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Recent studies have shown that a locomotor pattern can be induced and utilized by paraplegic
patients under conditions of body unloading using a moving treadmill. The present study
investigated the behaviour of the locomotor pattern and also the relationship of its
development to the spontaneous recovery of spinal cord function assessed by clinical and
electrophysiological (tibial nerve somatosensory evoked potentials and motor evoked
potentials) examinations. The earliest time that spinal locomotor activity could be induced
was when signs of spinal shock had disappeared. This activity was distinct from spinal stretch
re¯ex activity. In complete paraplegic patients the locomotor pattern improved spontaneously
without training. This was coincident with both an increase of gastrocnemius electromyo-
graphic activity during the stance phase of gait and a decrease of body unloading. These
e�ects reached a plateau after about 5 weeks. In complete and incomplete paraplegic patients
a near linear increase of gastrocnemius electromyographic activity occurred during the stance
phase of a step cycle with daily locomotor training over the whole training period of 12 weeks.
This was also coincident with a signi®cant decrease of body unloading. In contrast to this,
neither clinical nor electrophysiological examination scores improved after the onset of
training in both patient groups. Only in incomplete paraplegic patients was there recovery,
albeit statistically insigni®cant, of spinal cord function according to the sensory and motor
scores obtained in the neurological examination during the time period before onset of
training. An improvement of locomotor function by training was also seen in patients with
paraplegia due to a cauda lesion. Such training e�ects on muscles and tendons could be
separated from those on the spinal locomotor centres. The ®ndings of this study may be
relevant for the future clinical treatment of paraplegic patients.
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Introduction

It has been demonstrated that it is possible to induce
locomotor movements with appropriate leg muscle
activation in the chronic spinal cat (for review see
Grillner1). The pre-requisites for this to occur were
partial unloading of the body and standing with the
hindlimbs on a moving treadmill. Subsequently,
positive e�ects of both locomotor training and the
application of noradrenergic substances were described
in this preparation.2

Similarly to the e�ects seen in the cat locomotor
movements can be induced and be utilized by
paraplegic patients with an incomplete lesion, using
partial unloading of the body while standing on a
moving treadmill.2,3 Indeed, recent studies in such
patients have shown a signi®cant increase in electro-
myographic (EMG) activity in the leg extensor muscles
during training, an e�ect which was suggested to be

connected with improvement of locomotor function.4,5

Furthermore it was possible to show that even in
patients who have complete paraplegia locomotor
patterns could be induced6 and leg extensor EMG
increased during training,4,5 although these patients
did not have an improvement in their locomotor
abilities.

Nevertheless, several questions remain with respect
to the locomotor pattern induced in paraplegic
patients. There is not yet su�cient information about
the spontaneous recovery of locomotor function in
these patients which may interfere with e�ects of
locomotor training. In addition, it is still unclear to
what degree the e�ects of locomotor training could be
attributed to a training of spinal locomotor centres, as
locomotor training will also a�ect leg muscles and
tendons resulting in an improvement of locomotor
performance.

Therefore, the aim of this study was to elucidate
and de®ne more precisely the function and behaviour
of the spinal locomotor apparatus in humans. Only
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systematic assessment of leg muscle EMG activity
during the course of the training can re¯ect the
neuronal activity of the spinal cord and can indirectly
provide evidence for training e�ects on the spinal
pattern generator. The e�ects of locomotor training
were related to clinical and electrophysiological
examinations over the time course of rehabilitation.
The present studies were extended also for paraplegic
patients with cauda lesions in order to assess the
e�ects of the training programme on the tendons and
muscles of the legs. Furthermore, we have analyzed
the spontaneous recovery of locomotor function in
paraplegic patients. The observations made here may
serve as a basis for future pharmacological and
electrophysiological manipulation of the locomotor
pattern generator in order to further improve mobility
in paraplegic patients.

Materials and methods

General procedures and patients
The local ethical committee granted permission to
make recordings during treadmill locomotion on
patients with complete and incomplete paraplegia.
Daily locomotor training and weekly recordings were
done in ®ve patients with complete para-/tetraplegia
(mean age 33), seven patients with incomplete para-/
tetraplegia (mean age 31), two patients with incomplete
paraplegia due to a cauda lesion (mean age 34) and
three age-matched normal subjects. The clinical
diagnosis of a complete spinal cord lesion was
supplemented by electrophysiological and radiological
(eg magnetic resonance imaging) data. Patients with
incomplete paraplegia were unable to perform stepping
movements during the ®rst trials (for further details see
Table 1). Most patients were spastic and exhibited

exaggerated tendon tap re¯exes in the legs when
locomotor training was started. However, in a few
(three) patients, recordings of locomotor activity were
already taken at an earlier stage during spinal shock
when tendon tap re¯exes were still abolished. For some
speci®c questions, recordings were made also in
patients not listed in Table 1.

All patients underwent daily locomotor training on
the treadmill (approximately 300 m of walking)
starting from 49 to 323 days post-trauma (mean 125
days). In completely paraplegic patients and at the
beginning of the training in all incompletely paraplegic
patients, stepping movements could easiest be induced
with the treadmill moving at a speed of approximately
1.5 km/h. With partial unloading of body weight (up
to 80% of the weight was unloaded), physiotherapists
assisted the movements of the legs on both sides,
especially around knee extension and during transi-
tions from stance to swing and vice versa of the
respective leg. Unloading of the patients was achieved
by suspending them from a parachute harness
connected to an overhead crane. The degree of
unloading during one training session was provided
by a scale on the crane.

Standardized neurological examinations of the
patients were performed according to the American
Spinal Injury Association (ASIA) protocol.7 The ASIA
motor (maximum 100 points) and sensory (maximum
for both aesthesia and algesia 112 points) scores
indicated the severity of the spinal cord injury (SCI)
lesion.

Electrophysiological recordings
Electromyographic (EMG) recordings were made
weekly during treadmill locomotion using surface
electrodes (5 cm apart) from the medial gastrocnemius

Table 1 Patients with incomplete and complete paraplegia who participated in the locomotor training programme

ASIA
Age Level of impairment

Patient # [years] Sex lesion scale Drugs

Incomplete paraplegia
1
2
3
4
5
6
7

28
73
21
21
50
13
14

M
M
M
M
M
M
M

C5
C4
C5
T7
C5
C6
C5

C
D
D

C/D
C
D
C

Clonazepam

Baclofen

Clonazepam/Baclofen
Baclofen

Complete paraplegia
8
9
10
11
12

53
22
21
46
22

M
M
F
M
M

T7
T5
C7

C5/C6
C6

B
A
A
A
A

Clonazepam

Clonazepam

Clonazepam
Incomplete cauda
13
14

34
33

M
M

L2
L5

B
B
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(GM), and tibialis anterior (TA) muscles of both legs.
Ankles and knee-joint movements were monitored
using mechanical goniometers ®xed at the lateral
aspect of the right and left ankles and knees. A force
plate signal underneath the treadmill belt provided a
record of the vertical force exerted on the treadmill.
This signal indicated onset of the step cycle.

Somatosensory evoked potentials (SSEP) were
elicited by electrical stimulation (0.2 ms duration,
square wave, applied at 3 Hz) of the tibial nerves
delivered at the medial aspect of the ankles of both
legs (for details see Curt and Dietz8). The cathode was
placed 2 to 3 cm proximal to the anode. Subjects were
lying prone at ambient room temperature. The
stimulus intensity was adjusted to produce a clear
muscle contraction. The recording electrodes (con-
ventional 0.5 cm gold cup electrodes) were attached to
the skin over the ®rst lumbar vertebra, L1 (to control
the e�ectiveness of electrical stimulation and transmis-
sion of the potentials along the peripheral nerve
segments). Scalp electrodes were positioned at Cz-Fz
(International 10/20 electrode system). The electrode
impedance was maintained at less 5 kO. The ampli®er
was set at 5 mV/div and the time of analysis at 100 ms.
Two sets of 500 responses were averaged and
superimposed to ensure consistency.

The N 40 latencies and amplitudes of tibial SSEP
recordings were determined and the results were
classi®ed into ®ve categories according to Kovindha
and Mahachai.9 This classi®cation re¯ects di�erent
degrees of impaired impulse transmission within the
spinal cord (category No 1: No cortical SSEP
recording; (2) Pathological latency and amplitude of
the N 40 component; (3) Delayed latency with normal
amplitude of the N 40 component; (4) Normal latency
with reduced amplitude of the N 40 component; (5)
Normal latency and amplitude of the N 40
component). The limits to de®ne signi®cant patholo-
gical results were de®ned according to values reported
elsewhere.10,11

The patients were examined monthly during the ®rst
3 months post-trauma and again 6 months post-
trauma. The ®rst examination was done on the ®rst or
second day after hospitalisation, but usually within the
®rst 2 weeks post-trauma.

Motor evoked potentials (MEP) due to transcranial
magnetic stimulation were evoked using a commer-
cially available stimulator with a ¯at round coil (Mag
PRO, DANTEC) localized over Cz (for details see
Curt and Dietz12). The stimulus waveform was
biphasic, the pulse-width was 200 ms with an
intensity of 100 ± 160 A/ms. Current direction was
clockwise. With the patient in a supine position, the
stimulus intensity was gradually increased until a
maximal muscle response was obtained in the TA
muscle. The latencies and amplitudes of TA EMG
responses were determined and the results were
classi®ed into the ®ve categories described above for
the SSEP recordings. The limits to de®ne signi®cant
pathological results were as previously described.13

The examinations were performed together with the
SSEP-recordings.

Data analysis
EMG recordings were ampli®ed (microvolt ampli®er;
bandpass ®lter, 30 ± 300 Hz) and were transferred
together with the biomechanical signals to a PC-
microcomputer systems via an analog-to-digital con-
verter. All signals were sampled at 600 Hz and, after
recti®cation of the EMG, were averaged over 20 step
cycles. The force signal from the right foot fall and
onset of right stance phase was used as a trigger for
averaging the EMG and biomechanical signals.
Individual step cycles were normalized to a relative
time scale of one step cycle starting and ending with
the right heel strike. For a detailed description of the
recording techniques and signal analysis, see earlier
articles.4,14

To investigate changes in gastrocnemius EMG
activity as a function of time and of training, the
signal energy (RMS=root mean square) was deter-
mined during a 20% interval of the step cycle ending
5% before the end of the stance phase of the step
cycle, a period in which gastrocnemius activation was
expected to occur (Figure 1). By this procedure only
changes in amplitude but not in timing of EMG
activity were assessed. The knee joint signal (mid of
¯exion movement) was used to trigger the end of the
stance phase, because this signal was most consistent
between the di�erent patient groups.

To allow intersubject comparison of changes in
gastrocnemius EMG activity as a function of training
within 12 weeks, the individual RMS amplitudes were
normalized. This was done by rank order of the
highest to lowest values within the 12 weeks of
training.

Statistics
A SAS-package (information delivery system) was
used. Time course changes of repeated measurements
from a data collection session on the same individuals
were investigated using the Spearman correlation test.
The coe�cients were calculated for the clinical (ASIA
motor and sensory) scores, the SSEP/MEP values and
the rank orders of RMS EMG amplitudes over the
time after injury and of the training programme
respectively. For the separation of the two e�ects,
body (un)loading and training, on the time course of
changes in EMG amplitude (rank orders) the Spear-
man partial correlation coe�cients were calculated.
The level of signi®cance was set at P50.05.

Results

In a ®rst part data will be presented which may
in¯uence the leg muscle activation during the
locomotor training. In a second part the changes of
biomechanical and EMG parameters obtained during
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the training period will be related to electrophysiolo-
gical and clinical parameters indicating a possible
spontaneous recovery of spinal cord function.

E�ect of locomotor training
In this section the leg muscle activation pattern at the
beginning and the end of a locomotor training in both

Figure 1 Lower leg muscle electromyographic (EMG) activity and joint movements of (a) a completely and (b) an incompletely
paraplegic patient at the beginning of and 12 weeks after daily locomotor training. The unloading amounted to 75% (beginning)
and 50% (end) of body weight for the completely, and 80% (beginning) and 45% (end) of body weight for the incompletely
paraplegic patient. Note the di�erent calibrations of EMG amplitude
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completely and incompletely paraplegic patients will be
presented.

Figure 1 shows typical training e�ects (over 12 weeks)
on the lower leg muscle EMG-activity in a patient with
complete paraplegia (Figure 1a; no 10, Table 1) and a
patient with incomplete paraplegia (Figure 1b, no 6,
Table 1). It is clear that in both cases the gastrocnemius
(GM) and tibialis anterior (TA) EMG activity increased
mainly during the stance and swing phases, respectively,
ie the appropriate phases of the step cycle. However the
changes in the complete paraplegic patient were less
dramatic (see di�erent calibration in Figure 1a and b).
Therefore, locomotor movements in the complete
paraplegic patients still had to be assisted externally at
the end of the training period. However unloading could
be decreased from 65% to 50% of body weight. In
contrast, the incompletely paraplegic patient was able to
walk with some support on normal ground conditions
after the training period.

In¯uence of stretch re¯ex activity and body load
Two factors may in¯uence the locomotor pattern
during training besides the spontaneous recovery of

spinal cord function: stretch re¯ex activity and actual
body load.

The ®rst factor concerns the origin of the gastro-
cnemius EMG activity recorded during treadmill
locomotion and its relationship to stretch re¯exes. A
locomotor activity could only be recorded after spinal
shock disappeared, ie with the occurrence of exagger-
ated tendon re¯exes. Therefore, it may re¯ect the
activity of stretch re¯exes. In Figure 2 the amplitude of
the GM and TA EMG activity during the step cycle
was plotted against the lengthening and shortening
phases of the respective muscle in a healthy subject and
a complete paraplegic patient (no 11, Table 1) 26 weeks
after injury. For the GM it was taken into account, that
this is a biarticulate muscle. In both the healthy subject
and the paraplegic patient there was a near equal
distribution of EMG activity during muscle lengthening
and shortening in these muscles. An about equal
distribution of EMG-activity was also found in all
other patients. However, as shown before the
amplitude of EMG activity was considerably smaller
in the patient than in the healthy subject.

The other factor concerns the e�ect of actual body
load on the leg extensor EMG. The amount of

Figure 2 Relationship between muscle lengthening and shortening (velocity at the ankle, ANK d/dt) and EMG amplitude in
the gastrocnemius and tibialis anterior muscles of a completely paraplegic patient and a healthy subject within a step cycle. One
point represents the activity level expressed as RMS sampled at 600Hz over an averaged (n=20) step cycle
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unloading and re-loading of the body obviously
played a major role for successful locomotor
training. Unloading of the body was required in
order to allow the induction of locomotor movements
with an adequate support of the body by the feet
during the stance phase. Therefore, the e�ect of
di�erent amounts of unloading on the locomotor
activity was studied in an incompletely (motor
function completely) paraplegic patient (no 8, Table
1) and a healthy subject. It became obvious that the
absolute range of change in GM-EMG amplitude at
various loads was similar in the patient and the
healthy subject. However, the activity level at which
this change took place was much lower (by a factor
of 4) in the patient. In addition the shape of GM-
EMG activity was di�erent with a broader GM
activation over the stance phase in the patient.
During the normal locomotor training program of
this patient, body unloading was set at about 40%,
which allowed the physiotherapists to induce stepping
movements with only slight external assistance. When
the body was unloaded only by 13%, a greater e�ort
was required by the external assistant in order to
avoid knee ¯exion during the stance phase.

Locomotor activity and spinal cord function: complete
paraplegic patients
In the following the question is followed in how far a
real training e�ect on the locomotor pattern can be
evaluated: To what degree could the changes of the
locomotor pattern seen in paraplegic patients during
the training period be attributed to a spontaneous
recovery following a spinal lesion?

In a completely paraplegic patient (no 9, Table 1)
gastrocnemius EMG recordings were taken each week
during the locomotor cycle (with external assistance)
without a daily training. The recordings were made in
a time period (8th ± 20th week post-injury) during
which the locomotor training was usually performed in
the other patients. It became obvious that during the
®rst recordings no visible EMG activity was present.
At this time also tendon tap re¯exes at the legs were
still abolished. After spinal shock (when tendon tap
re¯exes reappeared) the locomotor pattern became
spontaneously established (although induced by
external manipulations of the legs). The increase in
GM-EMG activity took place over about 4 weeks
without any noticeable change in the timing of the
EMG-pattern. The increase of GM activity was
restricted to the stance phase of the step cycle. After
this time period a plateau was reached without further
signi®cant changes in EMG activity. Two further
patients (not listed in Table 1) showed similar
behaviour, reaching a plateau after 4 to 6 weeks
(from the beginning of the recordings on).

Figure 3 and Table 2 summarise the results of all
®ve trained complete paraplegic patients. In Table 2
the absolute individual values of GM-EMG changes
over time are displayed. To make a comparison

possible between patients, the quanti®ed gastrocne-
mius EMG values were normalized by rank order
from highest to lowest values obtained during the
training period of 12 weeks (recordings were
performed weekly). Unloading is displayed in percent
of body weight. There was a signi®cant increase of
GM-EMG activity and decrease of body unloading
during training. The degree of unloading was adjusted
to the range where an optimal performance of
locomotor movements was still possible. The increase
of GM-EMG activity achieved during the training
period was mainly restricted to the stance phase of the
step cycle (not shown here). Neither ASIA motor and
sensory scores (the scores were related to the function
above the level of lesion) nor the scores of tibial nerve
SSEP (all were absent) or transcranial magnetic
stimulation (no potential could be evoked in any
patient) changed signi®cantly during the observation
period, ie before and after onset of training (not
shown here). The increase of GM-EMG activity might
be attributed more or less exclusively to the decrease
of body unloading during training. However, when the
e�ect of (un)loading was separated by the Spearman
partial correlation test (see Methods), the e�ect of
training was still signi®cant (coe�cient 0.369;
P50.05).

Locomotor activity and spinal cord function: incomplete
paraplegic patients
As before, the e�ects of the locomotor training for the
incomplete paraplegic patient group may be due to the

Figure 3 Relative values of gastrocnemius EMG activity
during the stance phase (after normalization of the individual
data, see Materials and methods) and percentage of body
unloading during the time course of daily locomotor training.
The data of all ®ve completely paraplegic patients are shown
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spontaneous recovery of spinal cord function which
usually takes place 2 ± 3 months following spinal cord
injury.7 To assess this spontaneous recovery, the
training e�ects of locomotor function were related to
clinical and electrophysiological examinations. Figure 4
summarizes the results obtained in all seven incomplete
paraplegic patients. There was a signi®cant increase in
gastrocnemius EMG activity during the stance phase of
gait and a corresponding decrease of body unloading
during the training period. Also in this patient group
the training e�ect on the GM-EMG was still signi®cant
(coe�cient 0.578; P50.001) after extraction of the
(un)loading e�ect (see Methods). Only, before the
onset of locomotor training there was a visible increase
of sensory and motor ASIA scores. Even when the
data of this period were calculated separately, the
increase was just below the limit of signi®cance
(P=0.06). During the time period following onset of
training, there was no further increase in the ASIA
scores. The electrophysiological examinations (tibial
nerve SSEP and MEP) neither before nor after onset of
training showed any positive or negative trends.

Incomplete cauda lesions
Figure 5 shows a typical example of a patient with a
cauda lesion (no 13, Table 1), before and after a 12
week training period. From a clinical point of view
this patient pro®ted from the locomotor training. At
the beginning of training, locomotor movements could
only be induced and be trained with external
assistance when body was considerably unloaded (30
of 65 kg). At the end of training the unloading was
only 20 of 65 kg and the patient was able to perform
stepping movements on normal ground conditions
with minimal support (crutches). However, EMG

activity in upper and lower leg muscles was little
changed. While there was almost no EMG activity in
the lower leg muscles before and after training, the
amplitude of EMG activity in upper leg muscles
tended to be rather smaller at the end of the training
period. In two patients the e�ect of locomotor
training was related to the clinical and electrophysio-
logical examinations. There was a general decrease of
GM-EMG activity and of body unloading during the
training period although these changes were not
signi®cant. Neither clinical (sensory and motor ASIA
scores) nor electrophysiological (tibial nerve SSEP,
MEP scores) showed a signi®cant change during the
time periods before and after onset of training (not
shown here).

Discussion

The aim of this study was to evaluate the e�ects of
locomotor training in paraplegic patients. The main
results obtained were: (1) The e�ects of locomotor
training can be separated from the spontaneous
recovery of spinal cord function in patients with SCI;
(2) There is a limited contribution of stretch re¯ex
activity to the locomotor pattern; and (3) There are
non-speci®c e�ects of locomotor training on muscles
and tendons. These points will be discussed with
respect to their clinical signi®cance.

Indications for a spinal locomotor pattern generator
Although there is strong evidence for a spinal
locomotor generator in many mammals (for review
see Grillner1, Barbeau and Rossignol3), its existence
has, until recently, been questioned in man.15,16

Evidence for the human spinal pattern generator was

Table 2 Individual changes of quanti®ed GM-EMG activity (slope of linear regression) in the stance phase of the step cycle
during the course of a daily locomotor training (r=correlation coe�cient; P=signi®cance level)

Right leg Left leg
Patient # Measurements r Slope p r Slope p

Incomplete paraplegia
1
2
3
4
5
6
7

10
24
26
23
17
18
19

0.87
0.12
0.59
0.65
0.07
0.4
0.68

3.10E-07
4.82E-08
2.19E-07
8.68E-08
5.42E-09
1.38E-07
1.88E-07

0.001
0.589
0.001
0.001
0.785
0.101
0.001

0.88
0.06
0.62

70.19
0.32
0.34
0.2

2.24E-07
1.28E-08
8.11E-08

78.03E-09
3.24E-08
1.08E-07
3.37E-08

0.001
0.773
0.001
0.375
0.208
0.171
0.422

Complete paraplegia
8
9
10
11
12

14
12
19
34
8

0.59
0.15
0.49

70.43
0.42

8.50E-08
3.03E-08
1.24E-07

76.07E-08
2.50E-08

0.028
0.642
0.032
0.012
0.296

0.5
0.04
0.33

70.11
0.62

6.64E-08
8.88E-09
5.52E-08

75.69E-09
3.68E-08

0.068
0.901
0.173
0.533
0.098

Incomplete cauda
13
14

11
14

70.13
70.25

73.86E-09
73.13E-08

0.698
0.382

0.11
70.86

9.23E-09
71.44E-07

0.752
0.001
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suggested by spontaneously occurring step-like move-
ments17 and myoclonus,18 as well as from late ¯exion
re¯exes19 and from locomotor movements induced on a
treadmill with body support in paraplegic patients,4,5

(for review see Barbeau and Rossignol3). Recent
studies showed that a locomotor pattern can be
induced in complete paraplegic patients when leg
movements were assisted from externally.4 ± 6 Never-
theless, the amplitude of leg muscle EMG activity in
these patients was small compared to healthy subjects,
(most probably due to the loss of noradrenergic
in¯uences from brainstem centres) such that no leg
movements resulted from this leg muscle activation.

This study has demonstrated that a locomotor
pattern can only be induced some weeks after SCI,
when spinal re¯exes re-appear. The question, there-
fore, was to what degree the EMG pattern recorded
may be due to the activity of spinal stretch re¯exes as
suggested elsewhere.20 Correlation studies between leg
muscle EMG activity and the lengthening and short-
ening phases of respective leg muscles showed that leg
muscle EMG activity is equally distributed during the
lengthening and shortening phases of the respective leg

muscles. Obviously, following spinal shock after a
SCI, a recovery of several distinct spinal cord
functions takes place.

Locomotor training e�ects
The bene®cial e�ect of locomotor training for
incomplete paraplegic patients is well established21,22

(for review see Barbeau and Rossignal3) and recent
investigations show that patients who undergo
locomotor training have greater mobility compared to
a control group without training.23 Nevertheless, it
remained unclear to what extent these training e�ects
are due to a training of spinal locomotor centres. Only
by systematic recordings of leg muscle EMG, re¯ecting
the activity of spinal neuronal circuits, the e�ect of this
presumed `spinal locomotor pattern generator' can be
separated from rather non-speci®c e�ects on muscles
and tendons. The present observations on patients with
paraplegia due to a cauda, ie peripheral nerve lesion,
show that a locomotor training indeed results in an
improvement of locomotor function which is not
connected with a corresponding change in leg muscle

Figure 4 Clinical (ASIA motor and sensory scores) and electrophysiological (tibial nerve-SSEP and MEP scores) data as well
as values of GM-EMG activity and body unloading of all seven incompletely paraplegic patients. Clinical and
electrophysiological examinations were performed in each patient at least twice. For the electrophysiological recordings not
all patients are represented with the same number of recordings. For further details see Figure 3
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EMG activity. Therefore, the improvements of
locomotor function described earlier for cat2 and
man3,22 can at least be attributed partially to non-
speci®c e�ects on the locomotor apparatus, ie muscular
tendon-systems.

Body unloading is obviously of crucial importance
to induce training e�ects on the locomotor centres.
The range of body unloading that allows stepping
movements and optimal activation of leg muscles for
body support by the legs during the stance phase is

Figure 5 EMG activity and joint movements of an incompletely paraplegic patient due to cauda lesion before (left side) and
after (right side) a training period of 10 weeks. For further details see Figure 1
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limited in paraplegic patients. Obviously, a�erent
input from receptors signaling contact forces during
the stance phase is essential for the activation of spinal
locomotor centres24 and therefore for the training
e�ects described here. Although the amplitude of leg
extensor EMG in both paraplegic and healthy subjects
depended upon the actual body load during the
stepping movements, the absolute level of EMG
activity was consideraby lower in the patient than in
the healthy subject. This makes the body unloading
necessary for the locomotor training. There is, indeed,
increasing evidence in cat25 and man26 for a
contribution of load receptors to the activation of
leg extensor during stance and locomotion.

Spontaneous recovery of locomotor function
Recent studies have shown that during locomotor
training gastrocnemius EMG activity increased during
the stance phase even in complete paraplegic patients.4

Nevertheless, from the latter study, this improvement
of locomotor activity could have been attributed to
spontaneous recovery of spinal cord function resulting
in the observed improvement in clinical and electro-
physiological examinations of spinal cord function. It
is well known that recovery of spinal cord function can
occur over several months following SCI.27,28 From the
present observations in both, incomplete and complete
paraplegic patients, there can be little doubt that the
increase of leg extensor EMG activity, connected with
a decrease of body unloading, occurs independently of
the recovery of spinal cord function assessed by clinical
and electrophysiological means. Of course, clinical and
electrophysiological tools are too crude to rule out
recovery of any spinal cord function. Nevertheless,
locomotor training obviously plays an important role
for the e�ects on leg extensor muscle EMG.

In complete paraplegic patients spontaneous devel-
opment of a locomotor pattern could be observed.
However, this occurred after spinal shock had
disappeared and reached a plateau usually about 4
weeks later. In contrast, under locomotor training
which usually started at about the same time after
spinal shock, GM-EMG activity further increased
during the stance phase, ie after the time when a
plateau had been expected to be reached sponta-
neously. This e�ect was connected with progressive
loading (ie reduced unloading) during locomotion.

In addition, one might argue that the increase of
GM-EMG during the course of training is mainly due
to the decrease of body unloading. However, after
statistical separation of the (un)loading e�ect, there
remained a signi®cant e�ect of training. Therefore, one
may conclude that there are speci®c training e�ects on
spinal locomotor centres which can lead to an
improvement of locomotor function in paraplegic
patients.

Looking ahead it may be important to discover new
means to further enhance the amplitude of leg extensor
EMG activity in complete or almost complete

paraplegic patients in order to achieve an even greater
mobility in such patients. This may be achieved by the
application of new noradrenergic drugs which have a
more selective action on the EMG activity compared
to the ones already applied (clonidine and epinephr-
ine4). The most promising approach may, however, be
to induce some regeneration of corticospinal axons
within the spinal cord. Recent experiments in rats29

indicate that this goal may be achieved during the next
few years.
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