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Abstract During recent years, evidence has come up that

bipedal locomotion is based on a quadrupedal limb coor-

dination. A task-dependent neuronal coupling of upper and

lower limbs allows one to involve the arms during gait but

to uncouple this connection during voluntarily guided arm/

hand movements. Hence, despite the evolution of a strong

cortico-spinal control of hand/arm movements in humans, a

quadrupedal limb coordination persists during locomotion.

This has consequences for the limb coordination in

movement disorders such as in Parkinson’s disease (PD)

and after stroke. In patients suffering PD, the quadrupedal

coordination of gait is basically preserved. The activation

of upper limb muscles during locomotion is strong, similar

as in age-matched healthy subjects although arm swing is

reduced. This suggests a contribution of biomechanical

constraints to immobility. In post-stroke subjects a close

interactions between unaffected and affected sides with an

impaired processing of afferent input takes place. An

afferent volley applied to a leg nerve of the unaffected leg

leads to a normal reflex activation of proximal arm muscles

of both sides. In contrast, when the nerve of the affected leg

was stimulated, neither on the affected nor in the unaf-

fected arm muscles EMG responses appear. Muscle acti-

vation on the affected arm becomes normalized by

influences of the unaffected side during locomotion. These

observations have consequences for the rehabilitation of

patients suffering movement disorders.
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Introduction

The coordination of forelimb and hindlimb rhythmic

activities is a main characteristic feature of quadrupedal

locomotion [1]. Specialized neural circuits located in the

caudal spinal cord [the so-called central pattern generator

(CPG) for locomotion] organize hindlimb locomotor

activity, whereas specialized circuits in the rostral spinal

cord control forelimb movements [2, 3]. The coordination

of both circuits is mediated by propriospinal neurons with

long axons, which couple the cervical and lumbar

enlargements of the spinal cord [4, 5].

In many respects, bipedal and quadrupedal locomotion

share common spinal neuronal control mechanisms. As in

quadrupeds, long projecting propriospinal neurons couple

the cervical and lumbar enlargements in humans [6]. Fur-

thermore, the coordination of limb movements during

walking is similar in human infants [7, 8], adults [9, 10],

and quadrupeds [3, 11].

Nevertheless, there are also distinct differences because

the upper limb in primates has become specialized to

perform skilled hand movements. The evolution of upright

stance and gait, in association with a differentiation of hand

movements, represents a basic requirement for human

cultural development [12]. This review deals with the

question in how far the coordination of gait is still based on

a quadrupedal limb coordination and whether this control is

impaired in patients suffering Parkinson’s disease (PD) and

stroke.
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Neural organization of human locomotion

This part of the review deals with the question of whether

there is a task-dependent switch from a strong direct (i.e.

monosynaptic) cortical-motoneuronal control of upper limb

muscles during reaching [13] and skilled hand and finger

movements [14], to a more indirect control by cervical

propriospinal circuits during locomotion of healthy sub-

jects. This indirect control appears to occur in quadrupeds

such as the cat [15].

Recent research indicates that interlimb coordination

during human locomotion is organized in a similar way to

that in the cat (for review cf. [16]). Only during locomotion

but not during sitting or standing, an unilateral tibial nerve

stimulation is followed by reflex EMG responses in the

proximal muscles of both arms [17, 18]. The observations

indicate that the quadrupedal coupling of the limbs during

locomotion, i.e. the corticospinal excitation of upper limb

motoneurons, is mediated by long propriospinal neurons in

the cervical spinal cord [17, 19] or the brainstem.

Observations made in the rat indicate that the mesen-

cephalic locomotor region might be involved in such a

coupling. In vertebrates, a unilateral activation of the

mesencephalic region produces symmetrical bilateral

locomotion [20]. Correspondingly, in our approach to study

the quadrupedal limb coordination [17] a unilateral afferent

volley from the leg applied during locomotion might be

translated by the mesencephalic locomotor region into

EMG responses in arm muscles of both sides. Conse-

quently, at present we assume that the reflexes described

here are in fact mediated by the brainstem. Nevertheless, a

contribution by other supraspinal centres can hardly be

excluded. This coupling allows a task-dependent neuronal

linkage of cervical and thoraco-lumbar propriospinal cir-

cuits controlling leg and arm movements during human

locomotor activities.

A flexible coupling of thoraco-lumbar and cervical

centres allows humans to use the upper limbs for manip-

ulative and skilled movements or, alternatively, for loco-

motor tasks [16]. This implies a functional, task-dependent

gating of neuronal pathways between the neuronal circuits

controlling lower and upper limb muscles during walking,

reflected in the arm swing as a residual function of qua-

drupedal locomotion (Fig. 1). This assumption is based

mainly on indirect evidence. First, interlimb coordination

and reflex modulation are similarly organized during

locomotion in humans and cats [16]. Second, task-depen-

dent coupling of upper- and lower-limb muscles occurs

during walking, but not during skilled hand movements or

during standing [18]. Third, in line with such a flexible

coupling of cervical and lumbar interneuronal circuits,

transmission through the indirect cortical-motoneuronal

system seems to be inhibited during a precision hand task

[18]. Fourth, during rhythmic movements of a foot,

H-reflex modulation also involves upper limbs [21].

Finally, during locomotor activities such as swimming or

crawling, there is a fixed coupling between upper and lower

limb movements [22].

The demonstration of an interaction between cervical

and thoraco-lumbar neuronal circuits in humans has rele-

vance for the rehabilitation of patients suffering a damage

within the central nervous system. For example, involve-

ment of arm movements in the training, corresponding to

experiments in spinalized cats [23], might have a positive

effect on the locomotor capacity in these patients. In

addition, the persistence of a quadrupedal movement con-

trol has consequences for the applicability of animal

research to human patients with movement disorders and

their underlying pathophysiology.

Anticipatory spinal neuronal activity

Recent studies on obstacle stepping demonstrate an antic-

ipatory quadrupedal limb coordination with an involve-

ment of proximal arm muscles in the acquisition and

performance of a precision locomotor task [17]. This is

presumably achieved by an up-regulated activity of cou-

pled cervico-thoracal interneuronal circuits.

The unilateral non-noxious leg nerve stimulation during

mid-stance allows us to study the excitability of spinal

neuronal circuits. During obstacle stepping, reflex respon-

ses to unilateral tibial nerve stimulation in proximal arm

muscles of both sides are enhanced in all arm and leg

Fig. 1 Movement control during different motor tasks. According to

recent research, neuronal control of arm movement is task-dependent.

a During skilled hand movements a strong direct cortico-motoneu-

ronal excitation is predominant (red lines) and the cervical propri-

ospinal neuronal system is inhibited. b During locomotion, it is

assumed that the brain command is predominantly mediated by

interneurons. Cervical and thoraco-lumbar propriospinal systems

become coupled and coordinate arm and leg movements (red lines).

(From [16])
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muscles prior to obstacle stepping compared with normal

steps despite a low amplitude background EMG activity

during mid-stance [17]. Following this reflex activity, the

activation of proximal arm muscles was stronger during

swing over the obstacle compared to normal swing. Thus,

this reflex activity anticipates the following arm muscle

activation [17]. Therefore, this reflex behaviour suggests an

up-regulation of spinal interneuronal circuits that subserve

such a precision locomotor task by coordinating arm and

leg movements to keep the body balanced. Correspond-

ingly, an up-regulation of reflexes is lacking when the body

was stabilized by a partial unloading. In such a case, upper

limb movements are less required for balancing the body

during the performance of this task. The assumption that

the enhanced reflex activity in arm and leg muscles pre-

pares for the performance of an obstacle step is further

supported by the observation that the muscle reflex

response is not enhanced when subjects were informed that

no obstacle approached (despite a warning signal) but

continue normal walking [24].

It is assumed that the enhanced and modulated reflex

responses prior to the obstacle step reflect an anticipatory

action of spinal interneural circuits to prepare for the

execution of the precision locomotor task. They might fulfil

a similar function as the ‘brain readiness potentials’ pre-

ceding voluntary hand/arm movements [25, 26].

Quadrupedal limb coordination in Parkinson’s disease

There are only a few studies focusing on the coupling of

upper and lower limbs [27, 28] or the interleg coordination

[29] during locomotion in subjects with PD. In this patient

group, a defective coordination of upper and lower limbs

[28, 30], in combination with reduced arm swing [27]

during locomotion and abnormal postural reactions to

voluntary movements [31], was suggested to contribute to

the impaired performance of the locomotor tasks [32]. The

disturbed interlimb coordination becomes improved by

L-DOPA application and subthalamic nucleus stimulation

[27]. Other known mechanisms contributing to the loco-

motor disorder in elderly people and PD subjects include

an insufficient activation of leg extensor muscles [33] and a

poor adaptation to environmental influences by a defective

proprioceptive feedback [34].

Recently, the spinal interneuronal function underlying

the quadrupedal limb coordination during gait and the

performance in a precision, i.e. obstacle avoidance loco-

motor task was studied in PD subjects [35]. For this, the

quadrupedal distribution of EMG responses to unilateral

tibial nerve stimulation was analysed during locomotion

prior to normal and obstacle swing, similar as done in

healthy subjects [18]. Such a stimulation is known to evoke

spinal reflexes in humans, most probably corresponding to

cutaneous reflexes [36]. Up to now, only a few studies have

investigated the behavior of cutaneous reflexes in PD

subjects [37].

In such a condition, spinal reflex responses, evoked by

tibial nerve stimulation during mid-stance, are present in

all arm and leg muscles investigated in PD subjects [38].

They are larger before execution of obstacle avoidance

movements compared with normal steps in the group of

patients suffering PD and the group of age-matched healthy

subjects. In both subject groups, i.e. PD and control sub-

jects, spinal neuronal activity reflected in the spinal

reflexes amplitudes is enhanced prior to obstacle step

compared to normal swing, similar as in young healthy

subjects [17]. Thus this mechanism appears to be basically

preserved in PD subjects. Nevertheless, the anticipatory

spinal reflex responses in the arm muscles prior to normal

and obstacle steps are larger in Parkinson’s disease com-

pared with age-matched subjects.

As expected, the performance of obstacle stepping is

slightly worse in PD than in control subjects. In both

subject groups the arm and leg muscle activation is stron-

ger during obstacle stepping compared with normal swing.

These observations indicate that quadrupedal limb coordi-

nation is basically preserved in PD subjects [35]. The

observations made are consistent with the proposal that in

PD subjects an enhanced anticipatory spinal neuronal

activity (reflected in the spinal reflex responses) in the arm

muscles is required to achieve an appropriate muscle

activation for the automatic control of body equilibrium

during the performance of the task.

In line with an earlier report [32] subjects with moderate

PD perform obstacle stepping almost as well as age-

matched healthy subjects, with the exception of a slightly

higher foot clearance during obstacle steps and less adap-

tation. Compared to young subjects [17, 24], elderly

healthy subjects also show a poorer performance. This fits

with the observation that also elderly people have an

increased risk of falls [33, 39].

Exploring the quadrupedal organization of bipedal gait

in PD subjects no relevant arm movements are detected.

However, proximal arm muscle activation is stronger

(especially in the functionally relevant contralateral BB)

[40] during swing over the obstacle compared to normal

steps but does not differ between PD and elderly control

subjects. Therefore, the contribution of upper limb muscle

activation to the performance of the precision locomotor

task is similar in both subject groups, despite the slightly

worse performance of the task by PD subjects. Compared

to young healthy subjects [17], the increase of arm muscle

EMG during obstacle compared to normal swing is small in

PD and control subjects. This attenuated modulation of arm

muscle activity by the obstacle task (clinically probably
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reflected in a reduced arm swing) might contribute to the

worse performance compared to the young healthy subjects

[17].

Thus, PD subjects use a quadrupedal limb coordination.

The enhanced anticipatory spinal neuronal activity might

be required to achieve an appropriate arm muscle activa-

tion during task performance or might be directed to

automatically compensate for the inherently reduced arm

swing in PD subjects.

These observations indicate that also the slightly

impaired quadrupedal neuronal coordination might con-

tribute to the locomotor disorder in PD. Nevertheless, the

results do not allow to speculate about their possible con-

tribution to phenomena of PD, such as gait freezing.

According to the observations made, the goal to treat the

gait disorder in PD might include strengthening the qua-

drupedal coordination of arm/leg muscle activation during

the execution of specific locomotor tasks.

Quadrupedal limb coordination in stroke subjects

Arm movements are reduced on the paretic side of stroke

subjects, although arm swing remains synchronized with

stride frequency [41]. In addition, post-stroke subjects are

able to adapt interlimb coordination of the legs to walk at

different speeds on a split-belt treadmill [42]. Nevertheless,

an abnormal coupling of upper and lower limb muscles was

described in subjects following stroke [43–46] or cervical

spinal cord lesions [19]. The disturbed inter- and intralimb

coupling is assumed to contribute to falls in post-stroke

subjects [47–52].

The use of reflex testing to investigate quadrupedal

coupling of limb movements by spinal neuronal circuits

during locomotion offers an approach to get more insight

into several aspects of the movement disorder in stroke

subjects. First, recording bilateral arm muscle reflex

responses to unilateral tibial nerve stimulation prior to

normal and obstacle swing allows the study of the task-

modulated processing of afferent input from the unaf-

fected and affected legs and to probe the excitability of

spinal neuronal circuits. In healthy subjects, an enhanced

anticipatory spinal neuronal activity, mediating quadru-

pedal limb coordination prior to obstacle steps, takes

place [17]. Second, bilateral arm muscle activation during

normal and obstacle swing allows the study of automatic

efferent control of arm movements. In healthy subjects,

this arm muscle activation follows the preceding pattern

of reflex activity and its course during repetitive steps

[17].

In post-stroke subjects, the EMG responses in proximal

arm muscles are stronger on both sides when the tibial

nerve of the unaffected leg is stimulated during mid-stance

compared with stimulation of the affected leg [53]. This

difference is more pronounced when stimuli are applied

prior to swing over an obstacle than prior to normal swing

[53]. This indicates an impaired processing of afferent

input from the affected leg resulting in attenuated and little

task-modulated reflex responses in the arm muscles on both

sides (Fig. 2). These observations suggest that a disrupted

cortico-spinal control represents an important factor for the

impaired processing of the afferent volley during locomo-

tion of stroke subjects [54].

The mutual reflex interactions between the unaffected

and affected sides of stroke subjects might explain the

following observations. First, while the depression of pre-

synaptic Ia inhibition is removed during the step cycle in

patients with spinal injury, it is almost normal on the

affected side in cerebral lesions [55]. Second, in a static

condition, an abnormal stretch reflex activity is present not

only on the affected but also on the unaffected side of

stroke subjects [56].

In contrast to the reflex behaviour, activation of arm

muscles are stronger during swing over an obstacle than

during normal swing, with no difference in EMG ampli-

tudes between the unaffected and affected sides. Therefore,

it can be concluded that the deficits of the affected arm are

compensated for by influences from the unaffected side.

The observation that increased arm muscle activation is

preserved in stroke subjects during obstacle steps on both

sides, is at odds with the reflex behavior observed when the

nerve of the affected leg is stimulated. Obviously, in post-

stroke subjects, the defective processing of afferent input

from the affected leg can be compensated for by a domi-

nance of the neuronal function arising from the unaffected

leg. It remains unclear when this behavior emerges after a

stroke.

Compared to the impaired processing of afferent input

from the affected leg, the efferent part of the reflex path-

way to the muscles of the affected arm seems to be only

slightly impaired, i.e. the arm and leg muscle EMG

responses are only slightly smaller on the affected side

compared to the unaffected side when the leg nerve of the

unaffected side is stimulated.

This discrepancy to the clinical impression might be

explained by the fact that the assessment of the neuro-

logical deficit in stroke subjects (by the FIM score)

includes both parts of sensori-motor dysfunction—the

efferent deficit and the impaired afferent processing. In

addition, the observations made concern the automatic

movement control of locomotion which differs basically

from voluntarily performed movements. These observa-

tions indicate strong mutual influences between unaf-

fected and affected sides during locomotion of post-stroke

subjects, which might be used to optimize rehabilitation

approaches.
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Despite a strong bilateral arm muscle activation

observed during swing over an obstacle, arm swing is

reduced on the paretic side of stroke subjects. A similar

observation was made in PD subjects, who also show

normal arm muscle activation, although arm swing was

reduced compared to healthy subjects [35]. The assumption

of biomechanical restraints might therefore also apply to

the spastic paretic arm of stroke subjects [57].

As a functional consequence, a defective sensori-motor

integration, which is assumed to be responsible for the dis-

turbed inter- and intralimb coupling [47, 58], could essen-

tially be due to the impaired processing of afferent input

described here. The novel aspect of this research is that the

reflex effects evoked by a non-noxious afferent volley con-

cerns both the affected and unaffected arm of stroke subjects.

The therapeutic consequence of the findings might have an

influence on the recovery of gait and the effect of functional

training in stroke subjects [59–61]. The combination of

walking at maximum speed and having body weight support

leads to marked speed-related improvements of locomotor

ability, especially in low-functioning stroke subjects

[62–64]. These effects should mainly be achieved due to

sensori-motor interactions of the unaffected and affected

sides during functional training. According to the actual

findings described here, the effects of this training might be

enhanced by providing additional afferent input from the

unaffected side, especially in phases of the step cycle where

balance reactions from the arms are required.
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