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Facilitation of corticospinal excitability in the tibialis anterior
muscle during robot-assisted passive stepping in humans

Kiyotaka Kamibayashi,* Tsuyoshi Nakajima, Makoto Takahashi," Masami Akai and Kimitaka Nakazawa
Department of Rehabilitation for Movement Functions, Research Institute, National Rehabilitation Center for Persons with
Disabilities, 4-1 Namiki, Tokorozawa, Saitama 359-8555, Japan

Keywords: corticospinal tract, load-related afferent input, locomotion, transcranial magnetic stimulation

Abstract

Although phasic modulation of the corticospinal tract excitability to the lower limb muscles has been observed during normal walking,
itis unclear to what extent afferent information induced by walking is related to the modulation. The purpose of this study was to test
the corticospinal excitability to the lower limb muscles by using transcranial magnetic stimulation (TMS) and transcranial electrical
stimulation of the motor cortex while 13 healthy subjects passively stepped in a robotic driven-gait orthosis. Specifically, to investigate
the effect of load-related afferent inputs on the corticospinal excitability during passive stepping, motor evoked potentials (MEPs) in
response to the stimulation were compared between two passive stepping conditions: 40% body weight unloading on a treadmill
(ground stepping) and 100% body weight unloading in the air (air stepping). In the rectus femoris, biceps femoris and tibialis anterior
(TA) muscles, electromyographic activity was not observed throughout the step cycle in either stepping condition. However, the TMS-
evoked MEPs of the TA muscle at the early- and late-swing phases as well as at the early-stance phase during ground stepping were
significantly larger than those observed during air stepping. The modulation pattern of the transcranial electrical stimulation-evoked
MEPs was similar to that of the TMS-evoked MEPs. These results suggest that corticospinal excitability to the TA is facilitated by
load-related afferent inputs. Thus, these results might be consistent with the notion that load-related afferent inputs play a significant

role during locomotor training for gait disorders.

Introduction

It is well recognized that many patients with incomplete spinal cord
injury have a greater chance of regaining walking ability through
participating in conventional overground mobility therapy and body-
weight-supported treadmill training (Wemnig et al., 1995; Barbeau et al.,
1999; Wirz et al., 2005; Dobkin et al., 2006). The key concepts of this
training are that afferent inputs related to the stepping activate spinal
neuronal circuits and that prolonged exposure to locomotor training
induces use-dependent plasticity in the central nervous system.
Although much attention has been paid to the spinal neural mechanisms,
less is known about the changes in corticomotor function that might
occur when a patient undergoes the training.

With respect to the corticomotor function during healthy human
walking, several franscranial magnetic stimulation (TMS) studies
showed modulation in the excitability of the corticospinal tract while
walking (Schubert et al., 1997; Petersen et al., 1998, 2001; Capaday
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et al, 1999; Bonnard et al, 2002). The first of these studies
demonstrated that motor evoked potentials (MEPs) of the ankle
muscles by TMS were generally modulated in parallel with muscle
activation levels during treadmill walking (Schubert et al., 1997). At
this point, it is unknown to what extent descending and afferent inputs
contribute to this phase-dependent modulation of the corticospinal
excitability during walking,

A recently developed driven-gait orthosis (DGO) for locomotor
training is capable of drastically reducing the effects of descending
commands and of examining the effects of afferent inputs associated
with stepping. It has been shown in positron emission tomography and
functional MRI experiments that active and passive movements during
bicycling (Christensen et al., 2000) and flexion-extension of the wrist
joint.(Lotze et al., 2003) resulted in a similar pattern of activity in the
sensory-motor cortex, although active movement was associated with
higher activation in the primary motor cortex. In studies using TMS,
modulation in the corticospinal excitability to the forearm muscle has
been observed during passive wrist movement (Carson ef al., 1999;
Lewis et al, 2001; Lewis & Byblow, 2002). From these previous
reports, even during passive stepping using the DGO, the corticospinal
excitability to the lower limb muscles may be modulated by the
peripheral afferent inputs.

The present study was designed to test the changes in the
corticospinal excitability to the lower limb muscles by TMS while a
healthy subject passively stepped in the DGO. Specifically, as

© The Authors (2009). Journal Compilation © Federation of European Neuroscience Socie_ﬁes and Blackwell Publishing Ltd



peripheral inputs from hip joints and load receptors have been
considered important for the generation of locomotor-related muscle
activity and for locomotor recovery (Harkema et al., 1997; Dietz &
Harkema, 2004), we investigated the effect of load-related afferent
inputs on the corticospinal excitability at different body-weight-
unloading conditions during passive stepping. By using the same
‘DGO, we have recently observed strong facilitation of the
cutaneous reflex in the tibialis anterior (TA) muscle at body-
weight-loaded passive stepping but not at completely unloaded
passive stepping (Nakajima et al, 2008). Therefore, we .hypothe-
sized that the load-related afferent inputs will up-regulate corti-
cospinal excitability to the TA muscle in a phasic manner during
passive stepping.

Materials and methods
Subjects

Thirteen healthy subjects (aged 23-44 years) participated in this
experiment with the ethical approval of the local ethics committee at
the National Rehabilitation Center for Persons with Disabilities. All
subjects were included in the main experiment and four of them
participated in an additional experiment. None of the subjects had any
known history of neurological disorders. Each subject provided
informed consent to the experimental procedures, which were in
accordance with the Declaration of Helsinki.

Passive stepping

Passive stepping was assisted by a robotic DGO (Lokomat®, Hocoma
AG, Switzerland). A detailed description of the device can be found
elsewhere (Colombo et al., 2000). The DGO enables the imposition of
locomotor stepping without voluntary movements. Briefly, the DGO
provides drives for the physiological hip and knee joint movements of
each leg. Four separate position controllers control the angles of the
hip and knee joints in a computer-based real-time system. The DGO
was secured to the subject by straps across the pelvis and chest. The
lower limb parts of the orthosis were fixed to the subject with straps
around the thigh and shank. Dorsiflexion of the ankle joint for toe
clearance during the swing phase was achieved by a passive foot lifter
(spring-assisted elastic strap). Additionally, each subject wore an ankle
foot orthosis (fixed at 5° dorsiflexion) to prevent large movements in
the ankle joint. ’

To change load-related afferent inputs during stepping, two passive
stepping conditions were used, each with a different amount of body
weight unloading. One was passive stepping on the treadmill with
unloading of 40% body weight (ground stepping), which is close to
the level of unloading used in the locomotor training for spinal-cord-
injured patients. The other stepping condition was with full (100%)
body weight unloading, i.e. the subjects were suspended with the
* DGO in the air during the passive stepping (air stepping). In both
stepping conditions, the stepping speed was set at 1.5 km/h. During
passive stepping, the subject was instructed to relax as much as
possible and not to prevent the lower limb movements imposed by the
DGO.

Measurements

Electromyographic (EMG) activity was recorded from the rectus
femoris (RF), biceps femoris (BF), soleus (Sol) and TA muscles in the
right lower limb by surface bar electrodes (inter-electrode distance,

Corticospinal excitability in passive stepping 101

10 mm) placed over the muscle bellies. The ground electrode was
placed over the malleolus. The EMG signals were amplified (x1000)
and band-pass filtered (15-1000 Hz) by a biocamplifier (MEG-6108,
Nihon Kohden, Japan). Actual hip and knee joint angles of the

“orthosis were provided by potentiometers attached to the joint part of

the orthosis. The angle of the ankle joint was recorded by an
electrogoniometer attached to the anterior aspeet of the lower leg and
foot (SG110, Biometric Lid, UK). Ground contact of the heel during
ground stepping was detected by a pressure-sensitive sensor placed
under the heel (PH-463, DKH, Japan). All signals were sampled at
2 kHz (WE 7000, Yokogawa Co. Ltd, Japan) and stored for later
analysis.

Transcranial magnetic stimulation

To investigate the corticospinal excitability in the right lower limb
muscles, TMS was applied over the left motor cortex using a magnetic
stimulator (Magstim 200, Magstim Co., UK). A double-cone coil
(outside diameter, 110 mm) was positioned in the best location for
eliciting MEPs in the TA muscle. The center of the coil was placed
between the vertex and ~20 mm to the left of the vertex, and current
in the coil flowed in the anterior-to-posterior direction. A swimming
cap was pulled tightly over the subject’s head and the best location for
the stimulation was then marked on the cap with white tape. The coil
was firmly fixed with a chin band and Velcro® tape and was held by an
experimenter. The weight of the coil cable was decreased by
suspending it from a support frame that is used to hang up the
harness in the body weight support system. The coil position was
regularly checked to ensure that no slippage occurred during the
experiment.

The stimulus intensity was set to produce a peak-to-peak MEP
amplitude of ~0.1 mV in the TA muscle during upright standing with
40% body weight unloading. The MEPs duing standing were
recorded at least six times. During the ground and air stepping, the
TMS stimuli were given at 6-s intervals, slightly out of phase with the
step cycle. In this manner, the stimuli were dispersed randomly over
the step cycle. In each recording session, 20~30 stimuli were applied
in a stepping condition (i.e. each session for approximately 2-3 min).
After the rest interval, the other stepping condition was performed; in
total, three or four sessions of each stepping condition were
conducted. :

Additional experiment

Four of the 13 subjects included in the main experiment participated in
an additional experiment to compare the pattern of the MEP responses

" between TMS and transcranial electrical stimulation (TES) during

passive stepping. In this experiment, TES was applied using a
stimulator (D180, Digitimer Ltd, UK). The time constant of the
stimulation pulse was 100 us. An anode electrode for TES was placed
~20 mm to the left of the vertex and a cathode ~50 mm anterior to
the vertex (Di Lazzaro et al., 2001). The stimulation electrodes were
firmly secured by a swimming cap. As in the case of TMS, the
stimulus intensity for TES was also set to evoke a peak-to-peak MEP
amplitude of ~0.1 mV in the TA during upright standing with 40%
body weight unloading. After the MEP recording by either TMS or
TES was performed under both stepping conditions (ground and air
stepping), the MEPs by the other stimulus method were recorded
under both stepping conditions. In this additional experiment, the
stepping condition and the stimulus timing for TMS and TES were the
same as in the main experiment.
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Data analysis and statistics Results

The peak-to-peak MEP amplitudes of TMS and TES were analysed Patterns of leg muscle activity and joint movement during
off-line. For each MEP, the peak amplitude in the lower limb muscles passive stepping

was measured within a time window of 20-60 ms afler the
stimulation. The EMG background activity (BGA) was determined
as a root-mean square value of the EMG activity for 50 ms just prior
to the stimulation. The joint angle was measured at the instant the
stimulation was applied. As there was no heel contact during air
stepping, the signal of the heel contact could not be used as a reference
point in the step cycle. Therefore, the instant of the maximal flexion of
the right hip joint was used as the reference point (i.e. the starting
point of a step cycle). The step cycle of the passive stepping was
divided into six phases of equal length. For each subject, more than six
peak amplitudes were averaged for each phase of the step cycle in
each stepping condition. The data are shown as mean + SEM across
subjects in each condition. In the main experiment, the MEPs and
BGAs were analysed using a two-way repeated-measure ANOVA with
factors of task (ground and air stepping) and phase (six phases in the
step cycle). In addition, one-way ANOVA tests were conducted to
determine the significant differences under each stepping condition,
with the factor of step phase. When the assumption of sphericity by During stepping, the TMS was applied at a constant intensity. As there
Mauchly’s test was violated, Greenhouse-Geisser adjustments to the was little or no EMG activity during stepping, the MEPs were detected
degrees of freedom were made. When statistical significance was easily, even at responses as small as ~50 pV. In Fig. 1, the MEPs
found using the ANOVAs, posi-hoc tests (Bonferroni) for multiple evoked at the end of the swing phase during ground stepping (the area
comparisons were performed to identify significant differences. The enclosed by the dotted line) are enlarged in the traces at the right of the
significance level was set at P < 0.05 in all cases. figure.

Figure 1 shows a typical example of the EMG activities and joint
movements under both passive stepping conditions with the DGO.
The movement trajectories of the hip and knee joints were similar
between ground and air stepping because the limb position was
conirolled by the computer-based real-time system. The motion of the
ankle joint at the stance phase of ground stepping was also similar to
that of air stepping because the ankle position was fixed by the foot
orthosis. Across the step cycle under both stepping conditions, EMG
activity was not observed in the RF, BF or TA muscle. Low EMG
activity was seen in the Sol muscle at the stance phase of ground
stepping in some subjects. )

Transcranial magnetic stimulation-evoked responses in the
standing and stepping conditions

Ground stepping Air stepping

0.3 mv 0.3 mv
RF

e

BF | : | | . **1“’\(”*[

Sol R
: I 4
TA [ N '
i ! e
) ' 50 ms
Hip l 30° Flexion
0° >
Ankle l 10° Dorsiflexion
[ s W e b Lt U
: . 0°
comect [ 1 1 [
fgger | l | l
1s

F1G. 1. Example of the raw EMG activities of the RF, BF, Sol and TA muscles and movement trajectories of the hip and ankle joints observed in the right leg during
ground and air stepping. The heel contact phase during ground stepping is shown by a signal from a pressure sensor. The trigger signals represent the timing of the
TMS. The stimulus intensity was 45% of the maximal stimulator output in this subject. The MEPs evoked by TMS during ground stepping (the area enclosed by the
dotted line) are enlarged on the right (from 50 ms before to 100 ms after the stimulation).
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Figure 2 illustrates a typical example of the averaged MEPs in all
four muscles recorded in the standing posture and under the two
stepping conditions in a single subject. The step cycle was divided into
six equal phases on the basis of the maximal flexion of the right hip.
The top of this figure is a schematic representation of the lower limb
with the DGO at the six different phases of the step cycle and the
bottom of the figure shows the angle trajectories of the hip and ankle
joints under both stepping conditions. Each MEP trace shows an
average of six or more responses. During stepping, the MEPs were
modulated at phases of the step cycle despite the consistent stimulus
intensity. The TA MEPs were especially strongly facilitated during
ground stepping. The MEPs in the Sol were larger in the latter part of
the stance phase than at the other phases during ground stepping. In
the RF and BF, MEPs were also changed across the step cycle. The
modulation pattern of the MEPs was obtained in a reproducible
fashion across different recording sessions.

‘While the subject was standing with 40% body weight unloading,

the stimulus intensity was chosen in order to evoke MEPs of ~0.1 mV "

Standing

Corticospinal excitability in passive stepping 103

in the TA. The stimulus intensities among the subjects ranged from 41
to 62% of the maximum stimulator output. The average peak-to-peak
TA MEP in the wupright posture from all ~subjects was
0.122 £ 0.025 mV. At that intensity, the MEP responses in this
posture were detectable in nine of 13 subjects in the RF, six in the BF
and 10 in the Sol. The average peak-to-peak MEPs of upright standing
were 0.104 + 0.031 mV in the RF, 0.034 + 0.007 mV in the BF and
0.091 £ 0.030 mV in the Sol.

Figure 3 shows the mean TMS-evoked MEP responses, BGAs and
ankle joint angle during ground and air stepping in all subjects. The
mean ankle joint angle during the six step phases remained unchanged
in both stepping conditions because of the fixation by the ankle foot
orthosis. In the RF, BF and TA muscles, there were no visible BGAs in
both stepping conditions. The two-way ANOVA [task (two stepping
conditions) x phase (six different phases)] tests showed no significant
effects of task, phase and task X phase interaction in the BGAs of
each muscle. In the Sol muscle, the small EMG activation was induced
at the stance phase of ground stepping but the BGAs in the Sol showed

Passive stepping

PRSI

— Ground stepping

== Alr stepping

0.1 mVv
BF ;
Sol | l
[PSVEIvEpRY T T LY W PP W ey P . g
TA
‘ oy '%“' ’ ; ""’”“JT‘ l_.__..
: 35 ms
\ .
Hip l30 F!ex:on
0°
Ankle

l 10° Dorsiflexion
O°

500 ms

Stance phase

FIG. 2. Typical examples of averaged MEPs in the RF, BF, Sol and TA muscles during upright standing and in each of the six phases during two different passive
stepping conditions, and time-courses of the hip and ankle joint angles during stepping in a single subject. The schematic llustrations indicate the right lower limb
with the orthosis at six stepping phases. Each MEP trace at each phase is an average of more than six stimuli. The TMS intensity was 41% of the maximal stimulator
output. '
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FIG. 3. Averages of the peak amplitude of the TMS-evoked MEPs, EMG BGAs and ankle joint angle recorded at six different phases during ground and air
stepping. These values were recorded from four muscles in the right leg. Each plot represents the mean (+SEM) value across all subjects. Significant difference
between the values during ground and air stepping (**P < 0.01). The dashed line indicates the MEP amplitude in the TA at upright standing with 40% body weight

unloading.

no significant effect for task, phase and task x phase interaction.
The MEPs in the Sol muscle showed significant effects of task
(Fr12=9.68, P=0.009), phase (Fsgo=7.50, P=0.005) and
task X phase interaction (Fs ¢ = 4.64, P = 0.02). The one-way ANO-
VA test indicated that phase difference was significant in the case of
ground stepping (Fs g0 = 10.39, P = 0.002) but not in the case of air
stepping (Fsg0 = 2.97, P = 0.07). During ground stepping, the Sol
MEP at the late-stance phase was significantly larger than that at the
other step phases (P < 0.05). There was a significant increase of the
MEP amplitude at the late-stance phase during ground stepping
compared with air stepping (P < 0.01). For the TA MEPs, the ANOVA
test indicated that the task difference was significant () 1, = 12.59,
P =0.004) but the main effect of phase was not significant (F. 560 =
2.29, P=0.10). The MEPs in the TA muscle revealed a significant
interaction with task x phase (Fs 6o = 3.84, P = 0.03), suggesting that
the MEP facilitation pattern differed significantly between stepping
conditions (Fig. 3). In Fig. 3, the dashed line indicates the MEP
response in the TA during upright standing with 40% body weight

unloading. The TA MEPs in all phases of ground stepping were larger

than at upright standing. The MEPs at the early- and late-swing phases

as well as the early-stance phase were significantly different between

ground stepping and air stepping (P < 0.01). The results of one-way

ANova for the TA MEPs under each stepping condition revealed that

the phase difference was significant in the case of both stepping

conditions (ground and air stepping: Fs o = 2.88 and 3.88, P = 0.04

and 0.01). During ground stepping, the TA MEPs at the early-stance

phase were significantly larger than those at the late-stance and mid-"
swing phases (P < 0.05). However, during air stepping, the TA MEPs

were significantly larger at the mid- and late-stance phases compared

with the late-swing phase (P < 0.05). The BF MEPs during passive

stepping, except in the mid-swing phase, were larger than at upright
standing. The increase of the BF MEPs was observed particularly

around the early-stance phase. Although the RF MEPs tended to

increase at the swing and early-stance phases in both stepping
conditions, the average MEPs in each phase in both stepping
conditions were smaller than those during upright standing.
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Modulation pattern of the iranscranial magnetic stimulation-
and transcranial electrical stimulation-evoked responses during
passive stepping

As an additional experiment, we compared the modulation patterns
of TMS- and TES-evoked MEPs during both stepping conditions in
four subjects with a protocol similar to that of the main experiment.
As shown in Fig. 4A, the electrically induced MEPs had a latency
that was 1.5-2.0 ms shorter than the magnetically induced MEPs in

A

TES

R
4
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the condition where the MEP amplitudes by TMS and TES were
similar. Each MEP response during ground stepping and the mean.
~values of the MEPs at six phases of ground stepping for the same
subject as in Fig. 4A are shown in Fig. 4B and C, respectively.
Although RF MEPs were not evoked by TMS in this subject, the
modulation patterns of TES-evoked MEPs were similar to the TMS-
evoked MEPs in other muscles (Fig. 4B and C). In the TA, the MEP
facilitation was observed at the early-swing phase and at the swing-
stance trapsition, although differences in TMS- and TES-evoked
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FiG. 4. (A) Raw waveforms of the MEPs evoked by TMS and TES in a subject. Five traces of MEPs are superimposed from the instant of stimulation to 60 ms after
stimulation. Latencies evoked by TMS and TES are shown by the arrows. (B) MEP amplitude of the RF, BF, Sol and TA muscles evoked by TMS and TES during
ground stepping in the same subject as in A. (C) Averages of TMS- and TES-evoked MEP amplitudes in the RF, BF, Sol and TA muscles at six phases of ground

stepping in the same subject. Each plot represents mean (+SEM) value.
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MEP sizes were observed (Fig. 4B and C). The TA MEPs in
response to TES during air stepping were not facilitated compared
with those during ground stepping.

Figure 5 shows the mean TMS- and TES-evoked MEP amplitudes
and BGAs in the Sol and TA muscles from four subjects. The stimulus
intensity was set to evoke the MEP amplitude of ~0.1 mV in the TA
during upright standing with 40% body weight unloading at both
stimulus conditions. The mean TA MEP amplitudes during upright
standing were 0.120 + 0.024 mV for TMS and 0.128 + 0.057 mV for
TES in all subjects. The results from all subjects also showed that the
MEPs evoked by TES had similar phasic modulation to those evoked
by TMS in both stepping conditions.

Discussion

In the present study, TMS was applied to investigate the corticospinal
excitability in the lower limb muscles during passive stepping on the
ground (ground stepping) and in the air (air stepping) by the DGO. We
hypothesized that the corticospinal excitability might be phasically
modulated by afferent inputs induced by passive stepping, especially
when load-related afferent inputs were included. For this study, the
maintenance of the TMS coil position across the step cycle was a
crucial point. During stepping, the subjects did not move backwards or
forwards due to their fixation to the DGO and harness. Therefore, it
appears that, across the step cycle, the coil position for TMS was well

stabilized despite the rhythmic lower limb movements during passive
stepping. Indeed, we confirmed from video images that the position of
the coil relative to the subject’s head remained unchanged during the
step cycle. The present results showed that the MEPs of the TA muscle
during passive stepping were significantly facilitated by load-related
afferent inputs.

Motor evoked potential modulation in the tibialis anterior
muscle

The DGO could generate stepping motions by motor drives for the hip
and knee joint movements. Therefore, the effect of voluntary
command was largely reduced during passive stepping by the DGO
with the foot lifters. In the present study, no EMG activity in the RF,
BF and TA muscles was observed in either stepping condition,
whereas Sol EMG activity often occurred at the latter stance phase
during ground stepping, which is similar to the findings in a previous
study of passive stepping with the same DGO (Dietz et al., 2002;
Liinenburger ez al., 2006). In the present study, the stepping speed was
1.5 km/h, which was much less than that during normal walking.
However, the recording of the EMG activity in the lower limb muscles
during treadmill walking over a wide speed range (1-7 km/h)
indicated that, although the mean EMG activity increased with speed,
a similar pattern of EMG activity was obtained at the different speeds
(Ivanenko ef al, 2006). In addition, in a previous study that used the

TMS TES
(mV) (mVv) :
i i} @ Ground stepping
Sol-MEP 04 0.4 & Airstepping
0.3 0.34
0.2 - ; ; 0.2+ I I
0.1 0.1
. & % &
0 ﬁ sﬁ ﬁ m 0 % ? T é ‘:
Sol-BGA 0.0127 0.012
0.0084 0.008-
0044 0.004
e o 8 8 8 @ s 6 &% o
0 -y r 0 T v 1
TA-MEP 0.4 4 1.2 4
0.3 0.9
0.2 0.6 4 I
01{ & : 8 po é 3 0s] & é & &
P S— ole o 7 ¢ ¢ §
TA-BGA 0.0124 0.012+
0.008+ 0.008
0.004 0.004 4
0 & @ & e @ @ o & & @ & 9 ©
Ov 20 40 60 80 100 0 20 40 60 80 100
Stance phase Stance phase
Step cycle (%)

F1G. 5. Averages of TMS- and TES-evoked MEP peak amplitudes and EMG BGAs in the Sol and TA muscles. The black and grey circles depict the average data
during ground and air stepping, respectively. Each plot represents mean (+SEM) value across four subjects. The vertical axis of the TA MEP responses induced by

TES is three times larger than that of the TA MEP responses induced by TMS.
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Lokomat®, locomotor-like EMG activations of the lower limb muscles
were observed in complete spinal cord-injured patients during
stepping at a speed of 1.5-2.5 km/h (Liinenburger et al, 2006).
The result suggests that the spinal neuronal circuits for locomotor
activity can be driven by afferent inputs in this speed range in spinal
cord-injured patients. In the present study, a noteworthy result was that
the TA MEPs evoked by TMS increased at the early- and late-swing
phases as well as at the early-stance phase only in the ground stepping
condition, whereas no BGAs in the TA were observed during ground
and air stepping (Figs 2 and 3). The facilitation pattern of the TA
MEPs during ground stepping was similar to that observed during
normal treadmill walking, as reported by Schubert ez al. (1997). These
authors found that the TA MEP induced by applying below-threshold
TMS was largely modulated in parallel with the TA BGA during
treadmill walking.

In the present study, there was phasic MEP modulation in the TA
muscle during air stepping (Fig. 3). This result suggests that the
corticospinal excitability of the TA muscle is modulated by peripheral
afferent inputs associated with locomotor-like movements in the lower
limb. However, the TA MEPs during air stepping were similar or
smaller than those in the upright standing, whereas MEP facilitation in
the TA was observed during ground stepping (Fig. 3). The movement

 trajectories of the hip and knee joints were not different between
ground stepping and air stepping, as the angles were controlled by the
computer of the DGO. In addition, the ankle angle was maintained in a
constant position with the ankle foot orthosis. Thus, the trajectories of
the lower limb joints in both stepping conditions were very similar
(Figs 1-3). The factors facilitating corticospinal excitability of the TA
muscle during ground stepping appear to be the load-related afferent
inputs. The significance of load receptor input for regulating
locomotion has been stressed not only for animals but also for
humans (Stephens & Yang, 1999; Dietz & Duysens, 2000; Faist et al.,
2006; Nakajima et al., 2008). The load-related effects may be
mediated by afferent information from the Golgi tendon organs, joint
receptors and cutaneous mechanoreceptors (Van de Crommert ef al.,
1998; Dietz & Duysens, 2000; Faist et al., 2006). By using the same
DGO as in the present study, we recently observed facilitation of the
cutaneous reflex in the TA muscle by tibial nerve stimulation during
passive ground stepping but not during air stepping (Nakajima et al.,
2008). The facilitation of the cutaneous reflex was observed at the
stance-swing transition during ground stepping (Nakajima er al.,
2008), whereas the facilitation of the MEP response in the present
study occurred at the early-swing phase and swing-stance transition.
Thus, the step phases at which the facilitation effects are mediated
were different between the cutaneous reflex and corticospinal
pathways. However, the modulation patterns of both the cutaneous
reflex and corticospinal pathways during passive-loaded stepping are
similar to those observed during normal walking (Yang & Stein, 1990;
Schubert ef al., 1997). From animal studies, it is well known that
spinal neuronal circuits can be activated passively by adequate afferent
inputs that might be induced during normal locomotion (Griliner,
1981; Rossignol et al., 2006). Such activities of the neuronal circuits
induced during ground stepping may rhythmically facilitate corticosp-
inal excitability of the TA muscle.

Although the main purpose of the present study was to investigate
the modulation pattern in corticospinal excitability during passive
stepping and not to clarify the level of neuroaxis at which the
facilitation is mediated, TES was applied under the same stepping
conditions as an additional experiment. As a method of obtaining
information about the level (cortical or subcortical) at which a given
change occurs, comparison of MEPs evoked by TMS and TES has
been proposed (Petersen ef al., 2003). With the appropriate stimula-
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tion-electrode configuration, it is generally accepted that the current
induced by TES at intensities just above the MEP threshold mainly
activates the axons of corticospinal cells directly, whereas TMS
activates the corticospinal cells either directly close to the cell soma or
indirectly through the activation of fibers or neurons projecting onto
corticospinal cell (Day et al, 1989; Nielsen et al., 1995; Rothwell,
1997; Di Lazzaro et al., 2001). Therefore, it is considered that the
MEPs induced by TES are not influenced by the change in excitability
at the cortical levels. The latency of TES-evoked MEPs occurred
1-2 ms earlier than that evoked by TMS in the present study
(Fig. 4A). This probably reflects the fact that TES activates the axons
of corticospinal cells deep in the cortex (Nielsen ef al., 1995). If TES-
evoked MEPs remained unchanged between ground and air stepping,
whereas TMS-evoked MEPs during ground stepping were larger than
those observed during air stepping, it can be concluded that the change
of the corticospinal excitability probably occurred within the cortical
level. The results of the TA MEPs by TES during ground stepping,
however, also showed similar modulation to those by TMS (Figs 4B
and C, and 5). Therefore, the level of neuroaxis at which the MEP
facilitation in the TA muscle occurred during ground stepping could
not be determined from the present study. As the MEP responses by
TMS were measured without TA muscle activity, we could not
determine the change in the subliminal fringe in the a-motoneurons
during ground stepping. In addition, the change of the excitability in
the segmental interneurons to the MEP facilitation was not eliminated.
Further experiments are needed to specify the neuroaxis underlying
facilitation of corticospinal excitability.

Motor evoked potential modulation in other lower limb
muscles

The MEP modulation during ground stepping appeared not only in the
TA but also in the Sol muscle. In the Sol muscle, weak EMG activity
was observed at the late-stance phase during ground stepping and
MEPs at this phase increased in a similar fashion (Figs 2 and 3). The
EMG activity appeared to be reflexively generated because the
stepping was performed passively (i.e. largely reduced the voluntary
command). It has been indicated that the load receptors contribute to
the afferent-mediated enhancement of ankle extensor muscle activity
at the late stance of walking (Grey et al., 2007). As simple rhythmic
muscle stretching or loading alone does not lead to a locomotor EMG
pattern (Dietz et al., 2002), a combination of locomotor-like afferent
inputs would be necessary to evoke locomotor EMG activities. In
accordance with the previous study, the Sol EMG activity during air
stepping was not observed in the present study. The phase-dependent
Sol MEP modulation induced by TES during ground stepping was
similar to that induced by TMS (Figs 4B and C, and 5). Therefore, the
MEP facilitation would be mainly attributable to changes in the
increased excitability of the a-motoneurons in this muscle. In the case
of the locomotor activity, the flexors are considered to be predom-
inantly under central control, whereas the extensors are mainly
activated by afferent feedback (Dietz, 2002). Therefore, it is interest-
ing that the TA MEP was facilitated by the load-related afferent
feedback during passive stepping.

The MEP amplitudes in the upper leg muscles were also changed
depending on the step phase (Figs 2 and 3). In the RF, MEPs increased
from the initial swing to the swing-stance transition phase during
stepping. With regard to the BF, MEPs showed larger amplitudes
around the early-stance phase. These phases of MEP facilitation
corresponded to the phases at which EMG activities in the respective
muscles were seen during normal walking (Winter & Yack, 1987) and
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active stepping with the DGO (Liinenburger et al., 2006). Bonnard
et al. (2002) observed stimulation-induced hip movements by above-
threshold TMS to the motor cortex of the leg area during treadmill
walking. When TMS was applied at the initial swing phase, the
stimulation increased the movement of the hip flexion, whereas TMS
applied at the mid-stance phase increased hip extension. These results
seem to suggest that the excitability of the corticospinal tract in the RF
was relatively increased at the initial swing and that the excitability to
the BF was relatively increased at the mid-stance. In the present study,
similar MEP modulation patterns were induced during passive
stepping. As the stimulus intensity was weak for the RF and BF
MEPs, the effects of the task and/or step phase on the MEPs may be
shown more clearly by investigating the input (stimulus intensity)—
output (MEP amplitude) curve of the corticospinal tract at pre-
determined step phases (Devanne ef al., 1997).

Clinical implications for rehabilitation

In a study using TMS, Thomas & Gorassini (2005) found that
intensive locomotor training for patients with incomplete spinal cord
injury increased the corticospinal excitability in the lower limb
muscles in association with the recovery of locomotor ability. The
present data show that the corticospinal excitability to the TA muscle
is facilitated during passive ground stepping but not during passive air
stepping. This indicates that load-related afferent inputs have a role in
amplifying the corticospinal excitability in the TA muscle during
stepping. In the locomotor training of patients with spinal cord injury,
it is already known that body reloading is crucial to the generation of
locomotor EMG activity and recovery of locomotion (Harkema et al.,
1997; Dietz & Harkema, 2004; Nakazawa et al., 2004). On the basis
of the present results, we cannot determine the effect of passive DGO
stepping on the functional recovery of locomotion ability in patients
with incomplete spinal cord injuries. However, the supply of
appropriate load-related afferent inputs during locomotor training by
passive stepping may partly be useful for activating the neuronal
circuitry for the locomotion because the MEP responses during
passive stepping were facilitated — a similar facilitation pattern to that
seen in normal walking. Knowledge about the neuronal control of
human locomotion, including passive stepping, should be accumulated
to identify a more effective approach for locomotor recovery.
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