Brain (2002), 125, 26262634

Locomotor activity in spinal man: significance of
afferent input from joint and load receptors
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Summary

The aim of this study was to differentiate the effects of
body load and joint movements on the leg muscle activ-
ation pattern during assisted locomotion in spinal man.
Stepping movements were induced by a driven gait
orthosis (DGO) on a treadmill in patients with complete
para-/tetraplegia and, for comparison, in healthy sub-
jects. All subjects were unloaded by 70% of their body
weight. EMG of upper and lower leg muscles and joint
movements of the DGO of both legs were recorded. In
the patients, normal stepping movements and those
mainly restricted to the hips (blocked knees) were asso-
ciated with a pattern of leg muscle EMG activity that
corresponded to that of the healthy subjects, but the
amplitude was smaller. Locomotor movements restric-
ted to imposed ankle joint movements were followed by
no, or only focal EMG responses in the stretched
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muscles. Unilateral locomotion in the patients was
associated with a normal pattern of leg muscle EMG
activity restricted to the moving side, while in the
healthy subjects a bilateral activation occurred. This
indicates that interlimb coordination depends on a
supraspinal input. During locomotion with 100% body
unloading in healthy subjects and patients, no EMG
activity was present. Thus, it can be concluded that
afferent input from hip joints, in combination with that
from load receptors, plays a crucial role in the gener-
ation of locomotor activity in the isolated human spinal
cord. This is in line with observations from infant
stepping experiments and experiments in cats. Afferent
feedback from knee and ankle joints may be involved
largely in the control of focal movements.

Keywords: complete paraplegia; human locomotion; leg muscle EMG activity; load receptors; hip joint receptors

Abbreviations: DGO = driven gait orthosis; GM = medial gastrocnemius muscle; SCI = spinal cord injury; TA = tibialis

anterior muscle

Introduction
The regulation of human upright posture and locomotion is
based on the finely tuned coordination of muscle activation
between the two legs. For example, when a disturbance
causes an initiation or prolongation of the swing phase on one
side, the stance phase of the contralateral leg becomes
initiated or prolonged accordingly in human infants (Yang
et al., 1998a, b; Pang and Yang, 2000, 2001) and the cat
(Gorassini et al., 1994; Hiebert et al., 1994, 1996; Schomburg
et al., 1998). Unilateral leg displacements during stance and
gait evoke a bilateral response pattern with similar short (i.e.
spinal) onset latencies on both sides (Dietz and Berger, 1984).
This interlimb coordination is necessary to keep the body
centre of gravity over the feet (Dietz et al., 1989; for a review
see Dietz, 1992).

In most studies on the bilateral coordination of leg
movements in cat and man, one or both legs became
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perturbed. By such an approach, several joints of a limb
become displaced. However, whether the source of the
relevant input for the bilateral coordination is provided by the
displacement of a single joint or by the combination of the
afferent input from many sensors of joints, muscles and
tendons activated by the leg displacement has not been
determined. In the cat, there are two main sources of afferent
input, that lead to rhythm entrainment and/or resetting of
locomotor activity. Such input can either block or induce a
switching between the alternating flexor and extensor
locomotor bursts. One of these two sources that satisfy
these criteria is related to hip position, the other to load (for a
review see Dietz and Duysens, 2000). For example, for the
initiation of the swing phase, the significance of hip position
was stressed for human infant stepping (Pang and Yang,
2000), similarly to what was described for the chronic spinal
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Table 1 Data of patients included in the study
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Subject Age Level of lesion ASIA Duration of lesion
(years) (years)
P1 19 co/7 B 4
P2 62 T7 A 9
P3 31 T6 A 5
P4 52 co A 10
P5 40 c7 B 10
P6 37 T 3/4 A 10

C = cervical; T = thoracic; ASIA = American Spinal Injury Association classification.

cat (Grillner and Rossignol, 1978). However, how similarly
organized the coordination of leg movements is to that
described for the spinal cat and, indeed, how important is the
contribution of afferent input from joint receptors remain
unanswered.

Furthermore, in recent studies, the significance of load
receptor input for the regulation of stance and gait was
stressed for the cat (Prochazka et al., 1997) and man (Dietz
et al., 1992). It was assumed that this effect is mediated by
group Ib afferent input (for a review see Dietz and Duysens,
2000).

Further studies have indicated that even in complete
paraplegic patients, a locomotor pattern can be evoked (Dietz
et al., 1995; Harkema et al., 1997). In these studies, it was
emphasized that load receptor input is essential for leg muscle
activation during stepping movements of these patients.

The aim of the current study was to evaluate the differential
effects of proximal and distal leg joint movements in
combination with actual body load on the leg muscle
activation pattern in complete paraplegic patients. This was
achieved by walking within a driven orthotic device, which
enabled the induction of stepping movements restricted to
specific joints and with different body loads. It was
hypothesized that, in addition to body load, hip, knee and
ankle joints differentially contribute to coordinated leg
muscle activation during locomotion.

Methods

General procedures and subjects

With the permission of the local Cantonal ethics committee
and the informed consent of the volunteers, the leg muscle
EMG during assisted locomotion was analysed in six patients
with a chronic (>2 years) complete para-/tetraplegia (see
Table 1) and in three healthy subjects (age 24-29 years).
According to the classification of the ASIA (American Spinal
Injury Association; see Maynard et al., 1997), the patients
included were sensory incomplete but motor complete (ASIA
B) or sensory and motor complete (ASIA A) with a level of
lesion between C 6 and T 7. During walking with a driven gait
orthosis (DGO) ‘Lokomat’ (Hocoma AG, Zurich) on a
treadmill, the EMG activity of right and left leg muscles
[rectus femoris, biceps femoris, tibialis anterior (TA) and
medial gastrocnemius (GM)] was recorded. Surface elec-

trodes were fixed over the muscle belly with a distance
between the electrodes of 1.5 cm. Hip and knee joint
movements of the orthosis were recorded by potentiometers.

DGO

A detailed description of the device can be found elsewhere
(Colombo et al., 2000, 2001). Briefly, the DGO provides
drives for the hip and knee joint movements of each leg,
whereas the dorsiflexion of the ankles during the swing phase
is achieved by passive foot lifters (elastic straps) (see Fig. 1A).
The drives consist of linear actuators with a precision ball
screw driven by a DC motor via a toothed belt. Four separate
position controllers implemented in a computer-based real
time system (Lokomaster-PC) control the angles of the hip
and knee joints. The desired angle values for hip and knee are
taken from a database of healthy subjects walking within the
DGO (see Fig. 1B) and are identical for all subjects. Feedback
of the actual angles of the orthosis is provided by
potentiometers attached to the lateral aspect of the hip and
knee joints of the orthosis. Ankle joint movements are
recorded by mechanical potentiometers attached to the
lateral aspect of the lower leg and foot. Unloading is achieved
by a parachute harness connected to counterweights (see
Fig. 1A).

The DGO is fixed to the treadmill by a flexible parallelo-
gram (see Fig. 1A). A compensation mechanism for the
weight of the orthosis is provided. The orthosis is fixed to the
subjects with straps around the waist, the thigh and the shank.
The orthosis can be adjusted in size at the different segments
and therefore can be adapted to different subjects.

Walking conditions

During treadmill walking, speed was kept constant at
1.9 km/h. Stepping cadence had to be adjusted slightly
according to the leg length of the different subjects. Before
the experiment was started, subjects walked for ~5 min to
habituate to walking within the orthosis. Although there were
some restrictions of arm swing due to the orthosis, after
habituation subjects reported little impairment of their
walking movements. Healthy subjects were instructed to
walk as normally as possible within the DGO and not to
intervene with the movements imposed by the DGO for the
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Fig. 1 Experimental set-up. (A) Locomotion on the treadmill within a DGO. (B) Hip (a) and knee (b) joint movement trajectories were
imposed by the DGO. For the ankle joint movements (c), support for foot dorsiflexion during the swing phase was provided by passive
foot lifters (elastic straps). (C) EMG activity of upper and lower leg muscles during stepping within and without the DGO.

normal walking condition. There was little difference
between the locomotor pattern obtained during walking
within or without the DGO (see Fig. 1C).

The different walking conditions performed by all six
patients and three healthy subjects were the following: (i)
bilateral normal walking; (ii) bilateral ‘hip walking’, i.e.
walking with the knees fixed in an extended position; and
(iii) unilateral walking, i.e. normal walking on the right side
and rhythmic loading of the extended and static left leg during

right swing. All three conditions were performed with partial
body unloading of 70% body weight. Such an unloading is
necessary to allow stepping movements to be induced in
complete paraplegic patients (cf. Dietz et al., 1995) and to
prevent stumbling. In three patients and two healthy subjects,
(i) normal walking movements were also induced with full
body unloading and (ii) simulated ‘walking” movements were
imposed only on the left ankle joint with or without loading
the foot sole (~30% of body weight).
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Fig. 2 Locomotor activity of individual examples. Averaged (n = 20 gait cycles) leg muscle EMG activity of both legs during normal
walking within the DGO with body weight support (70%) from (A) a patient with complete paraplegia (level of lesion T 6) and,

(B) a healthy subject. RF = rectus femoris; BF = biceps femoris

The duration of one experiment was ~ 30 min; subjects did
not experience fatigue within this time. For the bilateral hip
walking as well as for the unilateral walking, additional
measures had to be undertaken, either to get enough clearance
of the foot during the swing phase (hip walking) or to allow
the static extended posture of the left leg over the moving belt
during stance (unilateral walking), respectively. This required
that a platform (a 35 X 20 cm rectangle of 10 cm height) was
interposed manually between foot and treadmill on either side
in order to achieve an appropriate loading (30% body weight)
of the respective extended leg during the stance phase.

Data analysis

For data recording and signal analysis, Soleasy Software
(ALEA Solutions GmbH, Zurich) was used. EMG recordings
were amplified (microvolt amplifier; band pass filter 30—
300 Hz) and transferred to a PC via a 12 bit AC/DC converter.
In addition, the following signals were recorded: reference
signals for hip and knee joint movement of both orthotic legs,
recordings of actual hip and knee joint angle trajectories of
both orthotic legs, and two trigger signals identifying the
beginning of the right and left stance phases. All data were
sampled at 600 Hz.

For data analysis, the EMG was rectified. Twenty gait
cycles of each condition were normalized in time and
averaged. The population mean values were calculated for
the groups of three healthy subjects and of six patients for the
walking conditions (i)—(iii).

Statistics

EMG mean values per leg muscle and for one gait cycle were
calculated individually for both the patients and healthy
subjects. Differences between the groups of healthy subjects
and of patients were tested statistically using the Wilcoxon
two-sample test. The significance level was set at P < 0.05.

Results

Leg muscle activity during normal stepping
movements

Figure 2 shows an individual example of the locomotor
pattern of a patient with complete paraplegia (level of lesion
T 6) (Fig. 2A) and of a healthy subject (Fig. 2B) during
walking within the DGO. Both the patient and the healthy
subject were unloaded by 70% of their body weight. There
was a distinct pattern of bilateral leg muscle activation in the

220z 1snbny |z uo1senb Aq Z0v.6£/9292/21/GZ L /eIo1ue/uleIq/WOo0 dno dlWwepeoe//:sdiy wol) papeojumoq



2630 V. Dietz et al.
A Patients

e R e

E‘ TA
= | e
) - _ -
r
| Gha
R W N o PO PO e
right stance right swing |
left swing left stance
RF
fn--"m‘ﬁ“"-.\.._ ke e il et
g ‘—_"_r—_—n—'—ﬂ'wah“—mﬁ_—__—_.—_f._d—w__—a—.
%
| | TA
S S T
| oM
N e A A
0 50 100
% gait cycle

Healthy subjects

RF
e e LA SR T, IEREE O,

BF

TA
W, M—'&M‘?

oM Wm

right stance right swing

] left swing left stance

RF
bt e e O e ]

BF

TA
___MW"'\M____ ocrimnngs e )

D0uv

GM M\M !
#"’\-. L g pi _,m_,.*m"“‘."‘ % |
0 50 100

% gait r.)rcle

Fig. 3 Normal walking. Averaged (20 gait cycles) leg muscle EMG activity of (A) six complete spinal cord injury (SCI) patients and
(B) three healthy subjects during normal walking within the DGO with body weight support (70%). Note the different EMG calibration in

A and B.

patient, which in several aspects was similar to that obtained
in the healthy subject. The main difference observed was that
the amplitude of EMG activity, especially of TA and GM,
was considerably smaller in the patient. Furthermore, TA was
only active at the beginning of swing and not during the
whole swing phase as it was in the healthy subject. During
swing, low amplitude EMG activity was present in the GM. A
reciprocal mode of upper and lower leg muscle activation was
present in both the patient and the healthy subject.

Figure 3 shows the mean of the locomotor pattern obtained
from six subjects with complete para-/tetraplegia (Fig. 3A)
and three healthy subjects (Fig. 3B). The body unloading
(70%) and the movements imposed by the DGO were the
same in patients and healthy subjects. The leg muscle
activation on both sides in the patients was similar to that
of the healthy subjects in several aspects (e.g. reciprocity of
EMG activity in antagonistic leg muscles and appearance of
leg extensor and flexor EMG activity during the stance and
swing phases, respectively). However, the EMG amplitude in
the lower leg extensor muscles of the patients was signifi-
cantly (P < 0.05) smaller (about half amplitude) than that
recorded in the healthy subjects. In contrast, in most patients,
the EMG amplitude of upper leg muscles was larger than
in the healthy subjects. However, because of the great
variability, the difference was not significant.

Effect of joint afferents

The DGO enabled the evaluation of the effect of blocking
knee joint movements during the performance of ‘stepping
movements’. Figure 4 shows the mean of the bilateral pattern
of leg muscle activation obtained from all patients during
walking with blocked knee movements. The pattern of leg
muscle activity was about the same as seen with normal leg
movements (Fig. 3A).

In a further experiment, only the right leg performed
physiological stepping movements. The movements of the
whole left leg were blocked. This leg was only loaded (30%
of body weight) during the swing phase of the right leg, i.e.
the corresponding ‘stance phase’ of the left static leg. Under
these conditions, the ‘normal’ pattern of leg muscle activation
(cf. Figs 2 and 3) appeared only in the right, moving leg in the
patients (Fig. 5SA) with no visible EMG activity in the static
left leg. In contrast, the healthy subjects also showed a pattern
of leg muscle activation in the left, non-moving leg. This
pattern was similar to that during normal locomotion for the
leg flexor muscles but of smaller amplitude (Fig. 5B). In the
left RF and GM (the extensor muscles), only little EMG
activity was apparent.

Furthermore, ‘stepping’ movements were imposed at the
left ankle joint only (see Fig. 1Bc), with a corresponding
loading at the foot sole during the simulated ‘stance phase’ of
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Fig. 4 Hip walking. Averaged (20 gait cycles) leg muscle EMG
activity of six complete SCI patients during hip walking (knee
joints in a fixed extended position) within the DGO with body
weight support (70%).

the static leg while the right leg performed normal stepping
movements. In the patient and the healthy subject, an increase
of EMG activity was restricted to the GM muscle (not
shown).

Effect of body unloading

From earlier studies on the locomotor training of incomplete
paraplegic patients, it became apparent that body un- and
reloading is of crucial importance for its success (Dietz ef al.,
1995). In order to facilitate leg movements, body unloading
was required for the training in patients with a spinal cord
injury (SCI). The degree of unloading depended predomin-
antly on the severity of the spinal cord lesion. However, with
the course of training, a successive reloading was possible
and, therefore, it was suggested that this might be the
adequate stimulus to obtain training effects (cf. Harkema
et al., 1997).

By the application of the DGO, it also became possible to
impose the same physiological locomotor movements as in
the previous experiments with full (100%) body unloading
(i.e. without ground contact during the step cycle). Since the
DGO exerted only hip and knee joint locomotor movements,
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the corresponding movements of the feet were imposed
manually (without loading the foot sole). Figure 6 shows the
leg muscle EMG activity with 70% (above) and 100%
(below) body unloading during walking movements in a
patient with complete paraplegia (Fig. 6A) and a healthy
subject (Fig. 6B). Compared with the partial unloading, EMG
activity recorded in the proximal and distal leg muscles was
reduced or lacking in both patients and healthy subjects when
air stepping movements were performed.

Discussion

The aim of this study was to evaluate the afferent sources and
their contribution to the organization of stepping movements
in spinal man. Earlier investigations have shown that it is
possible to induce locomotor activity in patients with
complete paraplegia (Dietz et al., 1995; Harkema et al.,
1997). However, from these studies, the requirements to
achieve a patterned leg muscle activation remained un-
resolved. The main observations made here on the locomotor
activity of the isolated spinal cord were the following:
(1) stepping movements induced by the DGO only in
combination with afferent input from ‘load receptors’ lead
to a patterned leg muscle activation, similar to the case in
healthy subjects; (ii) in addition to load receptor input,
afferent information from hip joints seems to be essential for
the generation of a locomotor pattern; and (iii) in contrast to
healthy subjects, unilateral stepping movements do not lead
to a bilateral pattern of leg muscle activation. These results
will be discussed in the context of what is known about the
organization of locomotion from humans and cats and with
respect to their functional relevance.

Significance of load receptor input

The significance of load receptors for the regulation of stance
and gait had been established previously in healthy subjects
(Dietz et al., 1992) as well as in the cat (Duysens and Pearson,
1980; Prochazka et al., 1997). Also, the essential contribution
of load receptor input to the generation of a locomotor pattern
has been recognized earlier in paraplegic patients (Dietz et al.,
1995; Harkema et al., 1997).

By the application of the DGO in the present study, we
could show that physiological locomotor-like leg movements
alone (100% body unloading) do not lead to a leg muscle
activation in either healthy subjects or patients with complete
para-/tetraplegia. Obviously, cyclical leg movements only in
combination with loading of the legs lead to an appropriate
leg muscle activation. Therefore, it is not surprising that body
un- and reloading plays an essential role in the success of
locomotor training in incomplete paraplegic (Dietz et al.,
1995) and hemiplegic (Hesse et al., 1997) patients. The
differential strength of upper and lower leg muscle activation
in the patients compared with the healthy subjects with a
greater EMG amplitude in upper muscles might reflect the
phylogenetically earlier locomotor pattern observed in infants
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Fig. 5 Unilateral walking. Averaged (20 gait cycles) leg muscle EMG activity of (A) six complete SCI patients and (B) three healthy
subjects during unilateral walking within the DGO with body weight support (70%). The left static leg was loaded rhythmically (30%)

during the swing phase of the right, physiologically stepping leg.

(Pang and Yang, 2000) and cats (Hiebert et al., 1994).
Alternatively, this difference might be compensatory for the
reduced lower leg muscle activation. From the present
experiments and the earlier reports, it still remains unclear
whether Ib afferents, as suggested for the cat (see Dietz and
Duysens, 2000), are responsible for the effects of actual body
load during locomotion in human subjects.

The absence of leg muscle EMG activity in the patients
when physiological stepping movements were imposed
during full body unloading indicates that pathological stretch
reflexes contribute little to the leg muscle activation in normal
walking conditions.

In addition, in the patients, an appropriate rhythmic loading
of the ipsilateral stationary, extended leg while stepping
movements are performed by the contralateral leg did not
lead to an activation of the static leg. This indicates that a
combination of different afferent inputs is required to achieve
a locomotor-like leg muscle activation. It is still unresolved as
to how far this really represents a ‘locomotor’ activity.

Significance of hip joint afferents
Here, for the first time, the effect of controlled movements
applied to proximal leg joints on leg muscle activation was

studied in complete paraplegic patients. A major observation
was that the pattern of leg muscle activation was almost
unchanged after the knee joint movements were blocked.
Furthermore, isolated foot joint movements (simulated step-
ping with or without loading of the foot sole) evoked only
local responses, which is in line with the findings of earlier
reports (Gottlieb and Agarwal, 1979; Dietz et al., 1992;
Sinkjaer et al., 1996). This indicates that hip joint afferents
play a major role in leg muscle activation in the isolated
spinal cord.

Afferent input from hip joints obviously is important for
the leg muscle activation during locomotion. This is
especially the case for initiating the stance to swing transition
with the appropriate leg muscle activation, as was shown
earlier for stepping in human infants (Pang and Yang, 2000,
2001). The significance of hip joint afferents was also
emphasized for cat locomotion (Grillner and Rossignol,
1978). In the latter experiments, it was observed that
preventing the hip from obtaining an extended position in
chronic spinal cats inhibited the generation of the flexor burst
and the onset of the swing phase. Furthermore, entrainment of
a locomotor rhythm was obtained by using rhythmic hip
movements in immobilized spinal (Andersson and Grillner,
1981, 1983) and decerebrate (Kriellaars et al., 1994) cats.
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Fig. 6 Air stepping. Averaged (20 gait cycles) right leg muscle EMG activity of (A) a complete SCI patient (T 3/4) and (B) a healthy
subject during walking within the DGO with 70% (above) and 100% (below) body unloading.

The observations made here indicate that a combination of
hip with other afferent input, especially from load receptors
(Dietz et al., 1992; Dietz and Colombo, 1996; for a review see
Dietz and Duysens, 2000), contributes to the functionally
reasonable pattern of leg muscle activation during human
locomotion.

Interlimb coordination

Earlier studies in healthy subjects on interlimb coordination
during stance and locomotion indicated a coordination of
bilateral leg muscle activation at a spinal level (for a review
see Dietz, 1992). A bilateral coordination of leg muscle
activation is already present in early infancy, i.e. well before
the onset of independent walking (Pang and Yang, 2001). An
interlimb neuronal mechanism which coordinates the activity
between muscles of both legs was also described for pedalling
movements (Ting er al., 2000). In these experiments, an
influence of contralateral extensor phase afferent input on the
ipsilateral flexion movements indicated a bilateral coupling
of gain control mechanisms.

On the basis of this interlimb coordination, it was
suggested that unilateral stepping movements lead to an
activation of the contralateral static, but rhythmically loaded
leg. The discrepancy between the preserved activation of leg
flexor but strongly reduced EMG activity in the leg extensor

muscles observed here in the group of healthy subjects might
be attributed to the well established differential neuronal
control of these muscles with a central dominance in the
control of leg flexor activity (for a review see Dietz, 1992).
During normal locomotion, the leg extensor activity is
modulated continuously by proprioceptive feedback during
the stance phase. Therefore, in the present condition, with a
lack of roll off of the body over the standing leg, this EMG
activity is expected to be diminished.

In contrast, no significant EMG activity was present in the
muscles of the non-moving leg in the group of patients with
an SCI independent of the level of lesion. Therefore, it is
assumed that for the walking condition studied here, the
spinal coordination of bilateral leg muscle activation depends
on a facilitation by supraspinal centres. Indeed, a cerebellar
contribution via reticulus spinal neurones has been suggested
in both cats (Ito, 1984) and humans (Bonnet ez al., 1976), and
evidence was presented for a cortical (supplementary motor
area) control of interlimb coordination (Debaere et al., 2001).
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