,
and a calibration procedure was carried out in order to ascertain if the range of
measurement was within the optimal range. Prior to the beginning of the passive leg
movement, subjects were kept in standing posture on the apparatus until the total Hb
value reached a constant level; that is, until the pooling of venous blood was completed.
At that time, the concentrations of each Hb value were set at zero. Changes in the Hb
values were calculated relative to the resting level, and are represented in pm.
Electromyography: The surface EMG signal was recorded from the MG muscle using
- bipolar electrodes. Because it is impossible to place both the NIRS sensor and the
EMG electrode at the same place, they were placed proximally and distally on the
medial side of the muscle (Fig. 1B). The electrode (DE-2.3, DelSys, Inc., Boston, MA,
USA) was placed at least 2 ¢cm proximal to the endpoint of the MG muscle. This
electrode has parallel-bars (lem long and lmm wide) spaced I cm apart, and is
designed with a built-in filter from 20-450 Hz. The common mode rejection ratio at 60
Hz is >80 dB. SCI patients tend to have larger impedance in their paralyzed legs, and
special care was thus taken to eliminate any artifacts of the EMG recording. The
electrodes were attached using double-sided adhesive tape after careful preparation of
the skin. The EMG signal was amplified (Bagnoli-8 EMG System, DelSys, Inc.,
Boston, MA, USA).

Electrogoniometer: In order to ascertain the similarity of the leg motion throughout the
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