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Abstract
Purpose of Review Whilst gait impairment is a main cause for disability in Parkinson’s disease (PD), its neural control remains
poorly understood. We performed a systematic review and meta-analysis of neuroimaging studies of surrogate features of gait in
PD.
Findings Assessing the results from PETor SPECTscans after a period of actual walking as well as fMRI during mental imagery
or virtual reality (VR) gait paradigms, we found a varying pattern of gait-related brain activity. Overall, a decrease in activation of
the SMA during gait was found in PD compared to elderly controls. In addition, the meta-analysis showed that the most
consistent gait-related activation was situated in the cerebellar locomotor region (CLR) in PD.
Summary Despite methodological heterogeneity, the combined neuroimaging studies of gait provide new insights into its neural
control in PD, suggesting that CLR activation likely serves a compensatory role in locomotion.
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Introduction

Gait impairment is one of the main causes for disability in the
daily lives of patients with Parkinson’s disease (PD) [35].
Combined with postural instability, PD patients are at an ex-
ceptionally high risk for repeated falls, leading to a complex
chain reaction of clinical consequences, including severe in-
juries, immobilisation and mortality [2, 4]. Even early in the
disease course patients present with continuous gait problems,
such as reduced step length with increased cadence and stride
time variability, causing them to be at a higher risk for falls
than their age-matched peers [21, 23]. Indeed, more than half
of PD patients experience a fall within the first 3 years after

clinical diagnosis [24]. As the disease progresses over time,
often other more complex and episodic gait disorders appear,
such as festination and freezing of gait [30], which further
increase the risk of falling [23] and drastically reduce the
quality of life for patients [40].

The pathophysiology underlying gait impairment in PD
remains poorly understood. One of the main reasons is that
gait control involves a complex interplay across multiple neu-
ral circuits that span cortical but also subcortical structures that
cannot be directly imaged with ambulatory neuroimaging
techniques. Some approaches such as electroencephalography
(EEG) and near-infrared spectroscopy (NIRS) have provided
some insights into gait disturbances [1•, 6, 8, 25, 32], but they
lack neuroanatomical localisation. Positron emission tomog-
raphy (PET) and single-photon emission computed tomogra-
phy (SPECT) are nuclear imaging techniques that provide
whole brain activity coverage bymeasuring radiotracer uptake
using gamma rays. The strength of these techniques is that
they can assess the brain activations associated with actual
gait tasks [19, 26, 37]. These techniques can also be used to
study the neural control of gait in patients with metal implants,
such as deep brain stimulators in PD [41]. Yet, PET and
SPECT require the recording of activity usually after a period
of gait has been undertaken, resulting in an ‘estimate’ of
changes that might have been present during the task.
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Magnetic resonance imaging (MRI) is a safe technique that
provides whole-brain coverage with the best spatial resolution
and without requiring radioactive tracers. It can be used to
study structural alterations in the brain (i.e. grey matter vol-
umes and white matter connectivity) or changes in blood level
oxygen level (BOLD) during the resting state or while
performing functional tasks. Functional MRI (fMRI) has
therefore often been the technique of choice for studying the
neural correlates underlying complex human behaviours.
However, the key difficulty of MRI is that subjects have to
be in a supine position and lie absolutely still, thereby preclud-
ing the study of actual gait [8, 25].

The evidence that can be provided with resting state fMRI
or structural MRI can only be indirectly related to gait by
comparing groups with and without gait impairment or by
correlating the imaging findings with gait measures obtained
outside the scanner. However, in the last decade, researchers
have developed methods that allow for the investigation of the
neural mechanisms underlying surrogate measures of gait dur-
ing fMRI [1•, 8, 25]. These include action simulation (i.e.
motor imagery or action observation) of gait or motor execu-
tion of the lower limbs using various paradigms [1•, 5•, 8, 25,
29]. Action simulation can give rise to a comprehensive ex-
perience of gait that, despite the supine position, likely acti-
vates areas involved with postural control [33, 36]. On the
downside, only proxy measures of gait-related output can be
generated from action simulation paradigms to ascertain if
subjects are truly engaged in action simulation of gait and to
compare performance across subjects and groups. Thus, re-
searchers started to study the neural correlates of virtual reality
(VR) gait paradigms, which utilise foot tapping movements to
navigate a three-dimensional environment during fMRI, under
the assumption that bilateral coordination of the lower limbs
and ankle dorsi- and plantar flexion are integral features of gait
control [16, 29, 34]. The benefit of VR paradigms is that
behavioural data of the subject’s stepping performance can
be generated and directly linked to the BOLD data obtained.
With the addition of VR environments, the immersion in a
gait-like experience can be further enhanced [5•]. The virtual
environments also engage sensorimotor feedback mecha-
nisms implicated in gait control. Finally, virtual environments
can be adjusted to simulate the visual feedback obtained dur-
ing a variety of common gait conditions. This is of particular
interest for PD, as the virtual environments can simulate situ-
ations in which gait control often breaks down in real-life,
such as during turning [15] or passing through doorways
[27]. However, similar to other MR imaging paradigms, foot
tapping in a supine position does not engage the postural and
balance control circuits that are integrally involved in real-life
walking [32] and impaired in PD [3].

Taken together, there has been a recent surge of evidence
on the neural mechanisms underlying gait control in people
with PD, which has great potential to guide treatment

developments [17]. However, heterogeneity between task
conditions and subjects across studies results in variable out-
comes making it difficult to pinpoint the precise activation
patterns that characterize altered gait control in PD. The aim
of the present review was therefore to systematically summa-
rize the outcomes of any task-based fMRI experiment and
conduct an exploratory activation of likelihood estimation
(ALE) meta-analysis to assess whether there are any conver-
gent activation patterns that characterize gait control in PD, in
comparison to gait control in healthy older adults.

Literature Searches

A systematic search without language or date restrictions was
conducted in the electronic databases of Pubmed, Medline,
Embase and Web of Science to identify relevant studies pub-
lished until March 22nd 2019. For PD, the following search
terms and their common abbreviations were used: (Parkinson
disease AND (gait OR walking OR stepping OR freezing
AND (Magnetic Resonance Imaging OR Positron-Emission
Tomography OR Tomography, Emission-Computed, Single-
Photon)), yielding a total of 892 non-duplicate hits. For
healthy older adults, a similar search string was used after
replacing “Parkinson disease” with (Aged AND (Healthy
OR Community dwelling)), yielding a total of 365 non-
duplicate hits. Titles, abstracts and full-texts were subsequent-
ly screened for inclusion and exclusion criteria.

Inclusion Criteria for the Systematic Overview

Peer-reviewed published articles in any language using PET,
SPECT or fMRI were included if they studied the neural un-
derpinnings of gait impairment in patients with idiopathic
Parkinson’s disease or healthy older adults (mean age ≥
55 years). This included (i) studies using action simulation
paradigms, such as motor imagery and action observation or
studies investigating motor execution of the bilateral lower
limbs with or without cueing or virtual reality paradigms; (ii)
studies assessing radiotracer uptake after an actual gait task
performed outside the scanner (PET, SPECT) or during scan-
ning (SPECT); and (iii) studies using the above-named tech-
niques to assess the effects of an intervention on the neural
correlates of gait in PD.

Exclusion Criteria for the Systematic Overview

Non-peer reviewed articles, conference abstracts and reviews
of the literature with or without meta-analysis, as well as an-
imal studies were excluded. Studies using structural MRI,
resting state fMRI, EEG, NIRS or non-invasive brain stimu-
lation (e.g. transcranial magnetic stimulation), as well as rest-
ing state PET or SPECT studies without inclusion of the tech-
niques described above to model gait, were also excluded.

49 Page 2 of 12 Curr Neurol Neurosci Rep (2019) 19: 49



Finally, passive movements of the lower limbs or unilateral
foot tapping, as well as changes in optic flow without inclu-
sion of the techniques described above were not considered as
gait-specific and thus excluded from the review and meta-
analysis.

The above-described screening led to a final inclusion of 23
studies on PD (Table 1) and 7 additional studies on healthy
older adults (Supplementary materials). Key findings of this
analysis are reported in Table 1, showing a great variety of
gait-related brain activations, incorporating the frontal and
parietal cortices and the cerebellum across groups.
Furthermore, an altered activation of the SMA during gait
was a consistent finding in PD. However, the great variety
of gait-related brain activations hampers drawing firm conclu-
sions. Therefore, a meta-analysis was performed to determine
brain regions consistently activated during gait-like tasks
across studies.

Inclusion and Exclusion Criteria for the Exploratory
ALE Meta-analysis

From our initial systematic search, we selected experiments
from studies that reported whole brain peak voxel coordinates
in standard stereotactic space (i.e. MNI or Talaraich) for
within-group comparisons, for both PD and controls, whereby
‘gait’ was taken as the condition of interest (e.g. motor imag-
ery of gait > visual imagery of gait, foot tapping > rest).
Contrasts between two similar gait conditions were included
if the condition of interests was hypothesised to still engage
gait-related areas. For intervention studies, only the baseline
contrasts prior to the intervention were included. The number
of included subjects in each experiment had to be reported as
the ALE analysis controlled for the number of subjects in each
experiment. Between-subject contrasts were excluded as to
prevent comparisons across groups of unequal size and to
limit between-subject variability [20••]. Finally, studies that
only reported the outcomes of a region-of-interest analysis
were also excluded.

Data Extraction and ALE Meta-analysis

In short, ALE is a coordinate-based meta-analysis technique
that determines whether peak voxel activation coordinates (i.e.
foci) across different experiments overlap at a statistical level
(greater than expected by chance) by modelling them as 3D
Gaussian probability distributions centred at the respective
coordinates [10, 38]. The exploratory meta-analyses were per-
formed using the revised version of the ALE algorithm that
takes the number of subjects in each experiment into account
[10, 11, 38]. We followed the methodology as described in
detail by Hardwick et al. [20••]. For each experiment, the
sample size, mean age, sex distribution of the subjects, con-
trast of interest and whole-brain peak-voxel coordinates in

MNI or Talaraich space were extracted. Meta-analyses across
all subjects, one across PD subjects only and one across
healthy older adults were performed. In addition, contrasts
between the resultant meta-analyses of PD and controls were
conducted using random effects ALE subtraction analysis
[11], as per Hardwick et al. [20••] and anatomically labelled
in MNI space using the xjView software.

ALE-Sample Characteristics

Sixteen gait-related within-subject experiments totalling 161
peak voxel coordinates (i.e. foci) were included for PD and
also 16 gait-related within-subject experiments, totalling 264
foci, were included for controls (Table 2). The outcomes of the
meta-analysis are based on a total of 178 PD subjects (16.2
subjects on average per experiment; mean (SD) of the mean
age = 65.5 (4.1); %males = 67.1%) and a total of 208 healthy
older adults (16.0 subjects on average per experiment; mean
(SD) of mean age = 67.3 (6.3), %males = 43.8%). There was
no significant difference between the two cohorts on the av-
erage number of subjects per experiment (independent t test:
t = 0.07, p = 0.942) or average age of the subjects in each
experiment (t = − 0.75, p = 0.460). A significant difference in
sex distribution was found (Chi-square test: χ2 = 19.0,
p < 0.01) with significantly more females in the control co-
hort. As we included < 20 experiments, which is condsidered
the minimal number required to achieve sufficient power for
moderate effects [12••], for both PD and controls, our ALE
meta-analysis must be considered exploratory.

Exploratory ALE-Results

First, the spatial distribution of ALE z-scores across both
groups was plotted without further statistical inference to en-
sure that a motor network would appear. The ALE scores
represent the sum of modelled activations, whereby each foci
has been replaced with three-dimensional Gaussian distribu-
tions with a width that was set according to the number of
subjects in each experiment [10, 20••]. This exploration re-
vealed an expected gait-related pattern of activations across
the primary and pre-motor cortices, the visual cortex, basal
ganglia, and the cerebellar and brainstem locomotor regions
(Fig. 1a).

A cluster-level family wise error (cFWE) correction for
multiple comparisons was applied when conducting the actual
meta-analyses [12••]. Across both PD and healthy older
adults, significant gait-related activations were found in the
midline supplementary motor area (SMA, 281 voxels, peak
voxel: − 2/− 4/66), the midline leg area of the primary motor
cortex (M1, 359 voxels, peak voxel: − 8/− 32/66), the cerebel-
lar locomotor region (CLR, 313 voxels, peak voxel: − 1/− 50/
− 10) and right lateral cerebellar lobule VI/Crus-I (221 voxels,
peak voxel at: 36/− 54/− 32) (Fig. 1b). Within the PD cohort,
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the most consistent activation was found in the CLR (194
voxels, peak voxel: − 2/− 52/− 8) and within the control group
the most consistent activation was found in the midline SMA
(181 voxels, peak voxel: 2/− 4/64) and leg area of M1 (94
voxels, peak voxel: 6/− 34/74). The same areas also survived
the random effects ALE subtraction analysis (see Fig. 1c, d).

Methods Used to Study the Neural Control of Gait
in PD

The pros and cons of the different neuroimagingmethods used
to study gait in the included studies have been extensively
reviewed by others (e.g. see [1•, 20••, 25]). As expected, most
studies resulting from our systematic search used either MI of
gait or bilateral foot tapping during fMRI. One noteworthy
recent development is that studies started to combine foot
tapping paradigms with cognitive dual tasking to model the
neural correlates underlying gait automaticity impairments in
PD [29] and healthy elderly [7•]. Perhaps the most prominent
feature of gait in PD is that it progressively fails to fall under
automatic control, thus forcing patients to increasingly rely on
compensatory circuits to control their steps [16]. The loss of
motor automaticity is linked to the loss of dopaminergic in-
nervation in the posterior striatum [43], but how exactly pa-
tients achieve compensatory stepping and the clinical impact
of when these compensatory circuits fail remains largely un-
known [16, 29]. Interestingly, Bürki et al. [7•] used two dif-
ferent cognitive tasks during foot tapping in the elderly, name-
ly a verbal fluency task and a serial subtraction task inside as
well as outside the scanner, the latter while walking on a
GaitRite mat. This allowed them to investigate differential
effects of distraction on foot tapping performance as well as
on actual gait [7•]. Similar studies could be performed in PD
that systematically increase the load on the attentional com-
pensatory circuits that PD presumably rely on to perform oth-
erwise automatic foot tapping. This would also help to map
out the attentional compensatory circuits which are likely to
converge across all task loads (i.e. both the cognitive and
motor task). More studies using dual tasking combined with
real gait and action simulation paradigms are needed to better
map the failing automaticity and compensatory circuits that
underpin gait in PD [29].

So far, only two studies by Hanakawa et al. [18, 19] used
SPECT to assess the brain activations during actual treadmill
gait in PD [18, 19]. Surprisingly, this methodology has never
since been replicated by others, possibly due to increasing
utility of PETover SPECT in medical imaging. A total of four
studies utilized PET to compare the radiotracer uptake follow-
ing a period of walking vs. rest. Two of these administered
H215O [26, 41] and one18FDG isotopes [37] to study the gen-
eral brain activation patterns resulting from neuronal oxygen
and glucose consumption, respectively. One PET study used
[11C]-CFT to map changes in dopamine transporterT
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availability (DAT) in the striatum and extra-striatal regions
following gait in PD [31].

Although the following studies did not make the inclusion
criteria for the present review, their novel methodologies are
worth a mention. Firstly, van der Hoorn et al. [39] used chang-
es in optic flow to simulate a visual sensation of forward
progression similar to that experienced during gait [39]. By
suddenly changing the speed of the optic stimuli, a sensation
of gait cessation could be induced. It can be envisioned that
the combination of such changes in optic flow and foot

tapping in a virtual environment could perhaps induce the
sensation of near-falls to map the neural correlates of gait
adaptation and fear of falling in PD and the elderly.
Secondly, de Lima-Pardini et al. [9•] developed a unique ap-
paratus with MRI-compatible force sensors that allowed for
the simulation of anticipatory postural adjustments (APA) that
are integral to the initiation of the first step [9•]. PD patients
often showmultiple APA’s during gait initiation [22], and such
novel methodologies hold strong potential to provide insights
into these challenging gait epiphenomena.

a

b

c

d

Fig. 1 Exploratory ALE meta-
analysis results. a Spatial
distribution of ALE z-scores
across both PD and healthy older
adults, uncorrected. b Significant
gait-related activations found
across both groups, cFWE
corrected. c Significant CLR
activations found in PD patients
compared to healthy older adults,
cFWE corrected. d Significant
SMA andM1 activations found in
healthy older adults as compared
to PD patients, cFWE corrected.
Abbreviations: ALE = activation
of likelihood estimation; PD =
Parkinson’s disease; cFWE=
cluster-wise family error
corrected for multiple
comparisons; L = left; R = right;
SMA= supplementary motor
area; M1 = primary motor cortex;
CLR = cerebellar locomotor
region; CBM-VI = lobule VI of
the cerebellum
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Interpreting the Main Outcomes

One of the most consistent finding across studies was an al-
tered involvement of the SMA during gait in PD. This is
supported by our exploratory meta-analysis showing consis-
tent SMA activation in healthy elderly controls, but not in PD.
The SMA is part of the mesial premotor loop and highly
connected to the putamen where it likely aids in the selection
of appropriate motor sequences [28]. The lower SMA activa-
tion seen in PD may thus be the result of lower striatal activa-
tions following dopaminergic denervation. Structural white
matter changes have also been shown in the SMA pathways
[14]. Taken together, reduced SMA activation is likely a hall-
mark of impaired gait control in PD.

Another outcome that was supported by our exploratory
meta-analysis was that gait in PD was consistently associated
with increased activations across the cerebellum, and in par-
ticular the CLR. Interestingly, a recent study by Fasano et al.
[13••] showed that the majority of brain lesions that result in
freezing of gait are located in areas that have strong functional
connections with the CLR in almost exactly the same peak
location as seen in our exploratory analysis [13••]. Together,
this indicates that PD patients are heavily reliant on the CLR
to modulate their gait, perhaps due to the lack automatic con-
trol from the basal ganglia. In contrast, [43] found evidence
based on PET-data that the cerebellum was involved in the
pathophysiology of gait and balance problems in PD, as de-
creased levels of acetylcholinesterase were found in the mid-
brain and the cerebellum. Wu and Hallett [42] put forward a
model in which both pathological and compensatory process-
es of the cerebellum could play a role in various symptoms of
PD, including gait. This interplay of compensatory and path-
ological effects was projected to change with disease progres-
sion. The compensatory role of the cerebellum provides merit
to develop interventions that attempt to modulate the cerebel-
lar input during gait, such as split-belt training interventions
[45]. Recently, excitatory theta burst stimulation applied to the
cerebellar hemispheres induced gait speed improvements, al-
though freezing of gait was not alleviated [46]. However, sev-
eral studies on healthy older adults also found increased acti-
vations in the cerebellum, so the exact specificity of CLR
activation to PD gait cannot be concluded from this explor-
atory meta-analysis. More data is required to support our pre-
liminary findings and provide more insight into the complex
role of the CLR.

Conclusions

Recent advances in neuroimaging allow for the investigation
of the neural mechanisms underlying gait impairments in PD.
Here, we show for the first time that different imaging meth-
odologies complement each other and that their outcomes can

be used to reveal the most consistent whole brain activations
that are gait-related. This knowledge will aid in our focus to
develop interventions, targeting the most prominent changes
in the neural control of gait in PD. It is projected that with the
inclusion of more future studies, such meta-analysis tech-
niques will be able to reveal neural signatures that are specific
to certain gait impairments in subtypes of PD.
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