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Summary

Impaired locomotion is a frequent and major source of disability in patients with neurological
conditions. Different neuroimaging methods have been used to understand the brain substrates of
locomotion in various neurological diseases (mainly in Parkinson’s disease) during actual walking,
and while resting (using mental imagery of gait, or brain-behavior correlation analyses). These
studies, using structural (i.e., MRI) or functional (i.e., functional MRI or functional near infra-red
spectroscopy) brain imaging, electrophysiology (i.e., EEG), non-invasive brain stimulation (i.e.,
transcranial magnetic stimulation, or transcranial direct current stimulation) or molecular imaging
methods (i.e., PET, or SPECT) reveal extended brain networks involving both grey and white
matters in key cortical (i.e., prefrontal cortex) and subcortical (basal ganglia and cerebellum)
regions associated with locomotion. However, the specific roles of the various pathophysiological
mechanisms encountered in each neurological condition on the phenotype of gait disorders still
remains unclear. After reviewing the results of individual brain imaging techniques across the
common neurological conditions, such as Parkinson’s disease, dementia, stroke, or multiple
sclerosis, we will discuss how the development of new imaging techniques and computational
analyses that integrate multivariate correlations in “‘large enough datasets’” might help to
understand how individual pathophysiological mechanisms express clinically as an abnormal gait.
Finally, we will explore how these new analytic methods could drive our rehabilitative strategies.
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Introduction

Locomotion is often affected in neurological conditions. Gait disorders are found in 60% of
patients hospitalized in neurological units [196]. Parkinson’s disease (PD), stroke, multiple
sclerosis (MS) and dementia are the leading causes of gait disorders in neurological settings.
In PD, the presence of freezing of gait (FOG) — likely the most debilitating gait symptom—
is reported in 38.2% in the “‘on medication’’ state, and is associated with poor quality of life
[157]. After a stroke, 32-47% of stroke patients are not able to walk unsupervised
[116,158]; age, severity of the paresis, size of brain lesions and presence of hemianopia are
the major factors associated with gait disorders within 30 days post-stroke [35]. In MS, the
leading cause of non-traumatic disability in young adults, mobility impairment affects 80%
of the patients [149], even in the earliest stages of the disease [195]. Gait impairment in
neurological conditions increased with advanced age, especially in older adults with non-
Alzheimer’s dementia [196]: gait disorders have been reported in 93% of patients with PD
with dementia, 79% with vascular dementia, 75% with dementia with Lewy bodies and 25%
with Alzheimer’s disease (AD) [6].

Gait disorders are clinically divided in neurological or non-neurological causes, such as
arthritis, or cardiovascular conditions. Among the neurological gait abnormalities, different
patterns of gait disorders, such as parkinsonian gait, frontal gait or spastic gait, have been
identified [227]. Identifying neurological from non-neurological clinical gait abnormalities
is clinically important, because only neurological gait abnormalities have been associated
with poor clinical outcomes, such as falls [225] or dementia [227]. Gait has been recently
used to define a new pre-dementia syndrome, called the Motoric Cognitive Risk (MCR)
syndrome [228]. The MCR syndrome is defined by the presence of slow gait and cognitive
complaint; this syndrome represents an early risk factor for developing dementia [226].

The brain correlates of gait have been extensively studied in aging [70] and in individuals
with specific neurological diseases [17,47,125] during the last few years using various
techniques, such as electroencephalography, magnetic resonance imaging (MRI), nuclear
medicine, non-invasive brain stimulation (i.e., transcranial magnetic stimulation (TMS) or
transcranial direct current stimulation (tDCS)) or functional near infrared spectroscopy
(FNIRS). These various techniques give us access to the brain structures and the functional
substrates involved in gait control during real walking or during mental imagery of gait.
Each neuroimaging technique presents its own advantages and limitations and will be
reviewed in detail in this article by including the different common neurological diseases.
This review will be articulated around three aspects of the relationship between brain
changes and gait disorders in neurological conditions: correlation between brain
abnormalities evidenced by the different techniques and clinical measures of gait; online
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measurements performed with some of these techniques (i.e. fNIRS and EEG) during actual
gait; impact on gait modification following stimulation of cortical regions using TMS/tDCS.

We will then discuss the development of future methodological approaches aimed to better
understand the pathophysiological mechanisms affecting gait control in neurological
diseases. This article is not a systematic review of the literature, but a targeted review that
aims to describe the brain-related gait changes in adults with common neurological
conditions.

Magnetic resonance imaging

Parkinson’s

Magnetic Resonance Imaging (MRI) is a non-invasive neuroimaging technique that has been
used to identify the structural and functional brain substrates and pathologies associated with
human locomotion in a number of neurological conditions — including PD, stroke,
Alzheimer’s disease and related dementias (ADRD), and MS (see Table 1). Standard three-
dimensional structural images have been used to link locomotion in neurological conditions
to brain volume or atrophy in a particular brain region, or a set of regions. The integrity of a
particular white matter tract, or a set of white matter tracts, have also been linked to
locomotion in neurological conditions using diffusion-weighted imaging (DWI). In addition,
fluid attenuated inversion recovery (FLAIR) and susceptibility-weighted imaging (SWI)
have been used to link small vessel disease pathologies, including lacunes, white matter
hyperintensities (WMH), and microbleeds, to loco-motion in neurological conditions.
Finally, functional MRI (fMRI) has been used to linked functional activation of a brain
region, or a set of brain regions, during imagined (or motor imagery of) locomotion, as well
as to functional connectivity during rest (resting-state fMRI).

disease

A large number of MRI studies of locomotion have been completed in PD (see Table 1A).
These studies typically contrast the structural and functional brain substrates and pathologies
in (@) PD with FOG (PD-FOG+) to PD without FOG (PD-FOG-), or (b) PD with postural
instability and gait difficulty (PD-PIGD) to PD with tremor dominant phenotypes (PD-TD).
PD-FOG+ relative to PD-FOG- has been associated with more gray matter atrophy
[162,172,211], less white matter integrity [25,162,224,234,246], more white matter
hyperintensities, altered functional connectivity [46,48,51,111,183,239,248] and altered
functional activation patterns during imagined locomotion [160]-in a number of different
brain regions, tracts, and functional networks: more specifically, cerebellar, parietal,
precuneus, cingulate, and prefrontal cortex regions, white matter tracts that connect these
regions (e.g. superior and inferior longitudinal fasciculus, corpus callosum,
pedunculopontine nucleus and corticospinal tract) and functional networks that include
many of these regions (e.g., fronto-parietal and default mode networks). PD-PIGD relative to
PD-TD is also associated with more gray matter atrophy [171], white matter integrity [232]
and altered functional connectivity [118,230,236], yet in a more restricted set of brain
regions and tracts, including the amygdala, globus pallidus, corpus callosum, superior
longitudinal fasciculus, and functional connectivity between the substantia nigra and
putamen, and the caudate and putamen.
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MRI studies of locomotion that have been completed post-stroke are summarized in Table
1B. These studies have linked gait and other motor outcomes post-stroke to white matter
integrity [2,44,78,79,81,159,243], small vessel disease pathologies [24,33,115] and
functional connectivity [27]. White matter integrity of the corpus callosum and the
peduncolopontine nucleus have been linked to gait speed and the ability to walk following a
stroke, respectively [44,243]. Increased white matter hyperintensity burden in older adults
with three or more subcortical strokes have been shown to increase the risk for multiple falls
[24], and subcortical infarcts and microbleeds strengthens the negative association between
white matter lesions and gait following a stroke [33]. Finally, a resting-state fMRI study
suggests that interhemispheric functional connectivity, particularly between the left and right
central sulcus, is associated with the extent of corticospinal damage, which in turn is
associated with walking ability [27].

Alzheimer’s disease and related dementias

A more limited number of MRI studies of locomotion have been completed in ADRD (see
Table 1C). One study found that gait dysfunction in a sample of older adults with probable
AD, possible AD, and AD with cerebrovascular disease, was associated with gray matter
atrophy in a number of different brain regions—including the motor cortex, middle cingulate,
insula, and the caudate [152]. Another study found that gait impairment in AD was
associated with high small vessel disease burden [233]. Finally, a third study found that
subcortical white matter hyperintensity burden in frontal and basal ganglia regions was
associated with gait speed and stride length in both mild AD and control participants,
although the relationship with gait speed was stronger in control participants [146]. Note
also that the Motoric Cognitive Risk (MCR) syndrome-a pre-dementia syndrome
characterized by slow gait and cognitive complaint [229]-have been linked to gray matter
atrophy in supplementary motor, pre-motor, insular and prefrontal cortex regions [10,14],
lacunar infarcts in the frontal lobe [235], but not to white matter hyperintensities [134].

Multiple sclerosis

A substantial number of MRI studies of locomation have been performed in MS (see Table
1D). These studies examined the relationship between neuroimaging measures and
locomotion in a) relapsing-remitting MS (RRMS), b) primary progressive MS (PPMS), or c)
MS in general. In RRMS, gray matter volume of putamen, caudate, globus pallidus, and
nucleus accumbens has been linked to the 25-foot timed walking (25FTW) test [154], while
cerebellar volume has been associated with the 25FTW test in PPMS [34]. In MS in general,
the 25FTW test and a 6-minute walking test have been linked to gray matter volume of the
pallidum and caudate [142], and pallidum volume has been shown to increase following a
running intervention [49]. White matter integrity in the corticospinal tract has been linked to
quantitative gait parameters in RRMS [54] and the 25FTW test in MS in general [100],
while white matter integrity of the cerebellar peduncle has been linked to gait speed in
PPMS. Decreased functional connectivity in RRMS relative to controls has also been
observed in a number of resting-state functional networks, including sensorimotor, visual,
cerebellar, basal ganglia, and executive control networks. Finally, increased functional
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connectivity in motor and somatosensory cortices has been observed following physical
exercise interventions in MS in general [174,209].

imaging methods

Molecular imaging methods include positron emission tomography (PET) and single photon
emission computed tomography (SPECT), which can image the brain during actual and
during mental imagery of gait. Some studies have also correlated PET or SPECT imaging
results with gait performance. These imaging techniques use radiolabeled ligands that
interact in vivo with biological process (i.e., neurotransmitter receptors for the DAT-Scan,
amyloid deposition for the Pittsburgh compound B-PiB-PET); measure brain metabolism
(i.e., fludeoxyglucose-FDG PET), or the cerebral blood flow (i.e.; SPECT). The molecular
imaging studies including patients with neurological conditions have mainly focused on
patients with parkinsonism [5,16,18-20,97], or dementia [39].

In PD, the extent of dopaminergic [20,97] and cholinergic [16,18,19] denervation has been
largely studied. Dopamine transporter (DAT)-PET has been studied in PD patients: striatal
DAT-uptake in de novo PD patients predicted the development of FOG [97]. Interestingly,
DAT activity was not associated with gait performance in non-PD population [5] or falls in
PD [18]. Cholinergic denervation is a major contributor to poor gait in PD: cholinergic
denervation has been associated with falls [18] and slow gait [16]. FOG phenomenon—
defined by brief, episodic absence or marked reduction of forward progression of the feet
despite intention to walk [150] — frequently observed in PD has been associated with
reduced fronto-parietal activation and increased parietal activation while actual walking
[205]. Hypoperfusion of bilateral frontal areas has been reported in PD patients with FOG in
comparison to those without FOG [76,130], explaining also why FOG patients are
presenting poorer executive function performance than non-FOG patients
[168,193,206,210].

In the field of dementia, the development of radioligands targeting the pathological process
of dementia, such as amyloid- or tau-PET, has greatly improved the in-vivo understanding of
the pathophysiological cascade leading to dementia. Amyloid deposition measured by the
[18F]florbetapir PET in specific brain regions involving the putamen, the precuneus, the
anterior cingulate and the occipital cortex has been associated with gait speed in a cohort of
older adults with and without cognitive impairment [39]. An increased p-amyloid deposition
measured by the PiB-PET in PD has been associated with an increased severity of postural
instability and gait difficulty features [145] that is a phenotype known to be a risk factor for
developing PD dementia [166].

Functional near-infrared spectroscopy

Functional near-infrared spectroscopy (fNIRS) is a portable non-invasive optical imaging
method. Similar to functional MRI that measures the blood oxygenation level-dependent
(BOLD) signal of neural activity [151] — an estimation of variation of deoxy-hemoglobin
concentrations — fNIRS uses the light-tissue interaction (within the near-infrared spectrum)
to measure the changes in cortical oxygenation [83,197]. The main advantage of fNIRS
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technique for studying gait control relies on its portable nature to allow a measurement of
brain activity during real walking; however, its low spatial resolution (only few centimeters
under the skull) represents its main limitation [15]. Several fNIRS studies measuring brain
activity while walking have been conducted in aging, showing an increased oxygenation
levels in the prefrontal, premotor and supplementary motor area while walking (for a review,
see [70]). A systematic review of fNIRS studies focusing on patients with gait disorders has
been also recently performed [59]. In neurological conditions, the majority of fNIRS studies
while walking have included patients with PD [120-122,148,215] and stroke [4,67,137—
140], while few studies involved MS patients [31,69], or patients with early dementia [43].
Although these studies included a limited number of patients with neurological diseases,
they demonstrated the feasibility of using fNIRS while walking in neurological conditions.
Furthermore, these studies found that prefrontal cortex activations play a key role during
walking across this spectrum of various neurological conditions.

Electroencephalography

Electroencephalography (EEG) is another non-invasive brain imaging modality with fNIRS
that allows studying cortical activation with a high degree of precision in time (1 ms). One
of the strength of EEG is the possibility to assess brain functioning during online walking
and to correlate brain functioning with gait measures. Indeed, PET scan or SPECT metabolic
changes occur during several minutes following the injection according to the marker used.
However, until recently, several concerns limited the use of EEG during real locomotion.
First, spatial resolution is low compared to PET, SPECT or MRI. Source localization using
scalp electrodes can be used to improve this spatial resolution at a cortical level. The main
limit is that signal recorded by scalp electrodes is mostly the consequences of post-synaptic
potentials of cortical neurons. Hence, intracerebral recordings of local field potentials
(LFPs) with deep brain stimulation electrodes can be used to explore profound source
[104,213]. Second, artifacts caused by movement and muscle activity can contaminate EEG
activity. Of course, adequate filtering and selection of the epochs not contaminated by
obvious artifacts must be performed first. Despite that, two studies [28,99] investigated
movement related artifacts in the EEG and found contamination of the EEG data at
frequencies from 1 to 150 Hz. As frequencies of EEG investigated during walking include
theta (4—7 Hz), alpha (8-12 Hz), beta 1 (13-20 Hz) beta 2 (20-30 Hz) and gamma band (>
30 Hz), these artifacts are taken into account in the analysis of cortical activity during
walking and should be removed before considering changes in a power frequency band. The
current method to remove these artifacts used Independent Component Analysis (ICA) to
separate sources of artifacts from cortical signal [62]. Then, two methods are used, either
event related potentials (ERPS) if the EEG signal changes are time-locked to an event; or
time frequency analysis to study induced changes in EEG activity in different frequency
bands. More recently, some groups used brain connectivity methods to study the links
between different cortical areas [64,182] or between cortex and basal ganglia structures
[213]. The nonlinear behavior of EEG signals has also been developed using entropy as an
index of signal complexity or irregularity [65,201]. The most frequent pattern during normal
gait is a modification of alpha- and beta-band power with decrease in beta band power
starting during gait initiation over sensorimotor cortex [218]. Changes in alpha and beta

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al. Page 7

power also occur at different phases of gait cycles [61]. The changes of spectral power in the
different cortical areas are associated with the level of motor task demands [153].

Electroencephalography in neurological diseases

Recent studies correlated brain changes with gait measures, for example during a FOG in
PD (see Table 2a). Some authors also directly assessed online brain functioning while
walking in neurological patients; most of these EEG studies in neurological diseases have
been conducted in PD patients (Table 2b). They emphasized the role of abnormal alpha and
beta oscillations during locomotion and their impact in FOG occurrence. These results are
summarized in Table 2b. There are few studies investigating EEG in post-stroke patients,
most of them aiming to evaluate EEG-based brain-computer interfaces (BCIs) in
rehabilitation, for example detection of movement intention or stopping [131,179]. Other
studies aimed to determine the best algorithms to detect FOG for example are excluded from
this review.

Transcranial magnetic stimulation and transcranial direct current stimulation

Transcranial Magnetic Stimulation involves the delivery of brief magnetic pulses through the
skull that can depolarize the underlying neuronal circuits and trigger physiological effects.
The main limit of TMS is due to the strength and shape of the induced magnetic field, which
mainly depends on the stimulation coil. Focal ones induce accurate but superficial effects
and cannot be used to stimulate deep regions (as for example, lower limb motor area in the
interhemispheric sulcus). Other coils allow reaching deeper regions but are less focal and
induce (sometimes unwanted) effects in widespread territories. Right now, single- and
paired-pulses TMS remain an invaluable tool to explore the changes in primary motor cortex
excitability that can occur in neurological diseases. It has been extensively used to better
understand the pathophysiology of brain networks including lower limb M1 area in gait
disorders. TMS may also induce lasting effects on neurons excitability when the stimulus is
delivered by trains and can be used to modulate brain activity in disturbed neural circuits
most likely via LTP- and LTD-like mechanisms [250]. The net effect of rTMS on brain
neurons depends on several parameters such as stimulus intensity, frequency, pattern or train
duration. Repetitive TMS may also be influenced by factors that may alter or enhance
induction of brain plasticity. For instance, the level of brain excitability [187] or the practice
of physical activity before the train [132] are able to change the net effect of rTMS. Another
way to induce long lasting changes in cortical networks is to deliver an electrical current
through the scalp (tDCS) that shifts the resting membrane potential toward depolarization or
hyperpolarization depending on the current flow regarding axonal orientation. Although the
mechanism of action of rTMS and tDCS are very different, these two non-invasive brain
stimulation (NIBS) techniques share the capacity to decrease or increase brain excitability
depending on the paradigm used with effects lasting beyond the duration of the stimulus. In
addition to the clinical usefulness to counterbalance the deficits of excitability occurring in
neurological disease, the disruptive effect of NIBS on brain circuits is also helpful to
understand the role of various cerebral regions in gait and balance processing.

In this chapter, we will firstly focus on TMS studies that aimed at correlating brain
excitability changes with clinical aspects of gait alteration. Then, we will consider some of
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the NIBS studies that allowed assessing the role of cerebral regions in gait control in patients
with PD.

Brain excitability changes in neurological diseases with gait disorders

Most TMS studies of neurological diseases have been conducted in PD. In PD patients, only
slight changes in lower limb cortical excitability have been shown [222]. An increase in
MEP amplitude and reduction in motor threshold was reported in the quadriceps muscle
[217], but not in the Tibialis anterior muscle, where only a decrease of intra-cortical
facilitation was shown [222]. After stroke, the loss of neurons associated with maladaptive
cortical reorganization may lead to functional impairments of gait. As in the upper limbs,
TMS studies have revealed a striking unbalance between the affected and the non-affected
hemispheres controlling the lower limbs, with a reduction of excitability on the paretic side
and an increase on the non-paretic side [155,156,241]. Corticomotor impairment was shown
to be more severe in plantarflexor than in dorsiflexor muscles in stroke patients with poor
walking recovery [156]. The presence of motor responses in the Tibialis anterior in the post-
acute phase of stroke was a good indicator of lower limb motor recovery [163] and the
asymmetry between the paretic and non-paretic sides (calculated from MEP motor
thresholds or MEP amplitude) directly relates to walking recovery in chronic stroke patients
[155,156]. In multiple sclerosis, only one study showed that cortical excitability of the
Tibialis anterior was more enhanced than in healthy subjects after a fatiguing exercise [214].

Non-invasive brain stimulation-induced changes in cerebral networks and gait
performance in clinical diseases

After first reports showing that rTMS over the vertex could have positive effects on walking
performance in PD [126], numerous studies have tried to improve the beneficial influence of
r'TMS by targeting different cortical areas and looking for the best stimulation paradigms.
Although some authors did not find any improvement of gait after rTMS, some studies
suggest that high frequency stimulation of the upper limb motor area [106], the lower limb
motor area [30,105,129,244] or both of them [93] have positive influence on gait in PD.
Similarly, anodal tDCS of M1 area exerts a beneficial effect on gait with a decrease in
walking speed [12,245] and a reduction of FOG episodes [36,223]. However, two studies
reported no significant effect of tDCS alone over M1, but the same stimulation became
effective to improve gait and decrease FOG episodes when coupled with pre-frontal tDCS
[96] or motor training [89]. This latter region seems to play an important role in the neural
gait network and related motor symptoms in PD, although the results of NIBS on walking
performance are controversial with some studies showing gait amelioration after tDCS over
the dorsolateral prefrontal cortex [103,127] whereas others did not [200]. One study also
reported an improvement of the TUG test after rTMS of the dorsolateral prefrontal cortex
[105] and another showed that gait variability and FOG occurrence were decreased after
high frequency rTMS over the medial prefrontal cortex [37]. In contrast, neither cerebellum
[80], nor premotor cortex stimulation [207] have a positive influence on FOG in PD.
Contrasting results have been obtained for the supplementary motor area: whereas a benefit
of rTMS for anticipatory postural adjustments duration [77] and FOG [98] were shown; one
study did not report significant effects compared with sham stimulation [105]. And tDCS
over SMA is not efficient to improve gait initiation [117]. Taken together, these studies
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confirm the usefulness of non-invasive brain stimulation methods to better understand gait
disturbances in PD and suggest a dysfunction of several regions involved in gait control,
mainly the prefrontal cortex, SMA, M1 and the cerebellum. In stroke patients, the deficits
observed in locomotion are directly the consequence of brain lesions. Right now, NIBS
methods have been used to induce plasticity in M1 and improve lower limb motor function
but their effectiveness remain difficult to assess (for a review, see [50]).

methods and perspectives

Differentiating neurological from non-neurological clinical gait abnormalities is nowadays
critical in clinics for early onset detection of developing neurodegenerative and mental
disorders. Kinetic and kinematic characteristics might be similar between the two disorders,
and they are unfit to fully reveal the neural correlates underlying walking deficits further
misidentifying the two disorders. A clear distinction of the two entails, therefore, the
observation of brain alterations that might be predominant in neurological conditions, and
the definition of robust measures of these abnormal neural activity patterns for risk
assessment and intervention procedures [242].

The definition of reliable imaging-based biomarkers for clinical decision and therapeutic
interventions necessitate the identification of strong associations between brain and objective
behavioral measures. The majority of previous works correlated individual signature of gait
abnormalities with localized brain features extracted from single imaging technique.
However, numerous brain structures, including basal ganglia, cerebellum, frontal and
parietal cortices, jointly subserve to generate walking with multifaceted components. Even a
priori focal conditions such as stroke have been reconsidered as a distributed network
disease [188] leading to a new definition of diaschisis (i.e., connectional diaschisis) that
indicates structural and functional changes between brain areas distant to the lesion [26].
Therefore, future studies should investigate multivariate correlations both in terms of brain
parcels, acquisition modalities, and gait quantifications [70].

A possible method to identify multiple underlying associations between two sets of variables
is canonical correlation analysis (CCA), which seeks significant correlations between
combinations of variables in both sets and both at group- and individual-subject level [66].
This method requires large enough datasets for proper validation, but can then be successful
in spotting strong relationship between demographic and psychometric measures and
functional connections across brain regions within the default mode network [192]. The
demand of “‘large enough datasets’” has led to the emergence of several publicly available
initiatives to promote data sharing across groups (see Parkinson’s progression markers
initiative, Alzheimer’s Disease Neuroimaging initiative, UK biobank for some examples).
However, the usage of these datasets requires transfer-learning techniques to match multi-
site data acquired from mismatch subjects and with different imaging parameters [112].

In addition, multivariate brain features could be inferred from combinations of anatomo-

functional components. Indeed, despite various neurophysiological origins, neuro-logical
gait disorders are associated both with structural origin, such as atrophy and/or damage to
the grey or white matters in the locomotion networks and reduced integrity (e.g., reduced
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fractional anisotropy and increased mean diffusivity) between these areas, and with flawed
functional networks. However, whether structural and functional abnormalities operate
synergistically or in opposition is still unknown. Determining this relationship would lead to
a more complete characterization of the pathology and its stage, and, thus, to the definition
of more robust and reliable biomarkers. Several approaches have been proposed to map
functional connectivity from anatomical features extracted directly from white matter
streamlines or enforced from graph-theoretical properties [11,38,169,170]. Brain-graphs can
be constructed associating nodes to anatomically defined parcels or recording sensors and
edges to structural or functional connections. Measures of information transfer, efficiency,
and structure can be extracted from structural and functional-based graph and associated to
clinical symptoms [9]. Brain graph measures, for instance, have revealed a decreased
efficiency in cortico-basal ganglia motor circuits significantly correlating with Unified
Parkinson’s Disease Rating Scale motor scores in PD patients [237]. These results are in line
with the pathophysiology (i.e., dopamine depletion of the cortico-basal ganglia) of PD,
suggesting that graph-based metrics are suitable biomarkers to track the evolution of the
pathology and inform clinical-decision making.

Current approaches applying graph-theoretical analysis extract information from data
defined in regular domains such as time or space and do not account for the dynamics of the
networks. Moreover, functional connectivity is classically computed by pairwise correlations
over the complete resting-state run, disregarding moment-to-moment fluctuations. To
overcome these limitations and to allow analyzing spatiotemporal elements, the emerging
field of signal processing on graphs has tailored an increasing number of conventional
operations to signals expressed at the nodes of the graph [32]. Among others, the main
operation deployed to analyze brain activity is the graph Laplacian operator defined from the
structural connectome [73]. The eigen decomposition of the Laplacian then defines a
spectral graph domain corresponding to the Fourier transform on regular grids [185].
Projections on the eigenvectors of the Laplacian (i.e., Graph Fourier Transform) allows
separating low graph frequency components representing signals that are more “‘aligned”’
with the structural backbone, and high graph frequency components representing signals that
are more ““liberal’” with respect to brain structure [74]. This separation highlighted that low
frequency functional components are associated with greater task switching flexibility
[73,133], which is thought to originate in corti-cobasal ganglia-thalamo-cortical loops and is
often reduced in patients with neurological syndromes [202]. Additionally, Graph Fourier
Transform permits generating surrogate graph signals in which the correlation structure of
the signals is imposed by the empirical data allowing stronger statistical assessment, a
pivotal feature in clinical applications [73,165].

The dynamics underlying brain networks, however, could also be encoded either through
direct voxel- or region-wise signal measures (second-order statistics) or by feeding
established brain states into temporal models (first-order methods) [88,167]. In primordial
strategies, second-order methods, such as pairwise correlation over temporal sliding-
windows, were deployed to compute dynamic functional connectivity. Despite the limiting
window length trade-off, this basic sliding-window framework allowed demonstrating that
abnormal connectivity in neurodegenerative diseases could be better explained by shortening
dwell time in sub-networks configurations, rather than stationary connectivity magnitude,
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proving the importance of dynamic methods [42,84,94,110]. However, fluctuating brain
activity could also be captured with time-resolved analysis where informative timepoints
retained by thresholding—either on the original timeseries as in point process analysis
[203,204] or on innovation signals [87]-are temporally clustered in spatial co-activation
patterns (CAPs) [114]. Spatiotemporal regression of the established repertoire of CAPs
allows computing networks-based temporal measures such as occurrence percentage,
duration, or state switching frequency, which can be used to related pathological brain
dynamics to clinical manifestation. For instance, in a recent study a reduced switching
probability among CAPs correlating with motor symptom severity was observed in early
stage of PD [249].

Similarly, temporal clustering approaches were applied also to EEG data showing that
electrical fluctuations can be discretized in semi-stable potential topographies (a.k.a.,
microstates), whose temporal properties, identified with analogous temporal measures,
change with neurological and psychiatric conditions [92,136]. The EEG microstates
demonstrated to be relevant for assessing patient’s clinical status and treatment efficacy
[199,247]. For instance, Zappasodi and colleagues [247] showed that preserved microstate
duration in post-stroke acute phase correlated with a better effective recovery.

Despite the relevance of this extended repertoire of imaging-based biomarkers that exploit
network and dynamical organization to better characterize diseases phenotypes and
progression, nowadays studies should capitalize on these measures to improve therapeutic
strategies. Preliminary applications in this direction utilized fMRI and EEG dynamic brain
models to drive neurofeedback showing that network measures-based close-loop instead of
single brain region features could target more relevant large-scale interactions leading to
potentially more powerful regulation protocols [41,102,190]. Similarly, pretherapeutic grey
matter density and network(s) interconnectivity strength could predict clinical effects of
stereotactic radio-surgical thalatomy [219-221] and brain stimulation [71], which has been
shown to be useful in brain imaging assessment and treatment of gait disturbances.
Moreover, these anatomo-functional components and particularly the large-scale impact of
regional stimulation detected by dynamical brain networks could optimize the stimulation
protocols improving their efficacy and reducing secondary effects [144]. In this framework,
the advent of multimodal recordings and stimulation techniques such as TMS-EEG and
more recently TMS-fMRI is critical [13,101,186]. Moreover, these applications require the
extension of the methods here elucidated and originally designed for analysis of resting-state
brain activity to task-based paradigms. Attempts in this direction are, therefore, emerging
[21,22,58,164,189] and they would be critical to characterize the neural correlates
underlying neurological gait abnormalities.

Conclusion

Complementary neuroimaging techniques have been used in various neurological conditions
(mainly in PD) in supine position or during actual walking to study the brain substrates of
locomotion. The extent networks involved in the control of locomotion include grey and
white matter structures in key regions, such as the prefrontal cortex, the basal ganglia and
the cerebellum, explaining the strong relationship between locomotion and cognition
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(especially executive functions) that are both controlled by these cortical and subcortical
regions. However, the role of individual pathophysiological mechanisms encountered in each
neurological condition on the phenotype of gait disorders is still not clear. Advanced
neuroimaging methods and computational analyses that integrate multivariate correlations,
such as information on brain structures, functions, or acquisition modalities, in ““large
enough datasets’’, might solve that issue of the phenotypical gait signature due to a unique
or combined neurological conditions. These multivariate computational methods will not
only ““decode’’ the brain substrate of impaired locomotion, but may also drive the
rehabilitative strategy, by using a close loop neurofeedback training (see Fig. 1). The success
of these future approaches will depend on the collaborative efforts between neurologists and
scientists from mathematics, physics and computer science.

Acknowledgments

Funding

This study was funded by the Swiss National Science Foundation (320030_173153) and by the Bertarelli
Foundation Catalyst Fund (proposal number BC1708).

References

[1]. Acharya HJ, Bouchard TP, Emery DJ, Camicioli RM. Axial signs and magnetic resonance imaging
correlates in Parkinson’s disease. Can J Neurol Sci 2007;34:56-61. [PubMed: 17352348]

[2]. Ahn YH, Ahn SH, Kim H, Hong JH, Jang SH. Can stroke patients walk after complete lateral
corticospinal tract injury of the affected hemisphere? Neuroreport 2006;17:987-90. [PubMed:
16791089]

[3]. Al-Bachari S, Vidyasagar R, Emsley HC, Parkes LM. Structural and physiological neurovascular
changes in idiopathic Parkinson’s disease and its clinical phenotypes. J Cereb Blood Flow Metab
2017;37:3409-21. [PubMed: 28112022]

[4]. Al-Yahya E, Johansen-Berg H, Kischka U, Zarei M, Cockburn J, Dawes H. Prefrontal cortex
activation while walking under dual-task conditions in stroke: a multimodal imaging study.
Neurorehabil Neural Repair 2016;30:591-9. [PubMed: 26493732]

[5]. Allali G, Garibotto V, Mainta IC, Armand S, Camicioli R, Ratib O, et al. Dopaminergic
denervation is not necessary to induce gait disorders in atypical parkinsonian syndrome. J Neurol
Sci 2015;351:127-32. [PubMed: 25772188]

[6]. Allan LM, Ballard CG, Burn DJ, Kenny RA. Prevalence and severity of gait disorders in
Alzheimer’s and non-Alzheimer’s dementias. J Am Geriatr Soc 2005;53:1681-7. [PubMed:
16181166]

[7]. Anderson VM, Wheeler-Kingshott CA, Abdel-Aziz K, Miller DH, Toosy A, Thompson AJ, et al.
A comprehensive assessment of cerebellar damage in multiple sclerosis using diffusion
tractography and volumetric analysis. Mult Scler 2011;17:1079-87. [PubMed: 21511688]

[8]. Arena JE, Cerquetti D, Rossi M, Chaves H, Rollan C, Dossi DE, et al. Influence of white matter
MRI hyper-intensities on acute I-dopa response in patients with Parkinson’s disease.
Parkinsonism Relat Disord 2016;24:126-8. [PubMed: 26823237]

[9]. Bassett DS, Mattar MG. A network neuroscience of human learning: potential to inform
quantitative theories of brain and behavior. Trends Cogn Sci 2017;21:250-64. [PubMed:
28259554]

[10]. Beauchet O, Allali G, Annweiler C, Verghese J. Association of motoric cognitive risk syndrome
with brain volumes: results from the GAIT study. J Gerontol A Biol Sci Med Sci 2016;71:1081—
8. [PubMed: 26946101]

[11]. Becker CO, Pequito S, Pappas GJ, Miller MB, Grafton ST, Bassett DS, et al. Spectral mapping of
brain functional connectivity from diffusion imaging. Sci Rep 2018:8.

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

Page 13

Benninger DH, Lomarev M, Lopez G, Wassermann EM, Li X, Considine E, et al. Transcranial
direct current stimulation for the treatment of Parkinson’s disease. J Neurol Neurosurg Psychiatry
2010;81:1105-11. [PubMed: 20870863]

Bestmann S, Feredoes E. Combined neurostimulation and neuroimaging in cognitive
neuroscience: past, present, and future. Ann N Y Acad Sci 2013;1296:11-30. [PubMed:
23631540]

Blumen HM, Allali G, Beauchet O, Lipton RB, Verghese J. A gray matter volume covariance
network associated with the motoric cognitive risk syndrome: a multi-cohort MRI study. J
Gerontol A Biol Sci Med Sci 2018 [in press].

Boas DA, Dale AM, Franceschini MA. Diffuse optical imaging of brain activation: approaches to
optimizing image sensitivity, resolution, and accuracy. Neuroimage 2004;23(Suppl. 1):S275-88.
[PubMed: 15501097]

Bohnen NI, Frey KA, Studenski S, Kotagal V, Koeppe RA, Scott PJ, et al. Gait speed in
Parkinson disease correlates with cholinergic degeneration. Neurology 2013;81:1611-6.
[PubMed: 24078735]

Bohnen NI, Jahn K. Imaging: What can it tell us about parkinsonian gait? Mov Disord
2013;28:1492-500. [PubMed: 24132837]

Bohnen NI, Muller ML, Koeppe RA, Studenski SA, Kilbourn MA, Frey KA, et al. History of
falls in Parkinson disease is associated with reduced cholinergic activity. Neurology
2009;73:1670-6. [PubMed: 19917989]

Bohnen NI, Muller ML, Kotagal V, Koeppe RA, Kilbourn MR, Gilman S, et al. Heterogeneity of
cholinergic denervation in Parkinson’s disease without dementia. J Cereb Blood Flow Metab
2012;32:1609-17. [PubMed: 22569194]

Bohnen NI, Muller ML, Kuwabara H, Cham R, Constantine GM, Studenski SA. Age-associated
striatal dopaminergic denervation and falls in community-dwelling subjects. J Rehabil Res Dev
2009;46:1045-52. [PubMed: 20157861]

Bolton TAW, Jochaut D, Giraud AL, Van De Ville D. Brain dynamics in ASD during movie-
watching show idiosyncratic functional integration and segregation. Hum Brain Mapp
2018;39:2391-404. [PubMed: 29504186]

Braun U, Schafer A, Walter H, Erk S, Romanczuk-Seiferth N, Haddad L, et al. Dynamic
reconfiguration of frontal brain networks during executive cognition in humans. Proc Natl Acad
Sci U S A 2015;112:11678-83. [PubMed: 26324898]

Butler JS, Fearon C, Killane I, Waechter SM, Reilly RB, Lynch T. Motor preparation rather than
decision-making differentiates Parkinson’s disease patients with and without freezing of gait.
Clin Neurophysiol 2017;128:463-71. [PubMed: 28160752]

Callisaya ML, Srikanth VK, Lord SR, Close JC, Brodaty H, Sachdev PS, et al. Sub-cortical
infarcts and the risk of falls in older people: combined results of TASCOG and Sydney MAS
studies. Int J Stroke 2014;9(Suppl A100):55-60. [PubMed: 24712920]

Canu E, Agosta F, Sarasso E, Volonte MA, Basaia S, Stojkovic T, et al. Brain structural and
functional connectivity in Parkinson’s disease with freezing of gait. Hum Brain Mapp
2015;36:5064—78. [PubMed: 26359798]

Carrera E, Tononi G. Diaschisis: past, present, future. Brain 2014;137:2408-22. [PubMed:
24871646]

Carter AR, Patel KR, Astafiev SV, Snyder AZ, Rengachary J, Strube MJ, et al. Upstream
dysfunction of somatomotor functional connectivity after corticospinal damage in stroke.
Neurorehabil Neural Repair 2012;26:7-19. [PubMed: 21803932]

Castermans T, Duvinage M, Cheron G, Dutoit T. About the cortical origin of the low-delta and
high-gamma rhythms observed in EEG signals during treadmill walking. Neurosci Lett
2014;561:166-70. [PubMed: 24412128]

Chan LL, Ng KM, Rumpel H, Fook-Chong S, Li HH, Tan EK. Transcallosal diffusion tensor
abnormalities in predominant gait disorder parkinsonism. Parkinsonism Relat Disord
2014;20:53-9. [PubMed: 24126023]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].
[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

Page 14

Chang WH, Kim MS, Cho JW, Youn J, Kim YK, Kim SW, et al. Effect of cumulative repetitive
transcranial magnetic stimulation on freezing of gait in patients with atypical Parkinsonism: A
pilot study. J Rehabil Med 2016;48:824-8. [PubMed: 27670977]

Chaparro G, Balto JM, Sandroff BM, Holtzer R, Izzetoglu M, Motl RW, et al. Frontal brain
activation changes due to dual-tasking under partial body weight support conditions in older
adults with multiple sclerosis. J Neuroeng Rehabil 2017;14:65. [PubMed: 28662727]

Chen HM, Wang ZJ, Fang JP, Gao LY, Ma LY, Wu T, et al. Different patterns of spontaneous
brain activity between tremor-dominant and postural instability/gait difficulty sub-types of
Parkinson’s disease: a resting-state fMRI study. CNS Neurosci Ther 2015;21:855-66. [PubMed:
26387576]

Choi P, Ren M, Phan TG, Callisaya M, Ly JV, Beare R, et al. Silent infarcts and cerebral
microbleeds modify the associations of white matter lesions with gait and postural stability
population-based study. Stroke 2012;43:1505-10. [PubMed: 22442168]

Cocozza S, Petracca M, Mormina E, Buyukturkoglu K, Podranski K, Heinig MM, et al.
Cerebellar lobule atrophy and disability in progressive MS. J Neurol Neurosurg Psychiatry
2017;88:1065—-72. [PubMed: 28844067]

Craig LE, Wu O, Bernhardt J, Langhorne P. Predictors of poststroke mobility: systematic review.
Int J Stroke 2011;6:321-7. [PubMed: 21745343]

Dagan M, Herman T, Harrison R, Zhou J, Giladi N, Ruffini G, et al. Multitarget transcranial
direct current stimulation for freezing of gait in Parkinson’s disease. Mov Disord 2018;33:642-6.
[PubMed: 29436740]

Dagan M, Herman T, Mirelman A, Giladi N, Hausdorff JM. The role of the prefrontal cortex in
freezing of gait in Parkinson’s disease: insights from a deep repetitive transcranial magnetic
stimulation exploratory study. Exp Brain Res 2017;235:2463-72. [PubMed: 28509934]

Deco G, Jirsa VK, Mcintosh AR. Emerging concepts for the dynamical organization of resting-
state activity in the brain. Nat Rev Neurosci 2011;12:43-56. [PubMed: 21170073]

Del Campo N, Payoux P, Djilali A, Delrieu J, Hoogendijk EO, Rolland Y, et al. Relationship of
regional brain beta-amyloid to gait speed. Neurology 2016;86:36-43. [PubMed: 26643548]
Deppe M, Tabelow K, Kramer J, Tenberge JG, Schiffler P, Bittner S, et al. Evidence for early,
non-lesional cerebellar damage in patients with multiple sclerosis: DTI measures correlate with
disability, atrophy, and disease duration. Mult Scler 2016;22:73-84. [PubMed: 25921041]

Diaz Hernandez L, Rieger K, Baenninger A, Brandeis D, Koenig T. Towards Using Microstate-
Neurofeedback for the Treatment of Psychotic Symptoms in Schizophrenia. A Feasibility Study
in Healthy Participants. Brain Topogr 2016;29:308-21. [PubMed: 26582260]

Diez-Cirarda M, Strafella AP, Kim J, Pena J, Ojeda N, Cabrera-Zubizarreta A, et al. Dynamic
functional connectivity in Parkinson’s disease patients with mild cognitive impairment and
normal cognition. Neuroimage Clin 2018;17:847-55. [PubMed: 29527489]

Doi T, Makizako H, Shimada H, Park H, Tsutsumimoto K, Uemura K, et al. Brain activation
during dual-task walking and executive function among older adults with mild cognitive
impairment: a fNIRS study. Aging Clin Exp Res 2013;25:539-44. [PubMed: 23949972]

Dubey P, Lioutas VA, Bhadelia R, Manor B, Novak P, Selim M, et al. Quantitative
microstructural deficits in chronic phase of stroke with small volume infarcts: a diffusion tensor
3-D tractographic analysis. Magn Reson Imaging 2016;34:662—7. [PubMed: 26743428]

Dupuy SL, Tauhid S, Hurwitz S, Chu R, Yousuf F, Bakshi R. The Effect of dimethyl fumarate on
cerebral gray matter atrophy in multiple sclerosis. Neurol Ther 2016;5:215-29. [PubMed:
27744504]

Ehgoetz Martens KA, Hall JM, Georgiades MJ, Gilat M, Walton CC, Matar E, et al. The
functional network signature of heterogeneity in freezing of gait. Brain 2018;141:1145-60.
[PubMed: 29444207]

Fasano A, Herman T, Tessitore A, Strafella AP, Bohnen NI. Neuroimaging of Freezing of Gait. J
Parkinsons Dis 2015;5:241-54. [PubMed: 25757831]

Fasano A, Laganiere SE, Lam S, Fox MD. Lesions causing freezing of gait localize to a
cerebellar functional network. Ann Neurol 2017;81:129-41. [PubMed: 28009063]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

Page 15

Feys P, Moumdjian L, Van Halewyck F, Wens |, Eijnde BO, Van Wijmeersch B, et al. Effects of
an individual 12-week community-located “*start-to-run’’ program on physical capacity, walking,
fatigue, cognitive function, brain volumes, and structures in persons with multiple sclerosis. Mult
Scler 2017 (in press).

Fleming MK, Pavlou M, Newham DJ, Sztriha L, Teo JT. Non-invasive brain stimulation for the
lower limb after stroke: what do we know so far and what should we be doing next? Disabil
Rehabil 2017;39:714-20. [PubMed: 27013330]

Fling BW, Cohen RG, Mancini M, Carpenter SD, Fair DA, Nutt JG, et al. Functional
reorganization of the locomotor network in Parkinson patients with freezing of gait. PL0oS One
2014;9:100291. [PubMed: 24937008]

Fraix V, Bastin J, David O, Goetz L, Ferraye M, Benabid AL, et al. Pedunculopontine nucleus
area oscillations during stance, stepping and freezing in Parkinson’s disease. PloS one
2013;8:683919. [PubMed: 24386308]

Freund P, Wheeler-Kingshott C, Jackson J, Miller D, Thompson A, Ciccarelli O. Recovery after
spinal cord relapse in multiple sclerosis is predicted by radial diffusivity. Mult Scler
2010;16:1193-202. [PubMed: 20685759]

Fritz NE, Keller J, Calabresi PA, Zackowski KM. Quantitative measures of walking and strength
provide insight into brain corticospinal tract pathology in multiple sclerosis. Neuroimage Clin
2017;14:490-8. [PubMed: 28289599]

Gallea C, Ewenczyk C, Degos B, Welter ML, Grabli D, Leu-Semenescu S, et al.
Pedunculopontine network dysfunction in Parkinson’s disease with postural control and sleep
disorders. Mov Disord 2017;32:693-704. [PubMed: 28164375]

Gilat M, Ehgoetz Martens KA, Miranda-Dominguez O, Arpan I, Shine JM, Mancini M, et al.
Dysfunctional limbic circuitry underlying freezing of gait in Parkinson’s disease. Neuro-science
2018;374:119-32.

Goncalves LI, Dos Passos GR, Conzatti LP, Burger JLP, Tomasi GH, Zandona ME, et al.
Correlation between the corpus callosum index and brain atrophy, lesion load, and cognitive
dysfunction in multiple sclerosis. Mult Scler Relat Disord 2018;20:154-8. [PubMed: 29414290]
Gonzalez-Castillo J, Saad ZS, Handwerker DA, Inati SJ, Brenowitz N, Bandettini PA. Whole-
brain, time-locked activation with simple tasks revealed using massive averaging and model-free
analysis. Proc Natl Acad Sci U S A 2012;109:5487-92. [PubMed: 22431587]

Gramigna V, Pellegrino G, Cerasa A, Cutini S, Vasta R, Olivadese G, et al. Near-Infrared
Spectroscopy in Gait Disorders: Is It Time to Begin? Neurorehabil Neural Repair 2017;31:402—
12. [PubMed: 28196453]

Gu Q, Huang P, Xuan M, Xu X, Li D, Sun J, et al. Greater loss of white matter integrity in
postural instability and gait difficulty subtype of Parkinson’s disease. Can J Neurol Sci
2014;41:763-8. [PubMed: 25377626]

Gwin JT, Gramann K, Makeig S, Ferris DP. Electrocortical activity is coupled to gait cycle phase
during treadmill walking. Neuroimage 2011;54:1289-96. [PubMed: 20832484]

Gwin JT, Gramann K, Makeig S, Ferris DP. Removal of movement artifact from high-density
EEG recorded during walking and running. J Neurophysiol 2010;103:3526-34. [PubMed:
20410364]

Hall JM, Shine JM, Ehgoetz Martens KA, Gilat M, Broadhouse KM, Szeto JYY, et al. Alterations
in white matter network topology contribute to freezing of gait in Parkinson’s disease. J Neurol
2018;265:1353-64. [PubMed: 29616302]

Handojoseno AM, Gilat M, Ly QT, Chamtie H, Shine JM, Nguyen TN, et al. An EEG study of
turning freeze in Parkinson’s disease patients: the alteration of brain dynamic on the motor and
visual cortex. Conf Proc IEEE Eng Med Biol Soc 2015;2015:6618-21. [PubMed: 26737810]
Handojoseno AM, Shine JM, Nguyen TN, Tran Y, Lewis SJ, Nguyen HT. Analysis and
prediction of the freezing of gait using EEG brain dynamics. IEEE Trans Neural Syst Rehabil
Eng 2015;23:887-96. [PubMed: 25532186]

Hardoon DR, Szedmak S, Shawe-Taylor J. Canonical correlation analysis: an overview with
application to learning methods. Neural Comput 2004;16:2639-64. [PubMed: 15516276]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

[67].

[68].

[69].

[70].
[71].
[72].
[73].
[74].

[75].

[76].

[77].

[78].

[79].

[80].

[81].

[82].

[83].
[84].

[85].

[36].

[87].

Page 16

Hawkins KA, Fox EJ, Daly JJ, Rose DK, Christou EA, McGuirk TE, et al. Prefrontal over-
activation during walking in people with mobility deficits: Interpretation and functional
implications. Hum Mov Sci 2018;59:46-55. [PubMed: 29604488]

Herman T, Rosenberg-Katz K, Jacob Y, Auriel E, Gurevich T, Giladi N, et al. White matter
hyperintensities in Parkinson’s disease: do they explain the disparity between the postural
instability gait difficulty and tremor dominant subtypes? PLoS One 2013;8:¢55193. [PubMed:
23383104]

Hernandez ME, Holtzer R, Chaparro G, Jean K, Balto JM, Sandroff BM, et al. Brain activation
changes during locomotion in middle-aged to older adults with multiple sclerosis. J Neurol Sci
2016;370:277-83. [PubMed: 27772776]

Holtzer R, Epstein N, Mahoney JR, 1zzetoglu M, Blumen HM. Neuroimaging of mobility in
aging: a targeted review. J Gerontol A Biol Sci Med Sci 2014;69:1375-88. [PubMed: 24739495]
Horn A, Reich M, Vorwerk J, Li N, Wenzel G, Fang Q, et al. Connectivity Predicts deep brain
stimulation outcome in Parkinson disease. Ann Neurol 2017;82:67-78. [PubMed: 28586141]
Hou Y, Zhang J, Chen B, Wu T. [Local brain activity in different motor subtypes of Parkinson’s
disease with fMRI]. Zhonghua Yi Xue Za Zhi 2015;95:483-8. [PubMed: 25916920]

Huang WB, Bolton AW, Medaglia JD, Bassett DS, Ribeiro A, Van de Ville D. A graph signal
processing perspective on functional brain imaging. Proc IEEE 2018;106:868-85.

Huang WY, Goldsberry L, Wymbs NF, Grafton ST, Bassett DS, Ribeiro A. Graph frequency
analysis of brain signals. IEEE J-STSP 2016;10:1189-203.

Hubbard EA, Wetter NC, Sutton BP, Pilutti LA, Motl RW. Diffusion tensor imaging of the
corticospinal tract and walking performance in multiple sclerosis. J Neurol Sci 2016;363:225-31.
[PubMed: 27000254]

Imamura K, Okayasu N, Nagatsu T. Cerebral blood flow and freezing of gait in Parkinson’s
disease. Acta Neurol Scand 2012;126:210-8. [PubMed: 22324564]

Jacobs JV, Lou JS, Kraakevik JA, Horak FB. The supplementary motor area contributes to the
timing of the anticipatory postural adjustment during step initiation in participants with and
without Parkinson’s disease. Neuroscience 2009;164:877-85. [PubMed: 19665521]

Jang SH, Chang CH, Lee J, Kim CS, Seo JP, Yeo SS. Functional role of the corticoreticular
pathway in chronic stroke patients. Stroke 2013;44:1099-104. [PubMed: 23444306]

Jang SH, Kim K, Kim SH, Son SM, Jang WH, Kwon HG. The relation between motor function
of stroke patients and diffusion tensor imaging findings for the corticospinal tract. Neurosci Lett
2014;572:1-6. [PubMed: 24796808]

Janssen AM, Munneke MAM, Nonnekes J, van der Kraan T, Nieuwboer A, Toni |, et al.
Cerebellar theta burst stimulation does not improve freezing of gait in patients with Parkinson’s
disease. J Neurol 2017;264:963-72. [PubMed: 28382420]

Jayaram G, Stagg CJ, Esser P, Kischka U, Stinear J, Johansen-Berg H. Relationships between
functional and structural corticospinal tract integrity and walking post stroke. Clin Neurophysiol
2012;123:2422-8. [PubMed: 22717679]

Jiang S, Wang M, Zhang L, Yuan Y, Tong Q, Ding J, et al. Regional homogeneity alterations
differentiate between tremor dominant and postural instability gait difficulty sub-types of
Parkinson’s disease. J Neural Transm (Vienna) 2016;123:219-29. [PubMed: 26666253]

Jobsis FF. Noninvasive, infrared monitoring of cerebral and myocardial oxygen sufficiency and
circulatory parameters. Science 1977;198:1264-7. [PubMed: 929199]

Jones DT, Vemuri P, Murphy MC, Gunter JL, Senjem ML, Machulda MM, et al. Non-Stationarity
in the ““Resting Brain’s’’ Modular Architecture. PloS one 2012;7.

Kanno S, Abe N, Saito M, Takagi M, Nishio Y, Hayashi A, et al. White matter involvement in
idiopathic normal pressure hydrocephalus: a voxel-based diffusion tensor imaging study. J Neurol
2011;258:1949-57. [PubMed: 21512742]

Karagulle Kendi AT, Lehericy S, Luciana M, Ugurbil K, Tuite P. Altered diffusion in the frontal
lobe in Parkinson disease. AJINR Am J Neuroradiol 2008;29:501-5. [PubMed: 18202242]
Karahanoglu FI, Van De Ville D. Transient brain activity disentangles fMRI resting-state
dynamics in terms of spatially and temporally overlapping networks. Nat Commun 2015;6:7751.
[PubMed: 26178017]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 17

[88]. Karahanoglu FI, Van De Ville D. Dynamics of large-scale fMRI networks: Deconstruct brain
activity to build better models of brain function. Curr Opin Biomed Eng 2017;3:28-36.

[89]. Kaski D, Dominguez RO, Allum JH, Islam AF, Bronstein AM. Combining physical training with
transcranial direct current stimulation to improve gait in Parkinson’s disease: a pilot randomized
controlled study. Clin Rehabil 2014;28:1115-24. [PubMed: 24849794]

[90]. Kern KC, Sarcona J, Montag M, Giesser BS, Sicotte NL. Corpus callosal diffusivity predicts
motor impairment in relapsing-remitting multiple sclerosis: a TBSS and tractography study.
Neuroimage 2011;55:1169-77. [PubMed: 21056674]

[91]. Khalid F, Tauhid S, Chua AS, Healy BC, Stankiewicz JM, Weiner HL, et al. A longitudinal
uncontrolled study of cerebral gray matter volume in patients receiving natalizumab for multiple
sclerosis. Int J Neurosci 2017;127:396-403. [PubMed: 27143245]

[92]. Khanna A, Pascual-Leone A, Farzan F. Reliability of resting-state microstate features in
electroencephalography. PloS one 2014;9:e114163. [PubMed: 25479614]

[93]. Khedr EM, Rothwell JC, Shawky OA, Ahmed MA, Hamdy A. Effect of daily repetitive
transcranial magnetic stimulation on motor performance in Parkinson’s disease. Mov Disord
2006;21:2201-5. [PubMed: 17219616]

[94]. Kim J, Criaud M, Cho SS, Diez-Cirarda M, Mihaescu A, Coakeley S, et al. Abnormal intrinsic
brain functional network dynamics in Parkinson’s disease. Brain 2017;140:2955-67. [PubMed:
29053835]

[95]. Kim JH, Park J, Kim YH, Ma HI, Kim YJ. Characterization of cerebral microbleeds in idiopathic
Parkinson’s disease. Eur J Neurol 2015;22:377-83. [PubMed: 25367411]

[96]. Kim MS, Chang WH, Cho JW, Youn J, Kim YK, Kim SW, et al. Efficacy of cumulative high-
frequency rTMS on freezing of gait in Parkinson’s disease. Restor Neurol Neurosci
2015;33:521-30. [PubMed: 26409410]

[97]. Kim R, Lee J, Kim Y, Kim A, Jang M, Kim HJ, et al. Presynaptic striatal dopaminergic depletion
predicts the later development of freezing of gait in de novo Parkinson’s disease: An analysis of
the PPMI cohort. Parkinsonism Relat Disord 2018;51:49-54. [PubMed: 29523394]

[98]. Kim SJ, Paeng SH, Kang SY. Stimulation in supplementary motor area versus motor cortex for
freezing of Gait in Parkinson’s disease. J Clin Neurol 2018;14:320-6. [PubMed: 29856153]

[99]. Kline JE, Huang HJ, Snyder KL, Ferris DP. Isolating gait-related movement artifacts in
electroencephalography during human walking. J Neural Eng 2015;12:046022.

[100]. Klineova S, Farber R, Saiote C, Farrell C, Delman BN, Tanenbaum LN, et al. Relationship
between timed 25-foot walk and diffusion tensor imaging in multiple sclerosis. Mult Scler J Exp
Transl Clin 2016;2 [2055217316655365].

[101]. Koch PJ, Hummel FC. Toward precision medicine: tailoring interventional strategies based on
noninvasive brain stimulation for motor recovery after stroke. Curr Opin Neurol 2017;30:388-97.
[PubMed: 28548988]

[102]. Koush Y, Meskaldji DE, Pichon S, Rey G, Rieger SW, Linden DEJ, et al. Learning control over
emotion networks through connectivity-based neurofeedback. Cereb Cortex 2017;27:1193-202.
[PubMed: 26679192]

[103]. Lattari E, Costa SS, Campos C, de Oliveira AJ, Machado S, Maranhao Neto GA. Can
transcranial direct current stimulation on the dorsolateral prefrontal cortex improves balance and
functional mobility in Parkinson’s disease? Neurosci Lett 2017;636:165-9. [PubMed: 27838447]

[104]. Lau B, Welter ML, Belaid H, Fernandez Vidal S, Bardinet E, Grabli D, et al. The integrative
role of the pedunculopontine nucleus in human gait. Brain 2015;138:1284-96. [PubMed:
25765327]

[105]. Lee SY, Kim MS, Chang WH, Cho JW, Youn JY, Kim YH. Effects of repetitive transcranial
magnetic stimulation on freezing of gait in patients with Parkinsonism. Restor Neurol Neurosci
2014;32:743-53. [PubMed: 25079979]

[106]. Lefaucheur JP, Drouot X, Von Raison F, Menard-Lefaucheur I, Cesaro P, Nguyen JP.
Improvement of motor performance and modulation of cortical excitability by repetitive
transcranial magnetic stimulation of the motor cortex in Parkinson’s disease. Clin Neurophysiol
2004;115:2530-41. [PubMed: 15465443]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 18

[107]. Lenfeldt N, Hansson W, Larsson A, Nyberg L, Birgander R, Forsgren L. Diffusion tensor
imaging and correlations to Parkinson rating scales. J Neurol 2013;260:2823-30. [PubMed:
23974647]

[108]. Lenfeldt N, Holmlund H, Larsson A, Birgander R, Forsgren L. Frontal white matter injuries
predestine gait difficulties in Parkinson’s disease. Acta Neurol Scand 2016;134:210-8. [PubMed:
27465659]

[109]. Lenka A, Naduthota RM, Jha M, Panda R, Prajapati A, Jhunjhunwala K, et al. Freezing of gait
in Parkinson’s disease is associated with altered functional brain connectivity. Parkinsonism
Relat Disord 2016;24:100-6. [PubMed: 26776567]

[110]. Leonardi N, Richiardi J, Gschwind M, Simioni S, Annoni JM, Schluep M, et al. Principal
components of functional connectivity: a new approach to study dynamic brain connectivity
during rest. Neuroimage 2013;83:937-50. [PubMed: 23872496]

[111]. Li J, Yuan Y, Wang M, Zhang J, Zhang L, Jiang S, et al. Decreased interhemispheric homotopic
connectivity in Parkinson’s disease patients with freezing of gait: A resting state fMRI study.
Parkinsonism Relat Disord 2018;52:30-6. [PubMed: 29602542]

[112]. Li WZY, Chen X, Xiao Y, Qin Y. Detecting Alzheimer’s disease on small dataset: a knowledge
transfer perspective. IEEE J Biomed Health Inform 2018 [in press].

[113]. Li Y, Jewells V, Kim M, Chen Y, Moon A, Armao D, et al. Diffusion tensor imaging based
network analysis detects alterations of neuroconnectivity in patients with clinically early
relapsing-remitting multiple sclerosis. Hum Brain Mapp 2013;34:3376-91. [PubMed: 22987661]

[114]. Liu X, Duyn JH. Time-varying functional network information extracted from brief instances of
spontaneous brain activity. Proc Natl Acad Sci U S A 2013;110:4392—7. [PubMed: 23440216]

[115]. Loos CM, McHutchison C, Cvoro V, Makin SD, Staals J, Chappell F, et al. The relation between
total cerebral small vessel disease burden and gait impairment in patients with minor stroke. Int J
Stroke 2017 [1747493017730780].

[116]. Lord SE, Rochester L. Measurement of community ambulation after stroke: current status and
future developments. Stroke 2005;36:1457-61. [PubMed: 15947265]

[117]. Lu C, Amundsen Huffmaster SL, Tuite PJ, MacKinnon CD. The effects of anodal tDCS over the
supplementary motor area on gait initiation in Parkinson’s disease with freezing of gait: a pilot
study. J Neurol 2018;265:2023-32. [PubMed: 29956025]

[118]. Ma LY, Chen XD, He Y, Ma HZ, Feng T. Disrupted brain network hubs in subtype-specific
Parkinson’s disease. Eur Neurol 2017;78:200-9. [PubMed: 28898869]

[119]. Maghzi AH, Revirajan N, Julian LJ, Spain R, Mowry EM, Liu S, et al. Magnetic resonance
imaging correlates of clinical outcomes in early multiple sclerosis. Mult Scler Relat Disord
2014;3:720-7. [PubMed: 25891551]

[120]. Maidan I, Bernad-Elazari H, Gazit E, Giladi N, Hausdorff JM, Mirelman A. Changes in
oxygenated hemoglobin link freezing of gait to frontal activation in patients with Parkinson
disease: an fNIRS study of transient motor-cognitive failures. J Neurol 2015;262:899-908.
[PubMed: 25636682]

[121]. Maidan |, Bernad-Elazari H, Giladi N, Hausdorff JM, Mirelman A. When is Higher Level
Cognitive Control Needed for Locomotor Tasks Among Patients with Parkinson’s Disease? Brain
Topogr 2017;30:531-8. [PubMed: 28439757]

[122]. Maidan I, Nieuwhof F, Bernad-Elazari H, Reelick MF, Bloem BR, Giladi N, et al. The role of
the frontal lobe in complex walking among patients with parkinson’s disease and healthy older
adults: an fNIRS study. Neurorehabil Neural Repair 2016;30:963-71. [PubMed: 27221042]

[123]. Maidan I, Rosenberg-Katz K, Jacob Y, Giladi N, Deutsch JE, Hausdorff JM, et al. Altered brain
activation in complex walking conditions in patients with Parkinson’s disease. Parkinsonism
Relat Disord 2016;25:91-6. [PubMed: 26861167]

[124]. Maidan I, Rosenberg-Katz K, Jacob Y, Giladi N, Hausdorff JM, Mirelman A. Disparate effects
of training on brain activation in Parkinson disease. Neurology 2017;89:1804. [PubMed:
28954877]

[125]. Maillet A, Pollak P, Debu B. Imaging gait disorders in parkinsonism: a review. J Neurol
Neurosurg Psychiatry 2012;83:986-93. [PubMed: 22773859]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 19

[126]. Mally J, Stone TW. Therapeutic and “‘dose-dependent’” effect of repetitive microelectroshock
induced by transcranial magnetic stimulation in Parkinson’s disease. J Neurosci Res
1999;57:935-40. [PubMed: 10467265]

[127]. Manenti R, Brambilla M, Rosini S, Orizio I, Ferrari C, Borroni B, et al. Time up and go task
performance improves after transcranial direct current stimulation in patient affected by
Parkinson’s disease. Neurosci Lett 2014;580:74—7. [PubMed: 25107738]

[128]. Marumoto K, Koyama T, Hosomi M, Kodama N, Miyake H, Domen K. Diffusion tensor
imaging in elderly patients with idiopathic normal pressure hydrocephalus or Parkinson’s
disease: diagnosis of gait abnormalities. Fluids Barriers CNS 2012;9:20. [PubMed: 22989298]

[129]. Maruo T, Hosomi K, Shimokawa T, Kishima H, Oshino S, Morris S, et al. High-frequency
repetitive transcranial magnetic stimulation over the primary foot motor area in Parkinson’s
disease. Brain Stimul 2013;6:884-91. [PubMed: 23769414]

[130]. Matsui H, Udaka F, Miyoshi T, Hara N, Tamaura A, Oda M, et al. Three-dimensional
stereotactic surface projection study of freezing of gait and brain perfusion image in Parkinson’s
disease. Mov Disord 2005;20:1272—7. [PubMed: 16007622]

[131]. McCrimmon CM, King CE, Wang PT, Cramer SC, Nenadic Z, Do AH. Brain-controlled
functional electrical stimulation for lower-limb motor recovery in stroke survivors. Conf Proc
IEEE Eng Med Biol Soc 2014:1247-50. [PubMed: 25570191]

[132]. McDonnell MN, Buckley JD, Opie GM, Ridding MC, Semmler JG. A single bout of aerobic
exercise promotes motor cortical neuroplasticity. J Appl Physiol 2013;114:1174-82 [1985].
[PubMed: 23493367]

[133]. Medaglia JD, Huang WY, Karuza EA, Kelkar A, Thompson-Schill SL, Ribeiro A, et al.
Functional alignment with anatomical networks is associated with cognitive flexibility. Nat Hum
Behav 2018;2:156-64. [PubMed: 30498789]

[134]. Mergeche J, Verghese J, Allali G, Wang C, Beauchet O, Kumar V, et al. White Matter
Hyperintensities in Older Adults and Motoric Cognitive Risk Syndrome. J Neuroimaging
Psychiatry Neurol 2016;1:73. [PubMed: 28630950]

[135]. Mi TM, Mei SS, Liang PP, Gao LL, Li KC, Wu T, et al. Altered resting-state brain activity in
Parkinson’s disease patients with freezing of gait. Sci Rep 2017;7:16711. [PubMed: 29196699]

[136]. Michel CM, Koenig T. EEG microstates as a tool for studying the temporal dynamics of whole-
brain neuronal networks: a review. Neuroimage 2018;180:577-93. [PubMed: 29196270]

[137]. Mihara M, Miyai |, Hatakenaka M, Kubota K, Sakoda S. Sustained prefrontal activation during
ataxic gait: a compensatory mechanism for ataxic stroke? Neuroimage 2007;37:1338-45.
[PubMed: 17683949]

[138]. Miyai I, Suzuki M, Hatakenaka M, Kubota K. Effect of body weight support on cortical
activation during gait in patients with stroke. Exp Brain Res 2006;169:85-91. [PubMed:
16237521]

[139]. Miyai I, Yagura H, Hatakenaka M, Oda I, Konishi I, Kubota K. Longitudinal optical imaging
study for locomotor recovery after stroke. Stroke 2003;34:2866-70. [PubMed: 14615624]

[140]. Miyai I, Yagura H, Oda I, Konishi I, Eda H, Suzuki T, et al. Premotor cortex is involved in
restoration of gait in stroke. Ann Neurol 2002;52:188-94. [PubMed: 12210789]

[141]. Moccia M, Tedeschi E, Ugga L, Erro R, Picillo M, Caranci F, et al. White matter changes and
the development of motor phenotypes in de novo Parkinson’s disease. J Neurol Sci
2016;367:215-9. [PubMed: 27423590]

[142]. Motl RW, Hubbard EA, Sreekumar N, Wetter NC, Sutton BP, Pilutti LA, et al. Pallidal and
caudate volumes correlate with walking function in multiple sclerosis. J Neurol Sci 2015;354:33-
6. [PubMed: 25959979]

[143]. Motl RW, Zivadinov R, Bergsland N, Benedict RH. Thalamus volume and ambulation in
multiple sclerosis: a cross-sectional study. Neurodegener Dis Manag 2016;6:23-9.

[144]. Muldoon SF, Pasqualetti F, Gu S, Cieslak M, Grafton ST, Vettel JM, et al. Stimulation-based
control of dynamic brain networks. Plos Comput Biol 2016;12:e1005076. [PubMed: 27611328]

[145]. Muller ML, Frey KA, Petrou M, Kotagal V, Koeppe RA, Albin RL, et al. Beta-amyloid and
postural instability and gait difficulty in Parkinson’s disease at risk for dementia. Mov Disord
2013;28:296-301. [PubMed: 23239424]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 20

[146]. Nadkarni NK, Mcllroy WE, Mawji E, Black SE. Gait and subcortical hyperintensities in mild
Alzheimer’s disease and aging. Dement Geriatr Cogn Disord 2009;28:295-301. [PubMed:
19828950]

[147]. Nagae LM, Honce JM, Tanabe J, Shelton E, Sillau SH, Berman BD. Microstructural Changes
within the Basal Ganglia Differ between Parkinson Disease Subtypes. Front Neuroanat
2016;10:17. [PubMed: 26941615]

[148]. Nieuwhof F, Reelick MF, Maidan I, Mirelman A, Hausdorff JM, Olde Rikkert MG, et al.
Measuring prefrontal cortical activity during dual task walking in patients with Parkinson’s
disease: feasibility of using a new portable fNIRS device. Pilot Feasibility Stud 2016;2:59.
[PubMed: 27965875]

[149]. Noseworthy JH, Lucchinetti C, Rodriguez M, Weinshenker BG. Multiple sclerosis. N Engl J
Med 2000;343:938-52. [PubMed: 11006371]

[150]. Nutt JG, Bloem BR, Giladi N, Hallett M, Horak FB, Nieuwboer A. Freezing of gait: moving
forward on a mysterious clinical phenomenon. Lancet Neurol 2011;10:734-44. [PubMed:
21777828]

[151]. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging with contrast
dependent on blood oxygenation. Proc Natl Acad Sci U S A 1990;87:9868-72. [PubMed:
2124706]

[152]. Olazaran J, Hernandez-Tamames JA, Molina E, Garcia-Polo P, Dobato JL, Alvarez-Linera J, et
al. Clinical and anatomical correlates of gait dysfunction in Alzheimer’s disease. J Alzheimers
Dis 2013;33:495-505. [PubMed: 23011219]

[153]. Oliveira AS, Arguissain FG, Andersen OK. Cognitive processing for step precision increases
beta and gamma band modulation during overground walking. Brain Topogr 2018;31:661-71.
[PubMed: 29429136]

[154]. Onu M, Aroceanu A, Ferastraoaru V, Bajenaru O. Gray matter changes in demyelinating
disease: correlations with clinical scores. Maedica (Buchar) 2015;10:319-24. [PubMed:
28465732]

[155]. Palmer JA, Needle AR, Pohlig RT, Binder-Macleod SA. Atypical cortical drive during activation
of the paretic and nonparetic tibialis anterior is related to gait deficits in chronic stroke. Clin
Neurophysiol 2016;127:716-23. [PubMed: 26142877]

[156]. Palmer JA, Zarzycki R, Morton SM, Kesar TM, Binder-Macleod SA. Characterizing differential
poststroke corticomotor drive to the dorsi- and plantarflexor muscles during resting and volitional
muscle activation. J Neurophysiol 2017;117: 1615-24. [PubMed: 28077661]

[157]. Perez-Lloret S, Negre-Pages L, Damier P, Delval A, Derkinderen P, Destee A, et al. Prevalence,
determinants, and effect on quality of life of freezing of gait in Parkinson disease. JAMA Neurol
2014;71:884-90. [PubMed: 24839938]

[158]. Perry J, Garrett M, Gronley JK, Mulroy SJ. Classification of walking handicap in the stroke
population. Stroke 1995;26:982-9. [PubMed: 7762050]

[159]. Peters DM, Fridriksson J, Stewart JC, Richardson JD, Rorden C, Bonilha L, et al. Cortical
disconnection of the ipsilesional primary motor cortex is associated with gait speed and upper
extremity motor impairment in chronic left hemispheric stroke. Hum Brain Mapp 2018;39:120-
32. [PubMed: 28980355]

[160]. Peterson DS, Pickett KA, Duncan R, Perlmutter J, Earhart GM. Gait-related brain activity in
people with Parkinson disease with freezing of gait. PLoS One 2014;9:90634. [PubMed:
24595265]

[161]. Peterson DS, Pickett KA, Duncan RP, Perlmutter JS, Earhart GM. Brain activity during complex
imagined gait tasks in Parkinson disease. Clin Neurophysiol 2014;125:995-1005. [PubMed:
24210997]

[162]. Pietracupa S, Suppa A, Upadhyay N, Gianni C, Grillea G, Leodori G, et al. Freezing of gait in
Parkinson’s disease: gray and white matter abnormalities. J Neurol 2018;265:52-62. [PubMed:
29128929]

[163]. Piron L, Piccione F, Tonin P, Dam M. Clinical correlation between motor evoked potentials and
gait recovery in post-stroke patients. Arch Phys Med Rehabil 2005;86:1874-8. [PubMed:
16181957]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al. Page 21

[164]. Pirondini E, Coscia M, Minguillon J, Millan JDR, Van De Ville D, Micera S. EEG topographies
provide subject-specific correlates of motor control. Sci Rep 2017;7:13229. [PubMed: 29038516]

[165]. Pirondini E, VVybornova A, Coscia M, Van de Ville D. A Spectral Method for Generating
Surrogate Graph Signals. IEEE Signal Proc Let 2016;23:1275-8.

[166]. Post B, Merkus MP, de Haan RJ, Speelman JD, Group CS. Prognostic factors for the
progression of Parkinson’s disease: a systematic review. Mov Disord 2007;22:1839-51 [quiz
1988]. [PubMed: 17595026]

[167]. Preti MG, Bolton TA, Van De Ville D. The dynamic functional connectome: State-of-the-art and
perspectives. Neuroimage 2017;160:41-54. [PubMed: 28034766]

[168]. Ricciardi L, Bloem BR, Snijders AH, Daniele A, Quaranta D, Bentivoglio AR, et al. Freezing of
gait in Parkinson’s disease: the paradoxical interplay between gait and cognition. Parkinsonism
Relat Disord 2014;20:824-9. [PubMed: 24815419]

[169]. Robinson PA. Determination of effective brain connectivity from functional connectivity using
propagator-based interferometry and neural field theory with application to the corticothalamic
system. Phys Rev E 2014;90:042712.

[170]. Robinson PA. Interrelating anatomical, effective, functional brain connectivity using
propagators, neural field theory. Phys Rev E 2012;85:011912.

[171]. Rosenberg-Katz K, Herman T, Jacob Y, Kliper E, Giladi N, Hausdorff JM. Subcortical volumes
differ in Parkinson’s disease motor subtypes: new insights into the pathophysiology of disparate
symptoms. Front Hum Neurosci 2016;10:356. [PubMed: 27462214]

[172]. Rubino A, Assogna F, Piras F, Di Battista ME, Imperiale F, Chiapponi C, et al. Does a volume
reduction of the parietal lobe contribute to freezing of gait in Parkinson’s disease? Parkinsonism
Relat Disord 2014;20:1101-3. [PubMed: 25112926]

[173]. Ruggieri S, Petracca M, Miller A, Krieger S, Ghassemi R, Bencosme Y, et al. Association of
Deep Gray Matter Damage With Cortical and Spinal Cord Degeneration in Primary Progressive
Multiple Sclerosis. JAMA Neurol 2015;72:1466-74. [PubMed: 26457955]

[174]. Sandroff BM, Wylie GR, Sutton BP, Johnson CL, DeLuca J, Motl RW. Treadmill walking
exercise training and brain function in multiple sclerosis: Preliminary evidence setting the stage
for a network-based approach to rehabilitation. Mult Scler J Exp Transl Clin 2018;4
[2055217318760641].

[175]. Sanfilipo MP, Benedict RH, Sharma J, Weinstock-Guttman B, Bakshi R. The relationship
between whole brain volume and disability in multiple sclerosis: a comparison of normalized
gray vs. white matter with misclassification correction. Neuroimage 2005;26:1068-77. [PubMed:
15961046]

[176]. Sartor J, Bettecken K, Bernhard FP, Hofmann M, Gladow T, Lindig T, et al. White Matter
Changes-Related Gait and Executive Function Deficits: Associations with Age and Parkinson’s
Disease. Front Aging Neurosci 2017;9:213. [PubMed: 28713264]

[177]. Shardella E, Petsas N, Tona F, Prosperini L, Raz E, Pace G, et al. Assessing the correlation
between grey and white matter damage with motor and cognitive impairment in multiple
sclerosis patients. PloS one 2013;8:e63250. [PubMed: 23696802]

[178]. Sbardella E, Tona F, Petsas N, Upadhyay N, Piattella MC, Filippini N, et al. Functional
connectivity changes and their relationship with clinical disability and white matter integrity in
patients with relapsing-remitting multiple sclerosis. Mult Scler 2015;21:1681-92. [PubMed:
26041799]

[179]. Sburlea Al, Montesano L, Cano de la Cuerda R, Alguacil Diego IM, Miangolarra-Page JC,
Minguez J Detecting intention to walk in stroke patients from pre-movement EEG correlates. J
Neuroeng Rehabil 2015;12:113. [PubMed: 26654594]

[180]. Schneider E, Ng KM, Yeoh CS, Rumpel H, Fook-Chong S, Li HH, et al. Susceptibility-
weighted MRI of extrapyramidal brain structures in Parkinsonian disorders. Medicine
(Baltimore) 2016;95:€3730. [PubMed: 27367979]

[181]. Shen B, Gao Y, Zhang W, Lu L, Zhu J, Pan Y, et al. Resting State fMRI Reveals Increased
Subthalamic Nucleus and Sensorimotor Cortex Connectivity in Patients with Parkinson’s Disease
under Medication. Front Aging Neurosci 2017;9.

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 22

[182]. Shine JM, Handojoseno AM, Nguyen TN, Tran Y, Naismith SL, Nguyen H, et al. Abnormal
patterns of theta frequency oscillations during the temporal evolution of freezing of gait in
Parkinson’s disease. Clin Neurophysiol 2014;125:569-76. [PubMed: 24099920]

[183]. Shine JM, Matar E, Ward PB, Frank MJ, Moustafa AA, Pearson M, et al. Freezing of gait in
Parkinson’s disease is associated with functional decoupling between the cognitive control
network and the basal ganglia. Brain 2013;136:3671-81. [PubMed: 24142148]

[184]. Shoushtarian M, Murphy A, lansek R. Examination of central gait control mechanisms in
Parkinson’s disease using movement-related potentials. Mov Disord 2011;26:2347-53. [PubMed:
21739471]

[185]. Shuman DI, Ricaud B, Vandergheynst P. Vertex-frequency analysis on graphs. Appl Comput
Harmon A 2016;40:260-91.

[186]. Siebner HR, Bergmann TO, Bestmann S, Massimini M, Johansen-Berg H, Mochizuki H, et al.
Consensus paper: combining transcranial stimulation with neuroimaging. Brain Stimul
2009;2:58-80. [PubMed: 20633405]

[187]. Siebner HR, Lang N, Rizzo V, Nitsche MA, Paulus W, Lemon RN, et al. Preconditioning of
low-frequency repetitive transcranial magnetic stimulation with transcranial direct current
stimulation: evidence for homeostatic plasticity in the human motor cortex. J Neurosci
2004;24:3379-85. [PubMed: 15056717]

[188]. Siegel JS, Ramsey LE, Snyder AZ, Metcalf NV, Chacko RV, Weinberger K, et al. Disruptions of
network connectivity predict impairment in multiple behavioral domains after stroke. Proc Natl
Acad Sci U S A 2016;113:E4367-76. [PubMed: 27402738]

[189]. Simony E, Honey CJ, Chen J, Lositsky O, Yeshurun Y, Wiesel A, et al. Dynamic reconfiguration
of the default mode network during narrative comprehension. Nat Commun 2016;7:12141.
[PubMed: 27424918]

[190]. Sitaram R, Ros T, Stoeckel L, Haller S, Scharnowski F, Lewis-Peacock J, et al. Closed-loop
brain training: the science of neurofeedback. Nat Rev Neurosci 2017;18:86-100. [PubMed:
28003656]

[191]. Skorpil M, Soderlund V, Sundin A, Svenningsson P. MRI diffusion in Parkinson’s disease: using
the technique’s inherent directional information to study the olfactory bulb and substantia nigra. J
Parkinsons Dis 2012;2:171-80. [PubMed: 23939442]

[192]. Smith SM, Nichols TE, Vidaurre D, Winkler AM, Behrens TE, Glasser MF, et al. A positive-
negative mode of population covariation links brain connectivity, demographics and behavior.
Nat Neurosci 2015;18:1565—-7. [PubMed: 26414616]

[193]. Smulders K, Esselink RA, Bloem BR, Cools R. Freezing of gait in Parkinson’s disease is related
to impaired motor switching during stepping. Mov Disord 2015;30:1090-7. [PubMed: 25641204]

[194]. Snijders AH, Leunissen |, Bakker M, Overeem S, Helmich RC, Bloem BR, et al. Gait-related
cerebral alterations in patients with Parkinson’s disease with freezing of gait. Brain 2011;134:59-
72. [PubMed: 21126990]

[195]. Sosnoff JJ, Sandroff BM, Motl RW. Quantifying gait abnormalities in persons with multiple
sclerosis with minimal disability. Gait Posture 2012;36:154—6. [PubMed: 22424761]

[196]. Stolze H, Klebe S, Baecker C, Zechlin C, Friege L, Pohle S, et al. Prevalence of gait disorders in
hospitalized neurological patients. Mov Disord 2005;20:89-94. [PubMed: 15390043]

[197]. Strangman G, Boas DA, Sutton JP. Non-invasive neuroimaging using near-infrared light. Biol
Psychiatry 2002;52:679-93. [PubMed: 12372658]

[198]. Surova Y, Lampinen B, Nilsson M, Latt J, Hall S, Widner H, et al. Alterations of diffusion
kurtosis and neurite density measures in deep grey matter and white matter in Parkinson’s
disease. PL0S One 2016;11:e0157755. [PubMed: 27362763]

[199]. Sverak T, Albrechtova L, Lamos M, Rektorova I, Ustohal L. Intensive repetitive transcranial
magnetic stimulation changes EEG microstates in schizophrenia: a pilot study. Schizophr Res
2018;193:451-2. [PubMed: 28673751]

[200]. Swank C, Mehta J, Criminger C. Transcranial direct current stimulation lessens dual task cost in
people with Parkinson’s disease. Neurosci Lett 2016;626:1-5. [PubMed: 27181509]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 23

[201]. Syrkin-Nikolau J, Koop MM, Prieto T, Anidi C, Afzal MF, Velisar A, et al. Subthalamic neural
entropy is a feature of freezing of gait in freely moving people with Parkinson’s disease.
Neurobiol Dis 2017;108:288-97. [PubMed: 28890315]

[202]. Szczepanski SM, Knight RT. Insights into human behavior from lesions to the prefrontal cortex.
Neuron 2014;83:1002-18. [PubMed: 25175878]

[203]. Tagliazucchi E, Balenzuela P, Fraiman D, Chialvo DR. Criticality in large-scale brain FMRI
dynamics unveiled by a novel point process analysis. Frontiers in physiology 2012;3:15.
[PubMed: 22347863]

[204]. Tagliazucchi E, Balenzuela P, Fraiman D, Montoya P, Chialvo DR. Spontaneous BOLD event
triggered averages for estimating functional connectivity at resting state. Neurosci Lett
2011;488:158-63. [PubMed: 21078369]

[205]. Tard C, Delval A, Devos D, Lopes R, Lenfant P, Dujardin K, et al. Brain metabolic
abnormalities during gait with freezing in Parkinson’s disease. Neuroscience 2015;307:281-301.
[PubMed: 26341909]

[206]. Tard C, Delval A, Duhamel A, Moreau C, Devos D, Dujardin K. Specific attentional disorders
and freezing of Gait in Parkinson’s disease. J Parkinsons Dis 2015;5:379-87. [PubMed:
25882060]

[207]. Tard C, Devanne H, Defebvre L, Delval A. Single session intermittent theta-burst stimulation on
the left premotor cortex does not alleviate freezing of gait in Parkinson’s disease. Neurosci Lett
2016;628:1-9. [PubMed: 27268039]

[208]. Tard C, Dujardin K, Bourriez JL, Molaee-Ardekani B, Derambure P, Defebvre L, et al.
Attention modulation during motor preparation in Parkinsonian freezers: a time-frequency EEG
study. Clin Neurophysiol 2016;127:3506-15. [PubMed: 27815974]

[209]. Tavazzi E, Bergsland N, Cattaneo D, Gervasoni E, Lagana MM, Dipasquale O, et al. Effects of
motor rehabilitation on mobility and brain plasticity in multiple sclerosis: a structural and
functional MRI study. J Neurol 2018;265:1393-401. [PubMed: 29627940]

[210]. Teramoto H, Morita A, Ninomiya S, Shiota H, Kamei S. Relation between freezing of gait and
frontal function in Parkinson’s disease. Parkinsonism Relat Disord 2014;20:1046-9. [PubMed:
25042341]

[211]. Tessitore A, Amboni M, Cirillo G, Corbo D, Picillo M, Russo A, et al. Regional gray matter
atrophy in patients with Parkinson disease and freezing of gait. AJNR Am J Neuroradiol
2012;33:1804-9. [PubMed: 22538070]

[212]. Tessitore A, Amboni M, Esposito F, Russo A, Picillo M, Marcuccio L, et al. Resting-state brain
connectivity in patients with Parkinson’s disease and freezing of gait. Parkinsonism Relat Disord
2012;18:781-7. [PubMed: 22510204]

[213]. Thevathasan W, Pogosyan A, Hyam JA, Jenkinson N, Foltynie T, Limousin P, et al. Alpha
oscillations in the pedunculopontine nucleus correlate with gait performance in parkinsonism.
Brain 2012;135:148-60. [PubMed: 22232591]

[214]. Thickbroom GW, Sacco P, Faulkner DL, Kermode AG, Mastaglia FL. Enhanced corticomotor
excitability with dynamic fatiguing exercise of the lower limb in multiple sclerosis. J Neurol
2008;255:1001-5. [PubMed: 18338192]

[215]. Thumm PC, Maidan I, Brozgol M, Shustak S, Gazit E, Shema Shiratzki S, et al. Treadmill
walking reduces pre-frontal activation in patients with Parkinson’s disease. Gait Posture
2018;62:384—7. [PubMed: 29626840]

[216]. Tovar-Moll F, Evangelou IE, Chiu AW, Auh S, Chen C, Ehrmantraut M, et al. Diffuse and focal
corticospinal tract disease and its impact on patient disability in multiple sclerosis. J
Neuroimaging 2015;25:200-6. [PubMed: 25318661]

[217]. Tremblay F, Tremblay LE. Cortico-motor excitability of the lower limb motor representation: a
comparative study in Parkinson’s disease and healthy controls. Clin Neurophysiol
2002;113:2006-12. [PubMed: 12464341]

[218]. Trieu Phat L, Brantley JA, Fangshi Z, Contreras-Vidal JL. Electrocortical amplitude
modulations of human level-ground, slope, and stair walking. Conf Proc IEEE Eng Med Biol Soc
2017:1913-6.

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 24

[219]. Tuleasca C, Najdenovska E, Regis J, Witjas T, Girard N, Champoudry J, et al. Pretherapeutic
functional neuroimaging predicts tremor arrest after thalamotomy. Acta Neurol Scand
2018;137:500-8. [PubMed: 29315459]

[220]. Tuleasca C, Regis J, Najdenovska E, Witjas T, Girard N, Thiran JP, et al. Visually-sensitive
networks in essential tremor: evidence from structural and functional imaging. Brain
2018;141:e47. [PubMed: 29659712]

[221]. Tuleasca C, Witjas T, Najdenovska E, Verger A, Girard N, Champoudry J, et al. Assessing the
clinical outcome of Vim radiosurgery with voxel-based morphometry: visual areas are linked
with tremor arrest! Acta Neurochir (Wien) 2017;159:2139-44. [PubMed: 28942466]

[222]. Vacherot F, Attarian S, Vaugoyeau M, Azulay JP. A motor cortex excitability and gait analysis
on Parkinsonian patients. Mov Disord 2010;25:2747-55. [PubMed: 20925071]

[223]. Valentino F, Cosentino G, Brighina F, Pozzi NG, Sandrini G, Fierro B, et al. Transcranial direct
current stimulation for treatment of freezing of gait: a cross-over study. Mov Disord
2014;29:1064-9. [PubMed: 24789677]

[224]. Vercruysse S, Leunissen I, Vervoort G, Vandenberghe W, Swinnen S, Nieuwboer A.
Microstructural changes in white matter associated with freezing of gait in Parkinson’s disease.
Mov Disord 2015;30:567-76. [PubMed: 25640958]

[225]. Verghese J, Ambrose AF, Lipton RB, Wang C. Neurological gait abnormalities and risk of falls
in older adults. J Neurol 2010;257:392-8. [PubMed: 19784714]

[226]. Verghese J, Annweiler C, Ayers E, Barzilai N, Beauchet O, Bennett DA, et al. Motoric cognitive
risk syndrome: multicountry prevalence and dementia risk. Neurology 2014;83:718-26.
[PubMed: 25031288]

[227]. Verghese J, Lipton RB, Hall CB, Kuslansky G, Katz MJ, Buschke H. Abnormality of gait as a
predictor of non-Alzheimer’s dementia. N Engl J Med 2002;347:1761-8. [PubMed: 12456852]

[228]. Verghese J, Wang C, Lipton RB, Holtzer R. Motoric cognitive risk syndrome and the risk of
dementia. J Gerontol A Biol Sci Med Sci 2013;68:412-8. [PubMed: 22987797]

[229]. Verghese J, Wang C, Lipton RB, Holtzer R. Motoric cognitive risk syndrome and the risk of
dementia. J Gerontol A Biol Sci Med Sci 2012;68:412-8. [PubMed: 22987797]

[230]. Vervoort G, Alaerts K, Bengevoord A, Nackaerts E, Heremans E, Vandenberghe W, et al.
Functional connectivity alterations in the motor and fronto-parietal network relate to behavioral
heterogeneity in Parkinson’s disease. Parkinsonism Relat Disord 2016;24:48-55. [PubMed:
26924603]

[231]. Vervoort G, Heremans E, Bengevoord A, Strouwen C, Nackaerts E, Vandenberghe W, et al.
Dual-task-related neural connectivity changes in patients with Parkinson’ disease. Neuroscience
2016;317:36-46. [PubMed: 26762801]

[232]. Vervoort G, Leunissen I, Firbank M, Heremans E, Nackaerts E, Vandenberghe W, et al.
Structural brain alterations in motor subtypes of Parkinson’s disease: evidence from probabilistic
tractography and shape analysis. PLoS One 2016;11:e0157743. [PubMed: 27314952]

[233]. Verwer JH, Biessels GJ, Heinen R, Exalto LG, Emmelot-Vonk MH, Koek HL. Occurrence of
Impaired Physical Performance in Memory Clinic Patients With Cerebral Small Vessel Disease.
Alzheimer Dis Assoc Disord 2018;32:214-9. [PubMed: 29240562]

[234]. Wang M, Jiang S, Yuan Y, Zhang L, Ding J, Wang J, et al. Alterations of functional and
structural connectivity of freezing of gait in Parkinson’s disease. J Neurol 2016;263: 1583-92.
[PubMed: 27230857]

[235]. Wang N, Allali G, Kesavadas C, Noone ML, Pradeep VG, Blumen HM, et al. Cerebral small
vessel disease and motoric cognitive risk syndrome: results from the Kerala-Einstein study. J
Alzheimers Dis 2016:1-9.

[236]. Wang Z, Chen H, Ma H, Ma L, Wu T, Feng T. Resting-state functional connectivity of
subthalamic nucleus in different Parkinson’s disease phenotypes. J Neurol Sci 2016;371:137-47.
[PubMed: 27871435]

[237]. Wei L, Zhang J, Long Z, Wu GR, Hu X, Zhang Y, et al. Reduced topological efficiency in
cortical-basal Ganglia motor network of Parkinson’s disease: a resting state fMRI study. PloS one
2014;9:108124. [PubMed: 25279557]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Allali et al.

Page 25

[238]. Wen J, Yablonskiy DA, Luo J, Lancia S, Hildebolt C, Cross AH. Detection and quantification of
regional cortical gray matter damage in multiple sclerosis utilizing gradient echo MRI.
Neuroimage Clin 2015;9:164-75. [PubMed: 27330979]

[239]. Wen MC, Heng HSE, Lu Z, Xu Z, Chan LL, Tan EK, et al. Differential white matter regional
alterations in motor subtypes of early drug-naive Parkinson’s disease patients. Neurorehabil
Neural Repair 2018;32:129-41. [PubMed: 29347868]

[240]. Wetter NC, Hubbard EA, Motl RW, Sutton BP. Fully automated open-source lesion mapping of
T2-FLAIR images with FSL correlates with clinical disability in MS. Brain Behav
2016;6:€00440. [PubMed: 26855828]

[241]. Wheaton LA, Villagra F, Hanley DF, Macko RF, Forrester LW. Reliability of TMS motor
evoked potentials in quadriceps of subjects with chronic hemiparesis after stroke. J Neurol Sci
2009;276:115-7. [PubMed: 18945450]

[242]. Woo CW, Chang LJ, Lindquist MA, Wager TD. Building better biomarkers: brain models in
translational neuroimaging. Nat Neurosci 2017;20:365-77. [PubMed: 28230847]

[243]. Yeo SS, Ahn SH, Choi BY, Chang CH, Lee J, Jang SH. Contribution of the pedunculopontine
nucleus on walking in stroke patients. Eur Neurol 2011;65:332-7. [PubMed: 21576970]

[244]. Yip CW, Cheong PW, Green A, Prakash PK, Fook-Cheong SK, Tan EK, et al. A prospective
pilot study of repetitive transcranial magnetic stimulation for gait dysfunction in vascular
parkinsonism. Clin Neurol Neurosurg 2013;115:887-91. [PubMed: 22980521]

[245]. Yotnuengnit P, Bhidayasiri R, Donkhan R, Chaluaysrimuang J, Piravej K. Effects of
Transcranial Direct Current Stimulation Plus Physical Therapy on Gait in Patients With
Parkinson Disease: A Randomized Controlled Trial. Am J Phys Med Rehabil 2018;97:7-15.
[PubMed: 28650857]

[246]. Youn J, Lee JM, Kwon H, Kim JS, Son TO, Cho JW. Alterations of mean diffusivity of
pedunculopontine nucleus pathway in Parkinson’s disease patients with freezing of gait.
Parkinsonism Relat Disord 2015;21:12—-7. [PubMed: 25455691]

[247]. Zappasodi F, Croce P, Giordani A, Assenza G, Giannantoni NM, Profice P, et al. Prognostic
Value of EEG Microstates in Acute Stroke. Brain Topogr 2017;30:698-710. [PubMed:
28547185]

[248]. Zhou C, Zhong X, Yang Y, Yang W, Wang L, Zhang Y, et al. Alterations of regional
homogeneity in freezing of gait in Parkinson’s disease. J Neurol Sci 2018;387:54-9. [PubMed:
29571872]

[249]. Zhuang X, Walsh RR, Sreenivasan K, Yang Z, Mishra V, Cordes D. Incorporating spatial
constraint in co-activation pattern analysis to explore the dynamics of resting-state networks: An
application to Parkinson’s disease. Neuroimage 2018;172:64-84. [PubMed: 29355770]

[250]. Ziemann U TMS induced plasticity in human cortex. Rev Neurosci 2004;15:253-66. [PubMed:
15526550]

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Allali et al.

Page 26
f ) D\ /8 )\ /@
A £ B Function  Brain Structure

5 @
5 Bhtstypned | p
™ -~
o a
&
=] o
2 & I
= Time ;
B &
5 |
= synergistic or opposite?
o Behavior

f : 2 @

’ 5 ;

| o E s Stance _
E = Swing Path length
g & | Joint e: on |

Foot trajectory 2 Foot trajectory AN Time _J \| Muscle coordination [=f /
WY

CCA weights: behavior © 2\ ( Motoroutput

L Y

m

Neurostimulation

CCA weights: brain features

Large dataset iniatives / \__ motor output

Therapy \
Neurofeedback S

Restored natural

Figurel.
Schematic representation of the contribution of advanced neuroimaging techniques for

““decoding’’ brain substrates of gait disorders and their treatment. A. Disrupted distributed
brain networks reflect on neurological gait abnormalities. B. The neural alterations can be
captured through both functional and structural modalities; while gait disorders can be
characterized by kinetic and kinematic observations. Yet it remains to be elucidated whether
anatomo-functional abnormalities operate synergistically or in opposition in the generation
of pathological walking. C. Despite this open question, several features can be extracted
from neural observations and exploited as biomarkers. However, because correlation
between parcels exhibits meaningful temporal variations, brain networks dynamics has to be
kept in consideration. The spatiotemporal elements can be captured by graph signal
processing techniques, which require projection of the brain activity over the structural
backbone, or via first- and second-order statistics, which encode the dynamics directly from
voxel- or region-wise signal measures. D. Because of the multifaceted nature of gait and the
underlying numerous brain structures, the identified features should be related through
multivariate correlation methods, such as canonical correlation analysis (CCA), for a more
complete characterization of the pathology and its stage. However, these multivariate
techniques require “‘large enough datasets’” for proper validation. E. Finally, the identified
brain features and their dynamics should not only inform rehabilitative-decision processes,
but also be deployed to directly drive the therapy. For instance, close-loop neurofeedback
training can impose neuroregulation of the networks dynamics instead of single brain region;
while neurostimulation parameters can be optimized by considering the impact of regional
stimulation over dynamical brain networks. The efficacy of these therapies would still
require proper assessment via the identified imaging biomarkers.

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



Page 27

Allali et al.

suoibas Alolipne pue Alosuasojewos Arewiid pue xal09 Jejnaiado
|e1aied 3] UsBMIB] ANIAIIOBUUOD [eUOIIOUNY dLBYdSIWaYIRIUI padnpal pey siuedionted +904 Ad

aLadol
pasedwiod usweind pue ayepnes ussmiag AIIAIIIBULOD [euoliouny paonpal pey siuedionred aoid-ad

seale [eJodwa) [ensIA
pue snajanu aunuodonaunpad ul AHAIIBUU0D [UOIOUNY [ewoude pey siuedidided + 904 dd

3go| [endi220 pue eiBIU BIURISONS U9aMIa] ANAIIDBUUOD pasealoul pue eibiu
BIIURISNS pue uaweind 1Ya| Usamiaq AJIAIID8ULOD [euonouny paonpal pey sjuedidied doid-ad

a1eInBuID JoLisIue pue snajonu sunuodojoounpad
usaMIag ANAIIOBUUOD [eUONOUNY Pasealoap pake|dsip siaplosip dasls ynm siuaired ad

uoledIpaw uo suaired ad ul
PaAIBSAO SEM X31109 J0JOW-AI0SUSS pue eIblu BIUBISANS UsaMIaq AHAIBUUOD [BUOIIOUN) PASBaIdU|

a.l-dd 01 dAIR[aJ WNj|3galad Ul AJIAI308UL0I Jeuoiiouny paldnisip pey sjuedidied doid-ad

SNWefeY) PUB ‘Win|[30a.89 [esale|iq 'snIAB [ejuoly Joriadns Ui ANAIIOR pasesldsp pue ‘a|ngoj
[erariedenur ‘areinburo Jougiue Ul AJIANDE [eInau snosueluods pasealoul pey siuedioiied +904 dd

-904-Add 01 pajedwod
uswelnd pue erepBAwe Jybu usamiag ANAIIIBUUOI [eUOIUNY pasealoul pey suedionied +904-Ad

$]043U0d pue —HO- dd 0} 8ANE|3)
D4d Jouiadns Y| pue WIAIS Ul AIIAID8UUO0D [euoouny Jeuolfal paonpal pey siuedionued +904 Ad

s]03u09 Ayijeay pue —904 Ad 03 pasedwod syuedidied +904
Ad 40 ango] [e1aied JoLIajul 3y} Ul PaAISSTO Sem AJIAIIIBUL0D [eUOo1IdUNy dLIBYdsIWaYIaiul paonpay

siuedionred —-904-Ad Uey) waisurelq
u1 AydoJre swnjoA ureiq alow pue ‘Aabewr Burinp uoleAde paseasoul pey siuedidnred +904 Ad

S]043U02 Ul J0U ING ‘dd Ul paads
11eB yym pajejaliod wials utelq pue snpijjed snqolb ‘usweind ‘WIAIS JO UOITRAIIOY "S|0JIU0D LRy}
WVINS Ul A1IAIoe asow pue snpijjed sngojb ui uoreanoe ssaj pey siuedioned ad ‘Asebewn buning

-904-dd uey
suoiBas Jejagalad pue snpijjed sngojb 1ybil ul uoieAlloe ssa| pey +904-Ad ‘Heb pauibewi buung

snJAB Jelodway
pIW pue Wn||2gaJad Jo 3go| JoLaIue 13| Ul UOIeAIdR paseasdaq (9 SnAB [eluouy Jolapul pue
JOLIB)UE Ul UOIBAIOR pasealdaq (q paads 1eb pue uonuane panoidw (e :pey 11 01 aAle|al [A+11

Bupjfem renuia
0] aA11e|31 UoneBIARU [enIA BulInp UoIleARde pasealaul pey ‘sjuedidied d 10U Ing ‘sjosiuo)

-904-Ad ‘SA +904-Ad ‘IHIAS 81e1s-Bunsai ‘[euonass-sso1d

$]0J3U09 ‘pauIwIIBpUN
Aad ‘a91d-ad 'sh dL-add ‘14IA d1els-Bunsal ‘[euonoss-ssoid

$]0U0D
‘a91d-ad 'sh AL-Add ‘I4IA 81es-Bunsal ‘[euonoss-ssoid

S|ou0d ‘-904-ad
"SA +904-Ad ‘IMA PUB [4IAL a1e1s-Bunsal ‘[euoiass-ssoid

J1apiosip daajs Jo/pue [03u09 Jeamsod pairedwi INOYIM

10 YU ‘S]011U00 "SA (d ‘IHIAL a1e1s-Bunsal ‘[euonoas-ssol)
$]01U0D "SA Ad ‘YN S1eIs-Bunsal ‘|euona8s-ssoid

$]041U0d

‘d9ld-add 'S AL-Ad ‘[HINS 91e1s-Bunsal ‘[euoi}ass-ssoD
-904-Ad "SA +904-Ad ‘I 8Yeis-Bunsal ‘[euo1108s-ssol)
-904-Ad "SA +904-Ad ‘14N a1e1s-Bunsal ‘[euonass-ssoid
-904-ad 'SA +904-Ad ‘144 1eIs-Bunsal ‘[euoass-ssoid

-904-Ad 'SA +904-Ad ‘14N d1eIs-Bunsal ‘[euo1}aas-sso1D

-904-Ad 'SA +904-Ad ‘I4IN} ‘Kiabewi ‘[euonoss-ssoi)

$]0J1U02 "SA Ad ‘1Y ‘A1aBewi ‘[euonoss-ssos)

-904-Ad 'SA +904-Ad '14IN} ‘K1aBewt ‘[euonoss-ssoi

auofe (11) Buturen [wpeal] ‘s (JA+11) Assbew
[eNUIA + Buturen |jiwipesit *ad ‘14N ‘Aisbewr 10y

$]041U02 "SA Od ‘1YL ‘A1abewi ‘[euonoas-ssol)

[60T] 97027 "®3jUET

[ogz] 9102 ‘Hoonsen

[re2] 9102 ‘Buem

[9g2] 910T ‘Buem

[ss] 210z ‘eslleD

[t81] 2102 ‘uBys

[8T1] 2102 BN

[set] 2102 ‘N

[95] 8T0Z ‘TRIID

[svz] 8T0Z ‘Nnoyz

[tTT] 8102 ‘N

[¥61] TTOZ ‘sieplius

[T91] 102 ‘uosiared

[09T] #7102 ‘uosialed

[¥zT] LT0T ‘uepren

[ezT] 9TOZ ‘uEprEN

3se8sIp S,UosuBIEd

sBuipuy Aoy

sjuedpiyred ‘spoypw ‘ubseq

80us JoJoY

"saseasip [ea1bojoinau ul Buibewi aouruosal J11auben

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2019 December 01.

in

available

Neurophysiol Clin. Author manuscript



Page 28

Allali et al.

$]043U02 0} dAIIR|24 BIBIU BIURISONS UI AJIBBIUN Jarrew aliym paonpai pey siuedionted ad
HdNI Ut uonounysAp aAnubos pue 10jow 0} pajefal st A1iBajul Jalew a)ym paonpay

3UO[R 8ZIS JRINOLIIUSA WOJJ PAONP8P 8 PIN0D Jeym puoAaq ad Wols HdNI
JO sisouBeIp [enUSIBYIP BY} Ul PAISISSe |AQ 4O uonppe ay L Juedioned ad o3 pasedwod Jourw
080104 pue UoIRIpE) d1Wefey) Jousue Ul A1iBaul Jslew anym paonpal pey siuedionied HANI

ad wous d91d-ad parenuaiayip Apog wnsojjea sndiod sy Jo Apoq ay3 ul ALIAIDBUUOD [RINIONAS

win||2ga1a2 pue snwejey ‘e1jbueb jeseq Buipnjour — suoibas sunnuodojnaunpad
0] PaloauU0d suolfal ul AJIAIIIBUUOI [eINIdNIIS Padnpal pey siuedioiied +904-Ad

rIBIU elIURISONS By} Ul AJiBaBlul Jallew a1IyM padnpal pey padnpal pey siuaired ad

dn-moyjoy Burinp swoldwAs a9id padojanap 1eyl asoy Buowe auljaseq e Jamoj osfe
sem suolfal asay} 4o A1Bajul 8y — @.L-Ad 0} SAIIe|3J B]21IUA JOLIBIUE 8 JO UIOY [eJare| pue ay}
‘a1nsded eualxa ‘xanl09 [ejuo.gald ayy ur Aybajul Jepew alym paonpal pey siuedionred aoid-ad

SNIN219sey [eulpniiBuo| JoLajul

pue ‘aje|nbuld ‘snna1asey axeulduN ‘snindlasey feulpnybuol Joladns ur AyBajul Jarew auym paonpal
Se ||am se — suolBal xa1109 [elu0lyaid [ela)e|osIop pue auledjedtiad ‘snaundald ‘ereinbuid Jousisod
‘[esjuadesed ‘ejuoly JoLadNS ‘Je[|agalad Ul SSauMdIy} [BI11409 padnpas pey siuedidied +904-Ad

suo16aJ xa1109 [eianied pue [ejuody Joriadns pue ‘sndwresoddiy
‘snwejeyy ‘ayepneo ul uoneibisiul pue Ayteinpow [einionuls paonpal pey siuedioned +904-ad

dl-ad ueyl +904-ad ut
£A1119A8S J010W UIM pale1dosse A|Buouls 810w Sem winsojed sndiod Jo nuab ul A1ibaiul Ja1ew aYAA

snAB [esodwal-011d1o00
b1 pue snuAB rejnbue ‘sniAB [ejuoiy sjppIw ul ANAIIOBUU0I padnpal pey siuedidiled +904-Ad

904 J0 sbuiyes anaalgo pue payodai-j|as ‘[ealul]d (asiom)
pasealoul YlM pajejallod Sem pue - S|oJu0d pue —904-dd Y1og 03 pasedwod suoifial Jejjagaiad
pue Jojow Arejuawajddns ayy usamiag ANAIIBUUOD [euoriouny Jayealb pey suedidied +904-Ad

e|nsul pue ‘saqo eJodwa)
‘saqo] [ejuoly ‘ease Jojow Areyuswajddns pue aid ‘usweind ul AIAIOe [eInaU snosueuods pasealdsp
pue ‘snIAB [enuadsod B ul AJIAOR [einau snoaueluods paseasoul pey siuedionied 9id-ad

SNno1osey
[eutpnubuoj Jouadns ‘winjnbuid 4oes} [euldsoolod ‘wnsojjed sndiod ‘sjoe.y sunuodojnounpuad
3y} ul ABajul Jayiew s1IYM padnpal Se ||aM Se - YI0MIBU [ensIA sy} J0 suolfia X109 [endiddo
pue ‘XJ0M13U apow }jneyap ayl Jo suoifias [elarredoluo) ‘HJ0MIaU JOIOWILIOSUSS 3y} JO Suolfal Jojow
Areyuawajddns pue Jojow Arewrd ul A)IAID8UUOD [eUOOUNY pasealdap pey siuedionied +904-Ad

snJAB [eyaried pue ‘sniAB [ejuoly
Jonadns ‘snuAB JeJodwia) Jouadns pue JoLIBJUI Ul UOITBAIOR [eInau snoauejuods Jaybiy pue ‘aqo|
Jouaisod Jejjagalad pue uswreind ayy Ul AJAIoe [eanau snoaueiuods Jamoj pey siuedioied doid-add

suoifal snwiefey pue eijbueb Jeseq ‘saqoj a1quil] ‘[esodwsl
‘[endi220 ‘[eaired ‘Jejuody ui uoneAnde Jo A1191uoIyduAs paonpal pey siuedidiied doid-add

aouew.Ioiad 11eh Ysel-jenp asI0M YIIM pale|allod
ya1ym ‘snaundaid pue usweind [esiop ayy Usamiag ANAIIIBUUOD Pasealaul pue aqo| [elodws)
Jouadns pue ajepned ay) usamiag A1IAIII8UUOD [euoliouny paonpal pey siuedidiued a9ld-dd

$]0J1U02 'SA Od ‘IMA ‘[BU01108S-SS01D)

ad ‘aV 'sA HdNI ‘IMQ ‘[euondss-ssoid

$]0J1U02 ‘Ad 'SA HANI ‘IMQ ‘[eUO123S-SS01D

$]0J1U02 ‘A91d "SA Ad ‘IMA |041u02-35eD

$101U09 ‘91d-Ad "SA AL-Ad 'IMQ ‘[eU0NIas-501D
$10U09 ‘91d-Ad "SA AL-Ad 'IMQ ‘[eU0NIas-$501D

paulwJsispun
-ad ‘-904-dd SA +904-Ad ‘IMA ‘[eutpnibuo]

-904-Ad 'SA +904-Ad ‘IMQ ‘[euU011985-SS01D
-904-Ad 'SA +904-Ad ‘IMQ ‘[eu01138s-55010
$]0J3U0d ‘A91d-Ad 'SA +A1-Ad ‘IMQ '[eUOIII8S-SS0ID

$]0JJU02
‘~904-Ad ‘SA +904-Ad ‘[4IN} 8¥eIs-Bunsas ‘[euor1ass-ssosd

$]0J3U02 "SA Ad ‘IMA PUB [HIAL 81eIs-Bunsal ‘[euo1ss-ssoi)

$]01U0D "SA Ad ‘1HINS 81eIs-Bunsal ‘|euoNd8s-ss0Id

-904-dd
"SA +904-Ad ‘IMA PUB |4 AL a1e1s-Bunsal ‘[euoiass-ssoid

$|0J1u0d
‘a91d-Ad 'SA AL-Ad ‘[4IN} 81e1s-Bunsal ‘[euonoss-sso1D

$]0J1u0d
‘d9ld-Ad 'sh AL-Ad ‘1YIN ayels-Buisal ‘[euooss-ssoid

$]0J1u0d
‘~904-Ad 'SA +904-Ad ‘14N d1eIs-Bunsal ‘[euo1}a9s-sso1D

[t6T] ZTOZ ‘N1dioxS
[g8] TTOZ ‘ouuey

[821] ZTOZ ‘Or0WINIRN
[62] ¥10Z ‘Ueyd

[ovz] 5TOZ ‘unoA
[2¢7] 9102 ‘eebeN

[soT] 9102 ‘PI8jusT

[z91] 8102 ‘ednoensid

[e9] 8T0Z ‘IIEH

[6€2] 8T0Z ‘Uam\

[z12] 210 “810mss8L

[ts]yToz Bun4

[22] sTOZ ‘NOH

[sz] sToZ ‘NueD

[z€] sToZ ‘UByd

[z8] 910z ‘Buelr

[1e2] 9102 ‘Hoonsen

sBulpuy Ao

sjuedpiyred ‘spoypw ‘ubseq

20Ud oY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2019 December 01.

in

available

Neurophysiol Clin. Author manuscript



Page 29

Allali et al.

snoIns [enuad Wb
pue 48] 8Y1 UsBMIBQ AJIAIIDBUUOD [BUONIOUNY YIA P3IEID0SSE sem afiewep [euidsoo11io0 J0 JUsIXe 8y |

$]0J)U0D
"SA 3)0.]S 3)NJegNS ‘|YIAL a1eIs-Busal ‘euondss-ssoi)

[22] 2102 4eueD

S]043U0d pue —HO4-Ad 0} pasedwod XaHod
a1enBbuid Jouisisod pue ‘sniAB [enbulj ‘snaundaid ‘snaund ul awNjoA Jayrew Aeib ssa| pey +904-Ad

-904-ad
yum pasedwod sniAB ejsired Jouaisod Ya| ur Aydoure sarew Aeub asow pey syuedidied +904-Ad

8102 9O YIM pareldosse Ajaaijefau sem awinjoA uaweind
pue ‘aouewioyiad 1reb ysel fenp yum parerdosse Ajaanisod sem awnjon fedwesoddiy ‘gl-ad pue
aslid-ad yiog u| *d.L-ad 03 dAe|a4 snpijfed snqol pue eepbAwe ur Aydoue sjow pey ASId-Ad

syuaned ad snpijjed sngojb pue uaweind ayy ui AlisusiulodAy |AAS SS9 pey d9OId-dd

suonaJeyul

Jeunde| JUaLINdUO0I pUe SaINSUSIULIBAAY Jalew SHYM YIIM PaTRId0SSe 0S[e 3IaM SPaa|qoIoIW [eIgalad
‘adl Ul "ad d1yredolpi Ul uey} wisiuosuiyied JejnaseA Ul UOWIWIOD 810W 319M SPas|qoloiw [elgals)
uaping HINM Jaybiy yiim parerdosse sem dn-mojjoy Burinp swoldwAs aoid Buidojaneg

sadA1gns omy ayy Ul Jejiwis
a1aM suolbal urelq a1419ads Ul sUoIsa] Yim s10algns Jo Jusdiad ay) pue sa109s SHIAN Ueaw ay L

swoydwAs
J0J0W [eIXe uo edopoAs] 03 aAIsUOdsal Ssa] sem uaping HINA daap Ja1ealf yrm juedioiued ad

HIAM INOYNM 85043 Ut Uyl HINA YHm siuedioied dd ul ‘paonpal

sem edopona) Jo asop a|buls e Buimo||oy eISauIApe.q Ul uonINpal pue ‘Jaiood sem aauewlopiad e
sdnoif ay) usamiaq Juslaydip Jou sem sabueyod Janew alYAA

sjuedionted g1-Qd Ueys Suoiss| Jalew aynym aiow pey juedioied goid-ad

d9ld-ad Uey) @ L-Ad Ul paonpas sem snurefeyy ul Aibajul Jaew sy

A91d-Ad 01 dAIIR|a1 SN|NDIOSLY
[eutpniBuoj Jouadns ui seyeal sem AiBajul Jalrew alym psonpal Yim pajeldosse st 9ld-ad

snajonu aunuodojnaunpad
pue snajonu dlweleyigns ‘ajounpad Jejjagaiad ‘snajanu dlweleyigns ‘wnpijjed ‘ayepned
‘uawelnd Buipnjoul s1oe.) [eIu0l)-01eLls Ul AliBajul Japew ayym paonpal pey siuedidiied qd

a1epned ay} Jo peay [esiop
011504 8y} ul Aydoure Jenew Aslb paseaoul se ||aMm Se — S[0J1U09 0} pasedwod wnsojes sndiod
pue snna1asey [euipniibuoy] Jouadns ui Ayibajul Jaljew a)iym paonpas pey siuedidited aoid-dd

ad 4o dn-yuom onsoubelp ay} ui pre Jou op safiueyd asay ‘18A — snjnaiosey [eurpnlibuol
Jouadns ay) pue ‘snwepeyy ayy ‘usweind ayy ui sabueyd Ayibasul Jenew suym pey sjuedioited qd

wninBuid pue ‘ease Jojow Areyuawajddns
-a1d ‘eare Jojow Arejuswajddns ayy ur A1IAI0BUUOI [BINIONIIS Padnpal pey juediored Ad

$]041U0d
~904-Ad 'SA +904-Ad ‘SWN|OA UIRIq ‘[euoI93S-SS0ID

—904-Ad 'SA +904-Ad ‘aWN|OA Urelq ‘[euo3S-SS0ID

adsld-add 'SA dl-dd ‘dwnjoA urelq ‘[euondss-ssold
asld 'sA dd ‘dAS ‘TeutpnibuoT]

dA 'SA Adl ‘AAS ‘TeutpnubuoT

ad ‘HAM ‘[eutpniibuo]

Ad ‘HINM ‘[eU0nI8S-85010

abua|[eyd YdOd-T 8IN9e UM Ad ‘HINM ‘[RUOINI3S-SS01D)
ad ‘HINM ‘[euonIss-ssol)

1043u02-BunoA
'S|0J1U02-PI0 "SA dd-BunoA ad-plo ‘HINM ‘[euo1199S-SS01D

§]043U00 ‘@9Id-Ad "sA AL-Ad ‘HINM ‘[eu0nd8S-5s01D
dL-ad ‘asld-ad ‘Ima ‘feutpnubuo

§]04U00 ‘~d9Id-Ad 'SA +A9Id-Ad ‘IMQA ‘[eu0i8s-5s01D

$]0J1U02 "SA Od ‘IMA ‘[BUO1108S-S501D)

$|043U02 ‘A9DId-Ad "SA AL-Ad ‘IMQ ‘[eu011d8s-ss01D
$]01U02 "SA Od ‘IMA ‘[eU01193s-55010)

$]041U02 'SA Od ‘IMQ ‘[eU01103s-S5010)

»joNs g

[112] ZT0Z ‘a10MSSOL

[z.7] ¥TOT ‘OUIany

[121] 9102 ‘z1eX-Biaquasoy
[081] 910 “18p1ouyas

[s6] gTOZ ‘Wi

[t¥1] 9102 ‘e1000

[89] €107 ‘UBWISH

[8] 9102 ‘BUBIY

[921] 2102 “1oMIES

[T] L00z ‘eAreyoy
[e] 2107 ‘LeyoRg-IV
[z0T]€TOZ “pIBIUET

[09] ¥TOZ O

[¥z2] s10Z ‘assAniosen

[zeZ] 910z ‘Moonssn

[86T] 9T0OC ‘en0ing

[98] 8002 ‘IpuaX afInfeley|

sBulpuy Ao

sjuedpiyred ‘spoypw ‘ubseq

20Ud oY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2019 December 01.

in

available

Neurophysiol Clin. Author manuscript



Page 30

Allali et al.

paads 1reb pue
uonouny quij jaddn yiim pareldosse osje sem ajounpad Je|jagalad ul Alibajul Janrew alym SINdd Ul
"S|0J3U0J pUB SINHY 01 dAITR[a] SINdd Ul paanpaJ sem ajounpad Jejjagalad ur Abaiul Jerew sy

wninBuid pue

winsojfea sndiod ‘uswieind ‘snwiefey) Ul PaAISCO Sem AMIGRIIUNWLLIOD Pasealou] “Y[em pawil 100}
-GZ YHM pajeoosse sem suoibal [esodwsy Joradns pue [eluosy Joradns ur Aljigedunwiwo) ‘suoibal
|ledwresoddiyered;fedweaoddiy pue [ejuo.y ui Ajjigesiunwiwiod paonpas pey siuedioiied SINHY

>1em pawil 1004-GZ 10U Ing ‘UoniuBod pue
uonow quiij-1addn yym palerdosse sem SINYY Ul Aiibaiul Janew anym pue Aydoue Janew Aeio

$1043U02 ‘SN dd
"SA SINYY ‘1eN1ew alym pue Aelb pue [ANQ ‘[BUOIJES-SSOID

$]0J1U02 "SA SINYY ‘IMA ‘[eU01123S-550.1D)

S]0J1U02 "SA SINYY ‘IMA ‘[BU0129S-8501D)

[2] TT0Z ‘UoSiepuy

[eTT] €102 ‘M

[227] s102 "er1epreas

S]0J3U0d pue AV PlIW Yiog ui A1190[aA pue yibus| apLis
Yiim pajeldosse sem — elj6ueb jeseq pue [ejuosy ul AjJenonted — uaping AlsusjutiadAy [ea1ioagns

(Asanreq souewopiad [eaisAyd 1ioys ‘paads 11e6) souewopiad [eaisAyd ul syuswaredwi
YIIM Pa1ind20-09 ‘saliisusuiiadAy Janew anym Aprejnaied ‘usping aseasip [9ssaA |fews ybiH

suoifas (g a1geqo.d pue ajdwes [e101) Jejjagalad pue ‘(ajdwres
[e101) 8yepnes ‘ejnsul ‘axe|nBuld ‘xauo0d Jojow ui Aydolie urelq 01 pale|al Sem UoIUNYSAp HeD

s]0Jju0d
'SA QY PliW ‘sanisusiuliadAy [e211109gns ‘[euona9s-ssol)
Aunfur ureiq Jejnasea ‘[N 'SA AV ‘AAS ‘[BUOII8S-SS0ID

+AAD-av ‘av 8|qissod
'SA @V 3]qeqold ‘|ANQ ‘BWN|OA Ulelq ‘[euo1}99S-SS04D

s1s04910s a|dnInIA "a

[9vT] 6002 ‘1usesipeN

[eez] 210z ‘1amuan

[zsT] €102 ‘UeleZRIO

Aipgess jeamsod
YHM BWNJOA TTIAM JO UOITRII0SSE aAITebau 8y paijijdwe spas|qoloiw Jou Ing ‘s}oJejul [ed1310agns
“Heb y)m awnjoA JINM JO UOIIRID0SSE aAITeBau ay) paijijdiue spas|qoloiw pue S}oJejul [ed110dgns

awinjoA AususiuriadAy Jarrew ayym 4o ajirenb 1saybiy
pue SJaJejul [BI1110IGNS SIOW JO 831U} YIIM SHNPE J3P[O0 Ul Pasealdul Sem s|[e} ajdinwi Jo su ayL

sjuaired ax0.1s (Jeunde] J0u
1NQ) Jeunde|-uou Ul Juawredwi 31eB Y1Im paleIdosse SeM USpING aSeasIp [9SSaA |[BWS 202190 [e101

aaydsiway pajoae ays
ur Aunfur 10e4y jeuidsodi09 [etale] a1a|dwiod a)1dsap yjem 01 Alljige 8y} paulelas syusijed 8x041S aW0S

lem
01 Aujige ayr yum siuatied axo.s Ul Ja1ealf sem snajonu aunuodojnaunpad ul ABaiul Jaew aMyn

paads 1reb Ja1ood yum pareroosse sem asaydsiway
paloageun pue pajoae Ul Squil| JAMO] Pue X309 J0JoW Usamiaq AIAIDBULO0D aAITR[al Ja1eals)

[em 01 AljIge 8U3 UNM pajeloosse
Ajannisod sem asaydsiway (paidage ul Jou Ing) pajoayeun ui (swnjoA 1aquy) Aiibsiul Jayrew alypn

paads 11eb Yim paje1oosse sem pue sjoJjuod
0] 9AITR[3J 8X{041S J1UOJYD Ul PAAISSTO SeM WiNSO|[ed sndiod Jo Ajbsjul Jalew a}iym pasnpay

8Y{043S D1UOIYD Ul SUOHIUNY JOJOW YIIM PaIRIoosse sem AiBaiul Jarew aiym

ay0415-150d suonouny Jojow Alwaiixa Jamo| pue Jaddn
UM PaTRId0SSe SBM UOISa] 801 Se aJaydsiway awes ayj Ul Snajanu pal pue ‘snwejey} ‘sjounpad
|elgalad ay) pue suoibal Jojow Arejuswajddns pue Arewrid usamiag ANIAIOBUUOD [INIONIS

Spa9|qoJoIW "SA
S10JJUI [8211100GNS ‘SPB3|GOIDIW PUB HIAM ‘[BUOID8S-SS0ID

$]0J3U0D "SA SI0JRJUI [BI110IGNS ‘HINM ‘[eUOIIIS-SS01D
8Y{041S JEUNJR|-UOU "SA Jeunde| ‘QAS ‘[euoid8s-5s01D
80418 21U0IYD Aloye|nquie ‘|ANG [eUON98S-SS01D

3Y0J1S 21U0IYD ‘|G [RUOIDBS-SS0ID

8Y041S 21UOIYD ‘SIALL PUB [AN ‘[eUONI8S-5S04D

152 40 Aunfur 8131dwod ynm 8x00s ‘IAMQ [eU0N8S-Ss01D
$]0J3U0D ‘830118 DIUOIYD ‘|MC ‘[BUONIFS-SS0ID

8Y041S 21U0IYD ‘|G eUONDBS-SS0ID

ayous-1s0d ‘|AQ ‘[eUOND3S-SS0ID

senuawap pare|al
pue asessip s JBWIBYZ|Y D

[eel zTOZ '1ouD
[vel y1oe "ehesiifed
[5TT] £T0T 's001
[2] 900z ‘uuv

[eve] TT0Z ‘09
[t8] z10Z ‘weseler
[8/] €10z ‘Buee
[vv] 9102 “Aeana

[62] vT0Z ‘Buer

[65TI8TOZ ‘siered

sBulpuy Ao

sjuedpiyred ‘spoypw ‘ubseq

20Ud oY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2019 December 01.

in

available

Neurophysiol Clin. Author manuscript



Page 31

Allali et al.

uonuaAiaIul Bujjem |[1wpea.l 39am-zT Buimo||o) panlasqo sem paads Buissaooid panoidul
pue snIAB [ejuoly [eipaw pue snIAB [ejuoly Joadns ‘snwefeyl ul AHAIIBUUOD [BUOIIOUNY PaSeaIdU|

uol¥ell|1geyaloinau
10 S9aM 7 BuIMO||0) panIasqo sem aouejeq panoidwi pue e panoidwi ‘uoreajoe
Jeuoriouny paloLlsal aiow ‘sniAB [enuadlsod pue [esuadald ul AHAIDBUUOD [BUOIIIUNY PASEaIdU|

aWNJOA UOIS3)
10} Bu119a.1109 usym paseaddesip paads Bujjem pawil 1004-GZ UM UOIR[31I09 Ing — paads Buiyjjem
pawil 1004-GZ Pue SNJels ANJIGeSIP UM Pateldosse Sem Joes) [euldsoaliod ur Ajbaiul Jsiew sy

>[eM palll 1004-Gg 10 Snyels [ealul]d
10U 1N ‘sainseaw dAINUBOD YIIM pajeIdosse Sem pue — Japew a)iym Burteadde jew.ou ‘lspew
AeJB [211100 Ul PaAIasqo alam sjuedionied [0U0D pue SIAl UsamIag Sadualayip paisnipe-aby

SIA Ul Y[em pall 1004-Gg 8y} pue [euoliouny e ui sabueys yum
paje1o0sse sem Jayew ayym Burreadde [ewiou pue Janew Aelb sy ‘9joym ayl JO SWINJOA auljaseg

SIAl Ul 81epNed pue
wnpijjed a8y J0 BWINJOA J8JeW ARIB UM PBIBIDOSSE SI X|BM PALWI) 100J-GZ PUR |eM 8InUIW-9 8y L

M[eM palll} 1004-GZ YlIM palerdosse sem (suoifal Jojow Arewid
pue Jojow AIOSuas Se ||am Se) suolfial say} Ul SWNJOA pUe - SUSqWINIIe Snajonu pue snpijjed snqojf
‘a1epneo ‘uaweind ‘olweey ul Alrejnaned ‘awnjoA Janew Aesb paonpal pey siuedioiued SINYY

$970] [eIU04} Ul AlJeinoried ‘SUOISa| (8211109 LM pale1dosse sem Aydoure olweley |
"S|0J3U0D 0} BAIIE|8J SWIN|OA JalJew 8}Iym pue Aeib ‘urelq paonpaJ Yim pajeldosse sem SINdd

$]0J3U0D pUE SIAl USBMIBQ Y[eM PaLUI} 100J-GZ Ul 80UIBIIP aU) 1oy pajunodde Ajjerned swinjoa
olWEBeY | "S|0U0D pue SIAl L10g Ul Jairew AelB [e1100gNS YIIM PaJRIonSSe SEA Y[em Palll 100§
-GZ "[eM paluI} 1004-GZ JaMO|s pue peo| UoIsa| Janew Aeib [eanioagns paonpal pey siuedioied SN

>[eM 8WI] 1004-GgZ 10 SNJEIS [BI1UN]D ‘PEO| UOISa| ‘aWN|oA [ewAyduased
‘awinjoA Japew Aelb [enuue ui sabueyd Aue Yiim pareloosse Jou sem Adelayl qewnzijereN

Aydosye
uaweind pue urelq ajoym Jo aes paanpai e pey Adelayy areinwiny |Ayrswip uo siusied SINYY

[em paLuI] 1004-GZ 3y} YNIM Pajeroosse
sem Aydoue Al-| 8]NGOT pUB WIN|[302489 JOLIIUY "SaINseal aAIIUBOD YIIM PaIeIdoSSse Sem Bl [|A
pue | SNID ‘I A S3|NCO] 181308180 “|OIU0D 0} BAIIR|3] SINJOA Ie]||3Galad paonpal pey siuedionted SN

3lem
paLuIl 1004-Gg 10 SNYBIS [BI1UN]D UYIIA 10U INg ‘SNIBIS [BUOIOUNY PUB S3INseaw aAIIuBoo (j|e 1ou) awos
‘3WINJOA UIBI] B]OUM ‘BLUNJOA UOIS| PUe JSJBW UM UM P3JeID0SSe SeM Xapul wnso|ed sndiod

awinjon
ulelq [e13U8d YIIM PajeIdosse Sem awnjoA Jaljew aly M\ ‘Aydoure ureiq [eJiusd pue peoj uoiss| ‘snieis
[e21UI]9 Yl paje1oosse sem Aydodre Janiew AelS S|0JIU0D 0} dAITR[3J ‘BLUNJOA JaTBW S}IYM JaMo|
SPJRMO) PUBJ] B PUB ‘BWN|oA [ewAyouated pue Jarew Aelb samol Apueaiyiubis pey syuedionued SN

awn|oA Janew Aelb pue awnjoA Japew aynym ‘abe oy Bunsnipe
1914k 3ouBWIOISd Y[EM-3NUILL-XIS Ul 3dUBLIBA [eUOIIPPE paure|dxa sWn|oA UoISa| Jajew alyYAA

SBLI02IN0
[e21UI19 J3113Q YIIM P3IBID0SSE SeM 3Ul|aseq 18 10} [eulds-0911109 8y} Jo ABaiul Japew sy

>[eM 8WI} 100J-GZ 10U INQ |0AIUOD J0JOW PUBY dULY UM pareroosse A1iBajul Jaew s)yan

SIN ‘1IN areIs-Bunsal ‘(sisAjeue Arepuodss) | DY

uoney|igeysioinau ‘SN THING ‘LOY

(SINdd ® SINYY Ul00) SN ‘I ‘[eUORBS-SS01D

S]0IU0D "SA SIA ‘BWINJOA Janew Aelb ‘UOII08s-SS01D

SIA ‘9WNJOA UOIS3| pue Urelq ‘jeuipniibuo

SIA ‘8WNJOA UIRIQ ‘[eUONI8S-SS01D

S]0J1U0D "SA SINHY ‘BWINJOA UreIq ‘[BUONISS-SS0ID

S]0J3U0D "SA SINdd ‘BWIN|OA UrRIq ‘[BUOIISS-SS0ID

$]01U0D "SA SIA ‘BWINJOA UTRIQ ‘[BUONISS-SSOID

Adelayl qewnzifereu
UM SINdd PUe SINYY ‘SWn|oA utelq ‘feutpniibuoT]

Adesayy
arenwing [AYIBWIP YUM SINHY ‘BWn|oA uteiq ‘feuipnibuo

$]043U02 "SA SINdd ‘BWINJOA UreIq ‘[BUONIES-SS0ID

$]0U0D
"SA SIA ‘SWINJOA pUR X3pul WNSO||ed SNdI0J ‘|euo18S-Ss01D

S]0J1U09 "SA SIA ‘IMA ‘[UO1199S-SS0ID

(SIWdd

pue SINAS'SINYY) SIN ‘SUOISa] Jaljeuw a)IUAA ‘[EUOINIRS-SS0ID)
S|0J3U09 "SA S\ ‘I ‘eutpniibuo]

$|02JU02 "SA SINYY ‘|G ‘[eutpniiBbuoT]

[721] 8T0Z ‘Yoipues

[602] 8102 ‘12ZBNRL

[912] 5TOZ ‘lION-1eA0L

[sez] sTOZ ‘Uam

[61T] ¥TOC ‘1ZUbRIN

[evT] L7102 'shed

[¥51] 5T0Z ‘NUO

[e.7] 5TOZ ‘LIB1BBNY

[evT] 910Z ‘PO

[t6] 2102 ‘Pi1eyM

[sv] 910z ‘Andng

[#€] 2102 "ezz020D

[25] 8102 ‘senjeouos

[s.7] s00z ‘odiyues

[ove] 910z “tenam

[es] oT0z ‘punaiq
[06] TTOZ ‘U1EN

sBulpuy Ao

sjuedpiyred ‘spoypw ‘ubseq

20Ud oY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2019 December 01.

in

available

Neurophysiol Clin. Author manuscript



Page 32

Allali et al.

"SIN anIssalboud A1epuodas :SINGS ‘SN anissalbold Atewnid :SINdC ‘SIN Bumiwai-buisde)al :SINYY SIS0I8]9S

adnnw SN aseasip Jejnasencipied :gAD ‘aseasip [9SSan [[ews :dAS ‘Sa1usuauLIadAy Jajew suym (HINM uswiredwi aAIUBod pliw [DIA {8SeasIp S, Jawidyz|y :dy ‘uoneinwis dnsubew [ejuelosues)
'SILL ‘snjeydadolpAy ainssaid [ewlou oiyyedolpl :HANI 9.4y [euidsodiniod ;1S9 ‘Buibewr payybiam-uoisnyip (1M ‘2dAlousyd jueuiwop Jowsas yim dd :dl-ad Aynaigip 1eb pue Aijigeisul jeansod
YUM ad :aiod-ad ‘e jo Buizaaiy noyum ad :(-904-Ad ‘1eb Jo Buizealy yum dd :+904-Ad ‘[el1 Paj|0u0 paziwopuel ;| DY ‘8seasip S, uosuiyied :ad ‘Buibewr soueuosas onaubew jeuonauny : YA

welBoud uni-0)-1eis BuIMO||0) PasEaIdUl BWUN|OA Wnpijjed

$]0J1U0D 0] 8AINR|8I
3WN|OA JJBW 31YM Jou Ing ‘A1iBaiul Joiew alym paonpas pey SINHY pliw pue AjJe3 'sjoauod o
BAIIR[3] BLINJOA Ja)ew a)ym pue AiiBajul Jaiew a)ym paonpal pey [essush ul siuedidmied SINYY

sainseaw 1eb aAeIueNb YIIM paleIdosse sem ANAIDBULOD [INONIIS JO aInseaw
(Adosyosiue feuonoedy) |[e 10U Ing ‘(ANAISNYIP [eIXe ‘AUAISNIP [eIPe) ‘AUAISNIIP UBIPaW) aWO0S

SINYY Ul sainseaw 1eB aaieluenb yim payeroosse sem 1oed) [euidsooniod ur Abaul Jenew snyan

[em pawu] 1004-Gg YN Paleloosse
SEM BLINJOA Jarew a)IYM pue AeiB [[eJ9n0 pue S1oel) [euldsoo1niod ul ABsiul Jayew alym

S)40MIBU A10}IpNe pue Jej1agalad ul AJAIIBUUO0D

[RUOIIOUNY YIIM P3IRID0SSE 0S[e SeM WNsO|[2d sndiod 8y Jo A1iBaiul Jelew alym SINYY Ul
"S|03U0J 01 BAIIRI3] SINHY Ul PaAISSUO Sem (J0J3U0D 9AIINIEXa pue “eljBueb |eseq ‘Jej|agalad ‘[ensia
*10J0WILIOSUSS) SHJOMIBU [RUONIOUN 31eIS-BUIISaI JO JBgUINU & Ul ANAIIOBUUOD [BUONOUNY Paseslsaq

1511 em "sA wieaBoud Butuuna
(..unJ-01-11e1s,,) ‘SIAL “Jenrew anym pue Aeib pue IMa ‘LOY

$]0J1U02 "SA SINYY ‘IMA ‘[eU01123S-550.1D)

SIN ‘1M ‘[eUON3S-SS0ID
SINYY ‘IMA ‘[eU0N98S-55010

Juswiredw 1B yum SN 1A ‘[eUOIII8S-5S0ID

$]0JJu0d
"SA SINYY ‘IMQ PUe [HINS 3Jels-Bunisal ‘[euondss-ssoi)

[6v] LT0Z 'shad

[ov] 9107 ‘eddaq

[52] 9102 ‘preqanH
[¥s] 2102 ‘23014

[00T] 9102 ‘encsully

[821] 5T0Z "BllOpIRAS

sBulpuy Ao

sjuedpiyred ‘spoypw ‘ubseq

20Ud oY

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



Page 33

Allali et al.

panJasqo si Adonus eydje paseasoul ‘904 [enae Buring
NLS 904-UoN ay1 uey ed pue Buiddais Burnp
Jamod e18q JO asealdap Jayeald e pajessuowsp NLS 904 ayL

UOIIRZIUOIYIUAS B13Q JO 3Sealoul :ALAIDBUUOD

904 Buunp saposyos|s

pue spueq Asuanbaly 1sow ui Adosus Jo asealdap Bulsem [ewou o}
paJedwod 904 01 uonisuel) Burnp saseasoap Jamod eyde Jo1181S0d

BaJE [BNSIA 3Y) SPAEMO) AJIAIDBULOD Pasealou|

904
[enoe Bunnp sease Jonsisod JaA0 pueq zeleq Ui jamod asealou|

spes|
|BIUO.} pUB [e1IUBD 8yl Usamiaq Buljdnod Aouanbauy iay) pasealou|
904 Bunnp

SeaJe [LIUOJY PUR [UaI By} UIYIM Jamod pueq elay} ul asealou]

'S9p01199|d
d[eds yum a2uaIayod paseasdu| "spueq ewiwedb pue elaq Ul aseslosp
pue aoe|d ui deays Buinp Jamod eydje ui saseasoul edopons] NO

X31109 [8408132 3} pue Ndd 8y}
30 uo1faigns [epned ay3 BulAjoAul X10MIBU B Ul SUOIIe]|19S0 eyd|y
AlAnoe eyde Jo UoIENUSNE YIIM PaleIdosse O

paads 11eb yym parejaliod 1eb Burunp samod eydje Jo syead

Adonuz
sisAeue Aouanbal4-awi]

d4T N1S
8sIn0Y Jarlieg pue Buiuing ‘Bumjjem premuoy ‘aoe|d ul buiddais

A1Aosuuo)

Adonu3 sisAeur Aouanbaiy awi
933 djess

ob pue dn pawi

AIA108UU0D

aAI1}08Yd urelg

sisAJeue Aouanbal4-awi]
933 dfeds

Buiuiny

A1Anosuuo)

sisAJeue Aouanbal4-awi]
933 djeas

Buruing

(sapo.109)a djeas) A)AIRBUU0D
sisAjeue Aouanbauy awi ]
Sd47 edop uQ pue Yo Buipuels pue Bumis/aoed ul dars

(sapo.109)a djeas) AJIAIBUU0D
sisAjeue Aouanbauy awi]

Ndd 8yl JO Sd471

neo

$197931)
ad T ut Buiuiny pue yed
Burinp sabueyo o1weuAp N1S

S19z99)) Ad
9T u1 sabueyd o1wreuAp ureig

S19Z99l)
ad ¥ ui Buiuiny butinp
sabueyd o1weuAp urelg

192991}
dd vz ui Buiuiny Buunp
sabueyd o1weuAp ureig

S19z93l) Qd / Ul BaIR
Ndd u1 sabueyd oiweuig

$19z83l) dd L Ul Ndd
3] Ul SUOINR|[19S0 JO aineN

[t0z]z10Z ‘nejosIN-unAS

[59] 5TOZ ‘oussolopueH

[9] 5102 ‘oussolopueH

[z81] vTOC ‘BulyS

[zs] €10z *xreid

[e12] ZTOZ ‘Ueseyrensy L

s1InsaJ edpulid

(ssAreue feubsshulp 1009 /xse1) SPoyP N

ane g0

80us JoJoY

"sainseaw 11eb pue sabueyd ulelq UsaMIaq UOIRIdOSSE 8yl Bulen|eAs salpms—sasessiq [ealbojoinaN ul Aydesbojeydaouso.aids|3

Author Manuscript

Author Manuscript

€eZ 9l|qeL

Author Manuscript

Author Manuscript

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



Page 34

Allali et al.

‘[enusiod
Pa1R[2I-1UBAS (dHT ‘s[enuajod [911400 palejal JUSWSAOW (dDYIAl ‘SNajonu dlweeyigns :NLS ‘1eb Jo Buizeal) :904 ‘enusiod pjaly [820] :d47 ‘esessIp s, uosuyied :ad ‘snajonu sunuodojnounpad :Ndd

sdnouf z ay1 Ul gqed ul saouaIaylp oN
uoneniul
yeb Burinp siazaaiy ul Jabue si fenualod uoieredald JoloN

sdnoiB g ay1 Ul €4 Ul S30UBIBYIP ON

dnoib 904
u1 uonesedaid Jojow BurINp UOIIR|19SO €13 Paseaoul [ewllouqy

D Je (10U Jo sanNaIp uoneniul el yum Buixiw) siusied ad
pue BunoA usamiag Ajuo apnijdwe yead dOHIA Ul Sadualaylq

SuoINauU N1S 0}
Arenuod ‘yreb Burinp pajeinpow ale suoinau Ndd 40 Awiolew ay

dy3
933 djeds

uopenu e

sisAJeue Aouanbaly swi
dy3

933 djeos

uopenul e

dy3

933 djeos

uopenul e

sisAjeue Aouanbaiy awi |
N.LS pue Ndd 0 Sd471
eo

sluaned Ad 904 uou QT pue 904 0T Ul uoiesedaid
1010W pue UuonodUNY 8ANIUG0D JO BoUBIBLIRIU|

siuaned Ad 904 uou GT pue 9OH ST ul uonesedaid
J010W pue uoKnouNy 8AIIUBOI JO souslalalU|

(p1o pue BunoA) sjonuod
pue (S31NIIIP UoKERIU 11EB INOYHM pue U)im)
ad swaned oz ul uoneniul ied burinp sebueyo [eanlo)d

(suaned $T) NLLS pue Ndd 8y ul Suo1e|[19s0 40 ainjeN

[ez] 2102 4spng

[soz] 910z ‘preL

[¥8T] TT0Z ‘ueLiereysnoys

[vot] sTOZ ‘NE

s1|nsaJ fedulid

(SsAreue feubisshulp 1009 1/xse1) spoyL N

anelqo

80us JoJoY

‘Bunjrem aurjuo sjiym sabueyd ureiq Bunenjeas saipnis—saseasiq [ealbojoinaN ul Aydeibojeydasusoios|3

Author Manuscript

de alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Neurophysiol Clin. Author manuscript; available in PMC 2019 December 01.



	Summary
	Introduction
	Magnetic resonance imaging
	Parkinson’s disease
	Stroke
	Alzheimer’s disease and related dementias
	Multiple sclerosis

	Molecular imaging methods
	Functional near-infrared spectroscopy
	Electroencephalography
	Electroencephalography in neurological diseases
	Transcranial magnetic stimulation and transcranial direct current stimulation
	Brain excitability changes in neurological diseases with gait disorders
	Non-invasive brain stimulation-induced changes in cerebral networks and gait performance in clinical diseases

	Advanced methods and perspectives
	Conclusion
	References
	Figure 1
	Table 1
	Table 2a
	Table 2b

