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Summary. In this review, we discuss the contribution of functional neuro-
imaging to the understanding of the cerebral control of gait in humans, both
in healthy subjects and in patients with Parkinson’s disease. We illustrate
different approaches that have been used to address this issue, ranging from
the imaging of actual gait performance to the study of initiation and imagery
of gait. We also consider related approaches focused on specific aspects of
gait, like those addressed by repetitive foot movements. We provide a
critical discussion of advantages and disadvantages of each approach, em-
phasizing crucial issues to be addressed for a better understanding of the
neural control of human gait.

Keywords: Gait; functional neuroimaging; Parkinson’s disease; locomo-
tion; motor imagery

Introduction

Most of the existing knowledge about the cerebral control
of gait in mammals comes from studies in cats and rodents
(Armstrong 1986; Drew et al. 1996; Rossignol et al. 2006).
This work indicates that gait is regulated by cortical and
subcortical structures, in particular during locomotion that
requires accurate visuomotor coordination. However, it is
unclear to what extent these findings can be extended to the
voluntary control of human gait. Here we review recent
developments on the cerebral bases of gait in humans,
developments made possible by using different non-inva-
sive neuroimaging techniques, both in healthy subjects and
in clinical populations with gait disturbances.
Neuroimaging of gait is not straightforward. For in-
stance, structural neuroimaging of patients with gait disor-
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ders has provided limited insights, given that cerebral
lesions causing higher-level gait disorders are typically
multiple, or diffuse (Masdeu 2001). In addition, functional
neuroimaging poses practical problems, since techniques
like positron emission tomography (PET), functional mag-
netic resonance imaging (fMRI) and electroencephalogra-
phy (EEG) require that subjects do not move their head
during the sampling of task-related cerebral activity. These
problems have been overcome by developing alternative
neuroimaging techniques that allow for recording of cerebral
activity during actual gait; by recording cerebral activity
during motor planning of walking prior to walking initiation;
by using tasks that share some cerebral processes with gait,
without the need to engage in actual gait (like motor imag-
ery of gait, or repetitive foot movements); and by recording
cerebral activity in patients with gait disorders during rest.

We will discuss how functional neuroimaging has con-
tributed to the understanding of human gait control, in both
healthy subjects and — as an example of a common neuro-
degenerative disease characterized by gait difficulties —
patients with Parkinson’s disease. We describe the different
approaches that have been used and the methodological
issues involved in these different approaches. Our goal is
to provide a critical review of the available literature, and
to emphasize that simply listing the various cortical and
subcortical structures associated with the neural control
of gait (for a recent related review see Hanakawa (2006))
will likely remain a sterile enterprise if these structures are
not understood at the system level, i.e. by means of explicit
and formal computational models (Grillner 2006).
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Functional neuroimaging of gait in healthy subjects

Gait performance

An obvious approach that has been used to examine the
neural control of gait in healthy subjects is to record cere-
bral activity during physical gait performance. An advan-
tage of this approach is that cerebral activity is directly
related to actual walking. However, there are also consid-
erable disadvantages: studying a walking person does not
allow for discriminating whether the evoked activity is due
to sensory input or motor output, and only a limited num-
ber of neuroimaging techniques can be used (because of
movement artefacts).

A few neuroimaging techniques are available that can
assess cerebral activity during actual gait. To date, these
involve nuclear neuroimaging techniques, near-infrared
spectroscopy (NIRS) and transcranial magnetic stimula-
tion (TMS — see Table 1). Nuclear neuroimaging techni-
ques allow for recording of cerebral activity during gait by
separating in time task performance from image acquisi-
tion. For example, single photon emission tomography
with technetium-99m-hexamethyl-propyleneamine oxime
([*”™[Tc]HM-PAO SPECT) records cerebral activity during
walking by injecting radioactively labeled HM-PAO during
locomotion, and recording cerebral activity afterwards with
SPECT. When radioactively labeled HM-PAO is injected
intravenously during gait, it is rapidly distributed in the
brain in proportion to regional cerebral blood flow and
retained in the brain for hours. Therefore, the distribution
of HM-PAO at the time of scanning reflects the pattern of
cerebral perfusion at the time of injection. Fukuyama et al.
(1997) used this approach to map cerebral activity during
walking, and showed that during gait cerebral activity in-
creased in the supplementary motor area (SMA), medial
primary sensorimotor area, striatum, cerebellar vermis and
visual cortex. This was the first study to show changes in

Table 1. Approaches used to examine the neural control of human gait in
healthy subjects

Task Neuroimaging techniques Examines

HMPAO-SPECT

NIRS, TMS

Gait initiation EEG

Motor imagery of gait ~ NIRS, fMRI, H,'°O-PET

Repetitive foot NIRS, fMRI, H,'>O-PET
movements

Motor execution
Motor execution
Motor planning
Motor planning
Motor execution

Gait performance

EEG Electro-encephalography; fMRI functional magnetic resonance imag-
ing; NIRS near-infrared spectroscopy; PET positron emission tomography
SPECT single photon emission tomography; TMS transcranial magnetic
stimulation.
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cortical activity during walking in human subjects. A later
study by the same group demonstrated that the cerebral
activity during walking is not only observed in cortical
and subcortical structures, but also in the dorsal brainstem
(Hanakawa et al. 1999b). This finding is important, because
it is one of the few observations suggesting the presence of
brainstem locomotor centres in humans. However, given
the limitations of SPECT, gait-related cerebral activity
could only be compared with a physical rest condition (ly-
ing down with eyes open) in both studies. This raises the
issue of whether those cerebral changes are specifically
related to gait, over and above changes in somatosensory
feedback from the lower limbs between gait and rest.

Another technique that allows for recording of cerebral
activity during actual gait is NIRS. NIRS records the trans-
mission and absorption of NIR light by human tissue. The
skull does not absorb much infrared light, and therefore
NIRS can be used to measure the levels of oxygenated,
deoxygenated and total hemoglobin related to neural activ-
ity in superficial cortical areas. The optodes of NIR systems
are fixed to the skull, and therefore head movements
are allowed during measurement. Cerebral activity can be
assessed while subjects are walking on a treadmill. NIRS
has several advantages compared to HM-PAO SPECT:
it does not involve a radio-active tracer, it has a better
temporal resolution, and it allows for comparing several
conditions. For instance, using NIRS, Miyai et al. (2001)
were able to compare cerebral activities evoked during gait,
alternating foot movements, arm swing, and motor imagery
of gait. Gait-related responses along the central sulcus were
medial and caudal to activity associated with arm swing, in
agreement with the known somatotopic organization of the
motor cortex. Crucially, these authors showed that walking
increased cerebral activity bilaterally in the medial primary
sensori-motor cortices and the SMA, and to a greater extent
than the alternation of foot movements. Unfortunately,
the spatial distribution and intensity of these responses
were not statistically compared. In a different NIRS
study, Suzuki et al. (2004) examined the effect of different
walking speeds on cerebral activity. They demonstrated
that cerebral activity in the prefrontal cortex and premotor
cortex tended to increase as locomotor speed increased,
whereas cerebral activity in the medial sensori-motor cor-
tex was not influenced by locomotor speed. In summary,
NIRS has been particularly useful for studying the cor-
tical bases of locomotor control. Unfortunately, given the
limited penetration of infrared light (a few centimeters
from the skull surface), this technique can only assess
the responses of the most superficial portions of the cere-
bral cortex.
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A third technique that has been used to examine the
neural substrate of gait during actual walking is TMS.
TMS is a noninvasive method to excite neurons in the
brain. If TMS is applied to the primary motor cortex, it
can evoke muscle activity which can be recorded using
electromyography. TMS has been useful to examine the
contribution of the corticospinal tract to the control of gait
(see e.g. (Schubert et al. 1997; Christensen et al. 1999;
Petersen et al. 2001; Camus et al. 2006). However, given
that the use of this technique has been circumscribed to the
corticospinal tract, we will not discuss it at length.

Gait initiation

Recording of EEG during walking is challenging due to
movement artefacts. However, some authors have been able
to record electrical activity with scalp electrodes prior to or
during gait initiation (Yazawa et al. 1997; do Nascimento
et al. 2005). This approach has great advantages, since it
provides a direct measure of electrophysiological activity
in the brain at high temporal resolution. In addition, there
are only minimal confounds of changes in sensory input,
because the recording is performed prior to the onset of
movement. For instance, Yazawa et al. (1997) examined
EEG in a period immediately preceding gait initiation,
when subjects had just received an auditory stimulus and
were waiting for a second auditory stimulus in response to
which they were asked to initiate gait as quickly as possi-
ble. They found stronger event-related potentials (contigent
negative variation) in the medial central region (Cz) when
comparing EEG activity preceding externally-cued gait
initiation with activity preceding foot dorsiflexion. This
EEG difference indicates that the medial frontal cortex,
over and above its role in initiating a simple foot move-
ment, supports the initiation of gait, presumably through
the synchronized activity of a large number of dendritic
trees (Luck 2005). However, given the low spatial resolu-
tion of this technique, it remains to be seen from which
portion of the medial frontal cortex this activity is generat-
ed from.

Motor imagery of gait

Given the plethora of technical problems and limitations
associated with assessing the cerebral bases of true gait
control, several research groups have chosen to focus their
efforts on the more tractable aspects. Accordingly, some
studies have investigated motor imagery of gait, i.e. the
mental simulation of gait without actual execution (Miyai
et al. 2001; Malouin et al. 2003; Jahn et al. 2004; Sacco
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et al. 2006). This approach exploits the documented neural
and cognitive overlap between movement planning and
motor imagery: imagining a movement relies on neural
processes similar to those evoked during actual perfor-
mance of the same movement (Lang et al. 1994; Stephan
et al. 1995; Porro et al. 1996; Roth et al. 1996; Deiber et al.
1998). Although most of the evidence for this cerebral
overlap between simulation and execution of a movement
has been obtained from finger and hand movements, Miyai
et al. (2001) combined fMRI and NIRS measurements to
show a degree of overlap between actual and imagined gait.
Using motor imagery to study the cerebral correlates of gait
provides considerable practical advantages, since motor
imagery does not involve any actual movements, and it
can be studied in a recumbent position compatible with
techniques like fMRI and PET. This is important, since
these techniques provide relatively high spatial resolution
and whole-brain coverage. Furthermore, there are also con-
ceptual advantages in using motor imagery. It has been
argued that the internal simulation of an action, as evoked
during motor imagery, constitutes the core element of a
motor plan (Jeannerod 1994). Furthermore, motor imagery
allows one to study cognitive and cerebral properties of
movement representations independently from motor out-
put and sensory feedback (de Lange et al. 2005). However,
the latter is true insofar subjects are genuinely involved in
a motor simulation, i.e. they imagine themselves moving,
rather than using visual imagery of someone else moving,
or visual imagery of the visuospatial processes involved in
walking. Given the fact that gait is a learned automatic
movement, it might be particularly difficult to voluntarily
imagine the movements involved in walking. For instance,
when subjects are trained to focus their attention on the
movements of their legs by means of basic tango lessons
and motor imagery of the performed steps, there is an
expansion of activity in the bilateral motor areas, and a
reduction of visuospatial activation in the right posterior
cerebral cortex during motor imagery of gait performed
after this training compared to before the training (Sacco
et al. 20006). These findings suggest that focusing subject’s
attention on the movements involved in walking decreases
the role of visual imagery processes in favor of motor-
kinesthetic ones. Therefore, when using motor imagery to
study gait, it becomes particularly important to use tasks
that allows for monitoring subjects’ performance and prove
their engagement in first person motor imagery (Jeannerod
1994).

Motor imagery of gait has been examined using NIRS
fMRI and H, " O-PET (see Table 1). Malouin et al. (2003)
used H,'">O-PET to compare cerebral activity evoked dur-
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ing motor imagery of standing, initiating gait, walking, and
walking with obstacles. Prior to the experiment, subjects
were shown a video of each imagery condition. The video
was taken from a first person perspective to facilitate first
person motor imagery and to standardize imagined walking
speed. During PET scans, subjects were asked to imagine
the different movements, from a first person perspective
and with their eyes closed. Motor imagery of walking in-
creased cerebral activity in the pre-SMA when compared
to imagined standing, and in the left visual cortex and
caudate nucleus when compared to imagery of gait initia-
tion. Comparing motor imagery of walking with or without
obstacles increased cerebral activity in the precuneus bilat-
erally, the left SMA, the right parietal inferior cortex and
the left parahippocampal gyrus. These results are impor-
tant, since they are the first to illustrate that the circuitry
supporting gait can extend beyond core motor regions, and
it can be modulated by the difficulty of the (imagined)
locomotor task. Prior to scanning, imagery performance
was monitored using a chronometry test and a question-
naire, which both suggested that subjects were able to per-
form motor imagery. However, during scanning imagery
performance was monitored through its effect on heart rate,
and this parameter cannot easily distinguish between the
effects of performing visual or motor imagery. Therefore,
although the chronometry test and questionnaire suggests
that subjects were able to perform first person motor imag-
ery prior to the experiment, it remains unclear whether the
effects reported in this study are related to cognitive mod-
ulations of gait-related cerebral activity, or to inter-subject
variations in imagery performance.

In another study, Jahn et al. (2004) compared cerebral
activity during motor imagery of standing, walking and
running using fMRI. To induce first person motor imagery
and to standardize motor imagery performance, subjects
were trained to perform the actual movements on a base-
ment floor prior to the imagery experiment. During motor
imagery, subjects closed their eyes and imagined perform-
ing the same movements from a first person perspective.
However, there was no behavioral quantification of imag-
ery performance. Cerebellar activation increased during
motor imagery of running but not during motor imagery of
walking and standing. Vestibular and somatosensory cortex
were deactivated during running but not during walking.
These findings suggest that speed of gait is under the con-
trol of a cerebellar locomotor centre, and that cortical pro-
cessing of vestibular and somatosensory information is
particularly important during walking. Unfortunately, the
between-tasks differences in cerebral activity were not for-
mally tested, thus no clear inference can be drawn about
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the involvement of these structures in the different locomo-
tor tasks.

In our laboratory, we have also investigated the cerebral
bases of gait control by using fMRI in conjunction with an
imagery task (Bakker et al. 2006). We have built upon the
studies described in this review, providing an objective
quantification of first-person motor imagery during the
fMRI scan. We have manipulated both the type of imagery
evoked by the task settings (motor or visual imagery) and
the task difficulty. Subjects were presented with photo-
graphs of walking trajectories taken from a first person
perspective. The photographs showed a corridor with a
white path (Fig. 1). The path could have two different
widths (9 and 27cm), and five different distances (2, 4,
6, 8 and 10 m). During the imagery of gait trials, the sub-
jects were asked to imagine walking along the path. During
a control visual imagery task, the subjects were asked to
imagine seeing a small disk moving along the path. In both
cases, subjects reported the onset and the offset of the
imagined movement by pressing a button. This procedure
allowed us to quantify imagery time (i.e. the time between
the two button presses) on a trial-by-trial basis, and during
the acquisition of the fMR images. The task allowed us to
verify that the subjects were engaged in imagery. This
could be done by testing whether imagined movement
times increased as a function of walking trajectory length.
Crucially, we could also verify that the subjects were
specifically engaged in motor imagery of gait. This could
be done by testing whether imagined movement times
increased as a function of path width during the motor
imagery trials, and not in the visual imagery trials. The
assumption here is that motor imagery should be sensi-
tive to the biomechanical constraints imposed by a narrow
walking path that allows only for positioning one foot at a
time on the path. We found that imagery time increased
with increasing movement distance and decreasing path
width (Bakker et al. 2006). During visual imagery trials,
imagery time increased with distance, but not with path
width. In other words, during imagery of gait only, there
was an inverse and logarithmic relationship between move-
ment difficulty and imagined movement time [Fitts’ law,
(Fitts 1954)]. This result strongly suggests that the subjects
(as a group) were using first person motor imagery.
However, we cannot completely exclude that some subjects
may have used explicit knowledge about the time it takes to
execute the movements to solve the task. In cerebral terms,
we found that activity increased bilaterally in the superior
parietal lobule and in the right superior middle occipital
gyrus during motor imagery of gait involving a narrow path
(Fig. 1). This finding indicates that the increased spatial
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accuracy and sensorimotor integration required to walk
along a narrow path is supported by cortical structures
outside primary motor regions.

Repetitive leg or foot movements

A further approach to asses the cerebral bases of gait con-
trol is to examine repetitive leg or foot movements, as a
surrogate for gait. The rationale is that these movements
are thought to rely on partly similar neural processes as
those used during walking. For example, alternating foot
flexion-extension movements and bicycling movements re-
quire internal pacing and interlimb coordination, mechan-
isms that are also required during gait. Miyai et al. (2001)
combined NIRS and fMRI and showed that foot-extension
flexion movements indeed generate a similar brain activa-
tion pattern to that associated with walking. Using foot or
leg movements to study the cerebral correlates of gait pro-
vides considerable practical advantages, since these move-
ments can be performed with minimal movements of the
head, and in a recumbent position. Another advantage is
that voluntary foot or leg movements can be matched with
similar passive movements, and this procedure allows one
to dissociate responses to somatosensory input from the
volitional aspects of the task (Mima et al. 1999). However,
the relationship between lower limb movements and gait is
limited. Leg or foot movements do not allow for examining
the way in which several important features of gait (such as

Motor Imagery (narrow)
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Fig. 1. a) Examples of photographs of broad (left)
or narrow (right) walking trajectories presented to
the subjects during the motor imagery (MI) experi-
ment. b) Statistical parametric map (p < 0.05 family
wise error (FWE) corrected for multiple compari-
sons) showing increased cerebral activity bilaterally
in the superior parietal lobule and in the right super-
ior middle occipital gyrus during MI along a narrow
path (compared to MI along a broad path), super-
imposed on a rendered brain viewed from the top.
¢) Beta weights (mean 4 sem) of the left superior
parietal lobule (—16, —50, 64) for the broad and
narrow path, separate for motor imagery and visual
Mi imagery (VI)

the upright stance, truncal control and co-innervation of
gluteal and leg muscles) are controlled. Therefore, it re-
mains to be established to what extent the motor control of
repetitive foot or leg movements has cerebral analogies
with the motor control of gait.

Repetitive foot movements have been investigated using
NIRS, fMRI and H,'3O-PET (see Table 1). The group of
Sahyoun used fMRI to compare active versus passive uni-
lateral foot extension-flexion movements and found that
during active compared to passive foot movements cerebral
activity increased in the somatosensory cortex, SMA, cin-
gulate motor area, secondary somatosensory cortex, insular
cortices, putamen, thalamus and cerebellum (Sahyoun et al.
2004). This suggests that both cortical and subcortical
structures are involved in the motor control of rhythmic
foot movements. In another study, de Jong et al. (2002)
examined cerebral activity during antiphase flexion and
extension movements of the two upper and the two lower
limbs using H,'>O-PET. They hypothesized that a common
neural circuitry would be involved in antiphase movement,
independently of whether they would be performed with
the two upper or lower limbs. For both the arms and legs,
cerebral activations related to antiphase movements were
distributed over the right anterior parietal and right dorsal
premotor cortex, suggesting that these structures support
the sensorimotor integration required for antiphase move-
ments. However, it is important to realize that controlling
flexion-extensions of the foot is much simpler than control-
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ling gait. For example, gait involves the coordination be-
tween a large number of body parts, and the integration of
vestibular, visual, and somatosensory signals. A particular-
ly delicate element of gait is the precise inter-limb timing
(Plotnik et al. 2005), and this will be difficult to mimick
using repetive foot movements, even when performed alter-
natingly in both feet.

The issue of inter-limb timing can perhaps be addressed
by studying bicycle movements. Indeed, Christensen et al.
(2000) used such bicycle movements to exactly matched
active and passive movements, while addressing inter-limb
coordinations. Using H,'>O-PET, they found that both
passive and active bicycling increased cerebral activity bi-
laterally in primary sensorimotor cortices, SMA, and the
anterior part of the cerebellum. When passive bicycling
was subtracted from active bicycling, significant activation
was found in the leg area of the primary motor cortex and
the precuneus. These findings suggest that there is a signifi-
cant cerebral involvement in the motor control of rhythmic
motor tasks such as bicycling. However, given that it was
quite difficult for subjects to remain absolutely relaxed dur-
ing passive bicycle movement, some of the activity observed
during the passive movements might be due to unwanted
muscular activity. More importantly, it is unlikely that the
cerebral network involved in the motor control of bicycling
is confined to the primary motor cortex and precuneus.

Functional neuroimaging of gait in Parkinson’s disease

Insufficient knowledge of underlying gait mechanisms not
only exists for healthy subjects, but also for patients with
gait disturbances of a central neural origin, like patients
with Parkinson’s disease (PD). Gait disturbance in PD is
thought to originate, at least in part, from nigrostriatal do-
pamine deficiency, that in turn alters the basal ganglia-
brainstem circuits and the basal ganglia-thalamo-cortical
systems (Bloem et al. 2004). The precise pathophysiologi-
cal mechanism, however, needs to be elucidated.

Gait performance in PD

A first approach that has been used to examine the neural
control of gait in patients with PD is to measure cerebral
activity during gait performance and to compare it with that
measured during gait performance of healthy subjects. An
advantage of this approach is that cerebral activity is di-
rectly related to gait performance. However, this advantage
should be weighted against the intricacies of matching both
performance and task difficulty across patients and control
groups.

M. Bakker et al.

Table 2. Approaches used to examine the neural control of gait in patients
with Parkinson’s disease

Task Neuroimaging techniques Examines

Gait performance HMPAO-SPECT, DAT-PET Motor execution
Gait initiation EEG Motor planning
Rest IMP-SPECT, Xenon-SPECT, Rest

FDG-PET, FDOPA-PET

SPECT Single photon emission tomography; EEG electro-encephalogra-
phy; PET positron emission tomography.

Actual gait in PD has been investigated using HM-
PAO-SPECT and DAT-PET (see Table 2). The group of
Hanakawa et al. (1999b) has described two studies using
HM-PAO-SPECT comparing regional cerebral blood flow
during treadmill walking. In the first study, they compared
mildly to moderately impaired PD patients with age-
matched healthy controls, while walking at the same speed
on a treadmill. The PD patients showed a relative decrease
in brain activity in the left medial frontal lobe, right pre-
cuneus and left cerebellar hemisphere. In contrast there was
an increased cerebral blood flow in the cerebellar vermis,
right insula, left temporal cortex and left cingulate gyrus.
The reduced brain perfusion in the frontal motor areas fits
with similar results obtained during arm and finger move-
ments (Berardelli et al. 2001), pointing to a systematic
alteration of activity in this region during motor perfor-
mance in PD patients. The overactivity in the cerebellar
vermis in combination with an underactivity in the cerebel-
lar hemisphere might be associated with a loss of lateral
gravity shift in PD.

The same group performed a follow-up study, investigat-
ing the effects of visual cuing on gait in PD patients. It is
known that visual cues can help PD patients to overcome
gait disturbances, especially freezing (Bloem et al. 2004).
Accordingly, Hanakawa et al. (1999a) applied transverse or
parallel white lines to the walking surface of a treadmill.
Gait abnormality in PD patients was ameliorated in the
transverse line situation. The authors compared brain activ-
ity evoked during gait in the transverse line condition and
in the parallel line condition. In both controls and PD pa-
tients, there were increased responses in the posterior pari-
etal cortex and cerebellar hemispheres during gait in the
transverse line condition. Crucially, the premotor area acti-
vation was significantly greater for PD patients than for
controls, suggesting that this region may be involved in
visuomotor control of gait in patients with a ““paradoxical”
(externally cued) gait. However, it remains unclear whether
these results were influenced by residual difference in per-
formance between the two groups. Despite the use of a
treadmill, task performance was not completely matched
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between patients and controls. More generally, one might
wonder whether cerebral activity associated with the
forced locomotion evoked on a treadmill is comparable
to that evoked during spontaneous gait, or to parkinsonian
gait.

It might be argued that a meaningful approach to the
cerebral correlates of gait disturbances in PD patients
should directly consider the modulatory effects of dopami-
nergic activity in the basal ganglia on the motor system.
Accordingly, Ouchi et al. investigated changes in dopamine
transporter (DAT) availability during standing and during
gait in unmedicated PD patients and in normal subjects
(Ouchi et al. 2001). Subjects underwent two serial PET
scans ([“C]CFT—PET). The second scan was performed
after tracer injection and a subsequent walk of 50 min.
Participants walked at their own pace along a white line
in the corridor back and forth. Normal subjects were re-
quested to walk more slowly. Stride length and cadence
were not significantly different between PD patients and
controls. The latter group showed a significant reduction
of ["'C]CFT uptake during gait in both the putamen and
in the caudate. PD patients showed a similar reduction of
[1 1C]CFT uptake in the caudate (and orbitofrontal cortex),
but not in the putamen. This study points to alterations in
the availability of DAT in the medial striatum as a source
of pathophysiological changes in gait performance in PD
patients. However, the specificity of these effects remains
to be tested, given that changes in local regional blood
flow during exercise may affect levels of tracer binding.
Furthermore, PD patients showed difficulties while turning
at each end of the corridor, suggesting that there might
have been residual differences in task difficulty between
patients and controls.

Gait initiation in PD

One study by the group of Vidailhet has investigated the ini-
tiation of gait in PD by means of the Bereitschaftspotential
(BP) using EEG (Vidailhet et al. 1993). The BP is a move-
ment-related potential, with two main components; an
early one (BP1) lasting from about 1.2 to 0.5sec before
movement onset, and a late component (BP2) shortly
(0.5 sec) before movement onset (Deecke et al. 1976). The
BP is an electrical sign of participation of the SMA prior
to volitional movement (Deecke and Kornhuber 1978).
Vidailhet et al. found that PD patients showed little change
in either early or late components of the BP between foot
dorsiflexion and stepping tasks. In contrast, controls sub-
jects showed a larger peak in the early BP phase before a
stepping movement than preceding a voluntary dorsiflex-
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ion. Distribution of the BP was most conspicuous over
midline scalp positions (Fz, Cz), but also ipsilaterally (P4,
posterior parietal) to the foot movement (Vidailhet et al.
1993). The altered activity over medial frontal motor
areas fits the imaging results obtained during actual gait
(Hanakawa et al. 1999b), emphasizing that PD patients
have altered motor planning activity well in advance of gait
execution.

Baseline perfusion in PD

Under the assumption that pathological alterations in brain
activity are likely to be present not only during task perfor-
mance but also during rest, some authors have examined
baseline cerebral perfusion to investigate the cerebral bases
of altered neural correlates of gait control in PD patients.
This approach has the considerable advantage of perfectly
matched ‘“‘performance” across different subject groups.
However, when using this approach to compare gait pro-
blems between two different groups of subjects, it is im-
portant to closely match the different groups. In the ideal
situation, the only difference between the different subject
groups would be their gait problems, and this is difficult to
achieve in practice where gait is closely related to other
relevant variables such as disease severity and disease du-
ration. In PD, baseline perfusion has been used to examine
freezing problems in patients with Parkinson’s disease, and
to examine the effects of gait training.

Freezing of gait is a unique and extremely debilitating
symptom of PD, with an unknown pathophysiological
mechanism. There have been a few studies that tried to
localize the altered cerebral activity associated with freez-
ing. Using '**I-IMP-SPECT, Matsui et al. (2005) compared
cerebral activity in PD patients with and without freezing,
at comparable clinical stages of the disease. SPECT scan-
ning was performed in a supine condition, at rest. Perfusion
of the orbitofrontal area (Brodmann area 11) in the freezing
of gait group was decreased, as compared to the non-freez-
ing group. Another study has addressed this issue, but
Fabre et al. (1998), using '**Xenon-SPECT in patients with
PD and severe “off” freezing, could not find any specific
effect in the orbitofrontal area. Finally, Bartels et al. (2006)
addressed this issue using better spatial resolution than
the previous studies. 2-deoxy-2['®F]fluoro-D-glucose-PET
(FDG-PET) and 18[F]-6-fluoro-levodopa (FDOPA)-PET
was used to compare striatum decarboxylase activity in
two groups of PD patients with and without freezing of
gait. Lower putaminal FDOPA uptake with increased
FDG uptake was observed in freezing PD patients, whereas
caudate uptake of both FDG and FDOPA was reduced.
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Furthermore, in freezing patients a decreased FDG uptake
was found in the parietal cortices. This last study, did not
show differences in the frontal lobe. Taken together, these
studies suggest that medial frontal and basal ganglia might
be altered in PD patients with freezing of gait, but at the
moment the consistency of the results prevents any clear
inference.

Finally, imaging techniques have been recently used to
assess the effect of a gait rehabilitation program in PD
patients. del Olmo et al. (2006) recorded baseline cerebral
perfusion with FDG-PET in PD patients that walked with
or without rhythmic auditory cues. The measurements were
made before and after 4 weeks of a rehabilitation program
based on auditory cues, aimed at minimizing the temporal
variability of gait. The rationale for using this program was
that PD patients depend strongly on external cues, both
visual and auditory, to initiate or maintain walking. Before
therapy, PD patients showed a significant hypometabolism
in the right parietal lobe, temporal lobes, and left frontal
lobe. Hypermetabolism was found in the left cerebellum.
After therapy a significant increment of metabolism was
found in the right cerebellum, right parietal lobe and
temporal lobes, combined with a decrement of temporal
variability during gait. This study shows training-related
changes both in behavior and cerebral glucose metabolism.
However, it remains to be seen whether the cerebral
changes are specifically related with clinical improvements
across a large number of patients.

Conclusion

In this review we have illustrated how functional neuroim-
aging techniques have been used to obtain information
about the cerebral bases of gait control in healthy subjects,
and about gait disturbances in patients with PD. Taken
together, these studies have shown that the medial aspect
of the motor cortex, controlling the lower limbs, can be
modulated by different portions of the motor system, from
posterior parietal cortex to the basal ganglia and the cere-
bellum. The basal ganglia-thalamo-cortical system presum-
ably plays a major role in gait disorders in patients with
PD.

In the clinical domain, given that several aspects of gait
disturbances seem to be related to motor planning and
rhythmic pacing, rather than motor execution per se, it ap-
pears reasonable to use motor imagery of gait and repeti-
tive foot movements in patients with disorders such as PD.
Using these approaches might also open the possibility to
use other techniques, like magnetoencephalography (MEG)
and TMS, which provide direct measures of neural activity
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at high temporal resolution. More importantly, these tech-
niques would allow one to investigate cerebral circuits
supporting gait, rather than a collection of brain regions
showing altered metabolism related to gait. The time seems
ripe for assembling these scattered observations into a co-
herent computational model of gait control in humans, able
to generate testable predictions. Up to now computational
models on the neural control of gait have mainly focused
on how the central pattern generators coordinate walking
movements (Grillner 2006). We think it would be useful
to start developing computational models that focus on
how cortical and subcortical structures are involved in
visuomotor control during walking. Such models have al-
ready been used to examine the cerebral circuits underlying
visuomotor control of arm movements (see for example
(Ghahramani and Wolpert 1997; Nakahara et al. 2001). The
findings of the studies reviewed in this paper might serve as
a basis for developing such computational models.
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