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Abstract: Gait dysfunction is a key defining feature of Parkinson’s disease (PD), and is
associated with symptoms of freezing and an increased risk of falls. In this narrative review,
we cover the putative mechanisms of gait dysfunction in PD, the assessment of gait abnormal-
ities, and the management of symptoms caused by the inherent difficulty in walking. Our
understanding of the causes of gait problems in PD has progressed in recent times, moving
from neurocognitive theory to correlates of affected neuronal pathways. In particular, this can be
shown to correspond with abnormalities in responses to dual-task paradigms and dysfunction in
cholinergic signaling. Great progress has been made in the sophistication and precision of gait
assessment; however, it has firmly remained in the research domain. There is significant
momentum behind wearable technologies that can be used by patients in their own environment,
acting as digital biomarkers that can not only reflect progression but also independently dis-
criminate PD from non-PD individuals. The treatment of gait dysfunction has historically relied
on physical therapies and training combined with a view to mitigating the impact of such
consequences as falls. Pharmacological therapies that are the mainstay of treatment in PD
have tended to address symptoms like bradykinesia; however, optimization of dopaminergic
therapies likely has a positive effect on quality of gait. Other targets have been assessed with the
goal of improving gait, of which medications that improve cholinergic signaling appear most
promising. Neuromodulation techniques are increasingly used in the form of deep-brain stimula-
tion; however, standard targets, such as the globus pallidus interna, have a modest effect on gait.
Considerable benefit has been seen through targeting the pedunculopontine nucleus, and a dual-
target approach may be warranted. Stimulation of the spinal cord and brain through direct or
magnetic approaches has been assessed, but requires further evidence.
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Introduction

Parkinson’s disease (PD) affects many individuals, and is the second—most common
neurodegenerative disease in the UK.' Historically defined by the clinical triad of
bradykinesia, rigidity, and tremor, postural instability is the fourth cardinal feature.
Emergence and evolution of instability occurs with disease progression, which
correlates with Hoehn and Yahr staging.” Dysfunction in both gait and balance
are potent contributors to postural instability, which is inextricably linked to the
occurrence of falls. Gait dysfunction is one of the most disabling symptoms for
people with the condition, and exerts a greater effect on quality of life than
dyskinesia and motor complications.>* The prevalence and burden of falls is widely
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recognized: almost half of people with PD experience
a fall in a 3-month period.>® Falls result in soft-tissue
injuries, head injuries and fractures with the associated
need for hospitalization.” Fear of falling is frequently
underrecognized but jeopardizes independence by eroding
an individual’s confidence in their ability to walk. Despite
a growing body of evidence examining interventions for
fear of falling in the PD population,® this has
a considerable effect on quality of life for individuals
with a postural imbalance and gait disorder (PIGD) sub-
type. Symptoms of gait dysfunction are at best only par-
tially ameliorated by a majority of pharmacological
therapies used for the treatment of PD, and in the later
stages of the condition, dopaminergic medications can
paroxysmally worsen gait, such as by causing episodes
of “on” freezing.’

The aim of this review is to define the features of gait
dysfunction in PD and the phenomena that contribute to
this problem and provide current perspectives on gait
assessment and treatment strategies.

Mechanisms of Normal Gait

Walking is of deep-rooted cultural and behavioural impor-
tance to human beings, and for many it can facilitate
creative thought and enjoyment. However, ambulating
upright is a complex feat of biology that has eluded repli-
cation in artificially designed machines. Reflecting on the
important philosophical, lifestyle, and political importance
of walking can give valuable insight as to why impairment
in gait leads to such profound negative effects on quality
of life.

A multitude of neurological resources are required to
generate gait. Normal walking utilizes processing at all
levels of the central nervous system in healthy individuals,
spanning the cortical brain to the spinal cord. This con-
verts a volitional concept into an automatic process, invol-
ving postural tone, balance, and limb movement.

At the most basic level, gait control starts in the spinal
cord, where central pattern generator (CpG) circuits are
located that induce rhythmic activation of complementary
flexor and extensor muscles.'® These initiate stepping
motions, responsible for the primordial stepping reflexes
seen in infants that are lost as development progresses and
respond directly to proprioceptive feedback, affording the
spinal cord significant processing capacity.

The brain-stem and midbrain regions have extensive
connection to the effector circuits of the spinal cord and
are increasingly being appreciated for their role in

locomotion. The mesencephalic locomotor region (MLR)
in particular has been of interest, containing structures
including the predominantly cholinergic pedunculopontine
nucleus (PPN), which is an output target of the basal
ganglia."" These regions are involved with postural con-
trol, but also act to directly coordinate the CpG circuits of
the spinal cord. Together, these lower-order processing
centers work in a highly connected state, likely providing
the automaticity of gait seen in healthy individuals and
reducing the resources required from higher-order centers,
such as the frontal cortex.

Ultimately, voluntary initiation of walking is con-
sciously initiated by the primary motor cortex. However
other secondary motor centers, such as the premotor cor-
tex, supplementary motor area, and posterior parietal cor-
tex, are involved in the organization of movement. These
further cortical areas likely integrate sensory feedback to
allow motor planning.'* Basal ganglia circuitry help inte-
grate sensory information, with outputs to the motor cortex
via the thalamus implicated in facilitating the automatic
execution of learned movements.

Although a defined primary gait pathway as
described has been well characterized traditionally
through animal and lesional studies, increasing evidence
exists for parallel motor pathways that facilitate gait
separately from the aforementioned. A conceptual repre-
sentation of this is through kinesia paradoxa in PD,
where an individual with marked gait dysfunction
experiences difficulty with basic tasks, such as walking,
but is able to run or play sport proficiently.'* This may
differentiate the activation of cognitively driven versus
emotionally driven pathways that facilitate contextually
different types of movement, utilizing differing path-
ways through common neuroanatomical structures that
correspond to a ventral and dorsal motor system.'* The
basal ganglia may be involved in switching between
such pathways,'? with the relative degeneration of the
posterior putamen involved in automatic rather than
goal-directed movements a potential cause of gait dys-
function in PD."> The cerebellum is increasingly thought
to contribute to gait function, having a potential higher
processing role independent of the cortices, acting on
feedback, and facilitating predictive adaption of gait
within the environment.'> The mechanisms that allow
individuals to walk with ease are complex and highly
networked, reliant on one another’s function to facilitate

automatic yet stable gait.
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Nature of Gait Dysfunction in

Parkinson’s Disease

Despite being a hallmark feature of PD, gait dysfunction is
complex and evolves as the disease progresses. A single
unifying cause of difficulty walking is not seen in the condi-
tion and is dependent on various interacting processes. Giladi
et al described the useful conceptual framework classifying
gait dysfunction as continuous or episodic.'® Continuous gait
dysfunction represents a persistent disturbance of locomo-
tion, whereas episodic dysfunction is intermittent. There are
associations between continuous and episodic dysfunction,
and gait manifestations in both categories can present in an
individual. Dysfunction in gait can be further broken down
into domains, in which specific components of gait are
abnormal and typify PD: pace, rhythm, variability, asymme-
try, and postural control.'” These interact with the unpredict-
able episodic features to produce the complex picture of gait
dysfunction in PD. This is summarized in Figure 1.

Continuous Gait Dysfunction

Continuous gait dysfunction constitutes permanent and pro-
gressive change to locomotion. This is predictable, and often
patients compensate for this, eg, with the use of walking aids.
Continuous gait changes encompass the effect of some of the
core underlying features of PD: bradykinesia, rigidity, and
truncal instability, which act to adversely affect gait. The

effects of dopaminergic medication in addressing such symp-
toms as bradykinesia and stiffness can be dynamic, as
reflected in the functionally defined motoric on and off states.
This fluctuation can often tend to be stereotypical over
a period of months to years, and is thus considered within
the domain of continuous dysfunction. However, a flaw of
this model is that this does not always hold true, with on and
off states not always predictable in some individuals.
Continuous gait changes manifest in a number of mea-
surable aberrations that can be described in terms of
changes to a number of conceptual moments, the first
moment representing changes in mean values, such as
gait speed and stride length, the second moment represent-
ing changes in variability and in the long-term scaling of
gait (overall alteration in stride dynamics).18 Gait speed is
reduced in PD, even early during the disease course.'’
This results from impairment in the generation of normal
stride length, and is compensated by increased cadence
(number of steps/time).>’ Gait variability is a metric that
reflects the fluctuation in spatiotemporal parameters of gait
on a stride-to-stride basis. Not usually evident without
quantitative gait measurement, this inconsistency of gait
is seen in other degenerative conditions, including demen-

tia and frailty,*'

and the increasing variability of gait
parameters correlates positively with disease progression

in PD.*** Gait variability correlates with the risk of falls,
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a stronger association than with absolute gait speed.** Gait
is less symmetrical in PD, and can be quantified by such
indices as the Phase Coordination Index, reflecting the
reduced coordination of left- and right-heel strikes.?
Irregularity can also be seen in the quality of gait over
a period of movement. In normal gait, a fractal-like pattern
is demonstrated, where a single stride resembles another;
however, this gait memory breaks down in PD. This leads
to random fluctuations, suggesting that each stride is
initiated individually in PD,'® analogous with the loss of
fluidity and automaticity of gait that is seen. This has been
observed directly in older adults, using autocorrelation
techniques in which gait cycles have been shown to vary
excessively from those that had occurred previously.*
Overall, the complexity of gait (measured as entropy in
more recent studies) has been shown to decrease with
progressive stages of PD,*’ perhaps representing the out-
come of an inability to adapt to changes in the environ-
ment. The cumulative effect of underlying dysfunctional
gait processing yields inconsistency of gait and loss of
adaptability, which in turn is a potent contributor to fall
risk.

Alterations in quantitative gait parameters are consis-
tently seen in PD, as replicated in many studies.?® This has
been found to be present not only in the early stages of
PD'” but also in the prodromal stages before the onset of
obvious motor symptoms (such as in those with REM
sleep-behavior disorder [RBD]).>’ Concordantly, the
occurrence of falls can be seen early on in a subset of
patients,”® associated with an increased risk of fracture
even prior to diagnosis in a significant number.>' Early
parameters of gait dysfunction are specific enough to allow
machine learning—determined discrimination of indivi-
duals with PD versus similar-age controls. Given the nat-
ure of gait parameters to change with disease progression,
measuring these could constitute a useful functional bio-
marker for both the diagnosis of PD and monitoring of
future therapies, in particular the domains of gait sug-
gested by Rehman et al (ie, pace, rhythm, variability,
asymmetry, and postural control).!” Utility in this, how-
ever, will rely on an accepted and standardized consensus
to be established.*?

Episodic Gait Dysfunction

Episodic gait dysfunction comprises disruptive phenomena
affecting gait that occur intermittently in an unpredictable
manner; principally comprising festination and freezing of
gait (FoG). These manifestations may however vary in

severity and frequency at any given time and in contrast
to the continuous changes that affect gait, the unpredict-
ability makes the development of adaptive strategies
challenging.

Festination

Festination is defined as a tendency to move forward with
increasingly rapid but ever-smaller steps, associated with
the center of gravity falling forward over the stepping
feet.*® This definition encompasses both shorter steps and
an increased cadence. Festination is an effort to keep the
center of gravity over the feet, despite the forward posture
and leaning of the trunk, and individuals often describe
feeling as if they are being pushed from behind.

Freezing of Gait

FoG is defined as an episodic inability to generate effec-
tive stepping.’® During such episodes, individuals often
describe their feet as being glued to the floor, and freezing
is commonly precipitated by concurrent attentional
demands, narrow environmental spaces, and/or the execu-
tion of more complex motor tasks whereby change in
locomotion, such as initiation of walking, turning, or
reaching a destination triggers an episode.’> FoG is asso-
ciated with festination, such that freezing episodes are
often preceded by festinating steps. FoG is a common
phenomena, with one study of a large PD cohort recruited
from outpatient clinics and patient newsletters (mean
Hoehn and Yahr stage 2.63) showing that 72% had experi-
enced FoG and 46.2% experienced this on a daily basis.>®
FoG is strongly linked to disease severity, though does not

correlate 37,38

strongly with bradykinesia or rigidity.
A number of theories have been proposed to explain
FoG. The threshold model suggests that the breakdown
of gait as part of continuous gait dysfunction leads to an
accumulation of deficits that overcomes a threshold, after
which freezing occurs.>® The interference model involves
excessive compensatory reliance on cognitive processing
resources that leads to overactivation of the substantia
nigra and inhibition of the PPN, causing freezing.***!
A cognitive model has been suggested, based on the
links to freezing and cognitive function,** with similar
overreliance on cognitive resources.

Based on our further understanding of brain-structure
connectivity, these concepts can be increasingly attributed
to neural correlates. Loss of striatal disinhibition in gait
effector regions, such as the midbrain, may be responsible
for mediating FoG episodes.*’ Here, release of tonic
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inhibition from basal ganglia nuclei, including the globus
pallidus interna (GP1i) and substantia nigra from the degen-
erative striatum, is temporarily lost, leading to the episode.
Additionally, ineffective processing of proprioceptive
afferent inputs and vestibulocerebellar activity have been
proposed to contribute to the network failure that leads to
FoG.** The complex, connection-dependent nature of
brain function means that FoG is likely multifactorial,
with numerous dysfunctional processes contributing.

Key Associations with Gait
Dysfunction in PD

Structural Imaging

Changes in brain structure have been shown to correlate
with the risk or extent of gait dysfunction in PD. Loss of
microstructural integrity can be seen in PPN in patients
who go on to develop a PIGD phenotype, even in early
disease stages,” as with the finding of relatively lower
signaling in the caudate nuclei on dopamine-transporter
radioligand imaging.*® Disproportionate loss of neurome-
lanin in the substantia nigra is also seen on MRI in PIGD
in comparison to tremor-predominant phenotypes.*’
Patients with FoG have been shown to have decreased
surface area of the right parietal cortex compared to non-
FoG patients, as well as a volume of white matter invol-
ving the right temporal bundle, cingulate gyrus, and corpus
callosum.*® White-matter changes have increasingly been
considered to be associated with gait dysfunction in PD,
with relative deterioration of callosal fibres being demon-
strated in patients with PIGD versus those without.*’

Functional Imaging

Functional MRI (fMRI) may demonstrate utility in show-
ing consequences of structural abnormalities®® or detecting
change of an order too small to be detected by structural
imaging techniques. Studies in patients with FoG have
shown reduced resting-state functional connectivity
between frontal and occipital networks (correlating with
extent of FoG),”' as well as between the supplementary
motor area and MLR.”? Lower relative levels of sponta-
neous activity have been shown in patients with FoG
compared to those without on fMRI in diffuse brain struc-
tures, including the anterior cingulate, inferior parietal,
superior frontal, and bilateral cerebellar regions.”® These
findings suggest that global brain dysfunction and loss of
connectivity is implicated in the process of FoG. fMRI in

FoG patients has been assessed during numerous task-

based studies. Imagined motor tasks increase subcortical
activity in the MLR, correlating with the severity of
FoG,>* as well as in other areas, including the
cerebellum.> Although an overall effect on brain function
is consistently seen, interstudy variability based on differ-
ing methodological approaches is a challenge in this area,
as frequently seen with fMRI studies. Consistent replica-
tion of these functional variations will help support these
findings and their link to gait dysfunction.

Neurophysiological Correlates

Neurophysiological techniques, such as electroencephalo-
graphy, have been used to examine the dynamic function
of the brain during gait-disturbance episodes, such as FoG.
Persistent functional abnormality is suggested by the
higher resting B oscillations seen in subthalamic regions
in subjects with FoG than those without FoG,
while greater o rhythms have been demonstrated during
periods of freezing.”’ Event-related potentials, such as the
physiological P300 wave related to attention and subse-
quent decision-making, have been shown to have pro-
longed latency in PD, in particular when walking relative
to sitting.’® The lateralized readiness potential (LRP;
a premotor potential preceding conscious movement) has
also been shown to differ in individuals prone to FoG,
with the
amplitude.’® Paradigms in which subjects are given dual-

LRP occurring earlier and with greater

task loading allow us to explore variations in attentional
mechanisms. The LRP has been shown to be longer
while stepping in place versus sitting and during the com-
pletion of a task in individuals with FoG, with a reduction
in N200 potential (associated with cognitive conflict
processing).60

Biomarkers
A multitude of biomarkers are under assessment in PD
with the aim of developing a quantitative measure for
diagnosis and disease progression. A number of studies
have looked at cerebrospinal fluid biomarkers of neurode-
generation and their relationship to gait dysfunction. Low
AB4; levels have been shown to correlate with progressive
deterioration in gait parameters,®’ as well as varying
PIGD
although these findings have not been

between the and

62,63

tremor-predominant
phenotypes,
replicated in other studies.**** Low APy, has also been
associated with risk of FoG.*® Cerebrospinal fluid levels of
a-synuclein and p-t,g; have shown a variable picture: no
difference was detected when directly examining gait
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variables, but lower levels were seen based on categoriza-
tion in an overall PIGD phenotype. Variations between
these studies may be explained by differing methods of
statistical analysis and modest associations; however, these
studies suggest that amyloid may have more of a role in
gait disturbance than previously appreciated. Differential
patterns of gait abnormality have been seen in PD carriers
of the glucocerebrosidase mutation, with decreased arm-
swing velocity and gait symmetry in comparison to non—
glucocerebrosidase mutation carrying PD subjects.®®

Cognition
Walking is not a wholly automatic motor task, and even in
healthy individuals, gait requires some attentional

resources. This relationship is explored with studies that
utilize dual-task paradigms, whereby walking occurs with
a simultaneous task (eg, counting or animal naming),
which suggest that maintenance of gait safety and stability
may take priority over performance of any additional
motor or cognitive task in healthy people. In contrast,
dual tasking is altered in PD and has been theorized by
some authors to result in a posture second strategy,
whereby performance of additional tasks is maintained at
the expense of gait stability,*° as suggested by the findings
of dual-task experiments. Numerous studies have shown
that during dual-task conditions, people with PD exhibit
increasingly abnormal gait parameters, including reduced
stride length, increased interstep variability, gait speed,
and left—right asymmetry.®” Worsening cognition has also
been shown to be associated with slower gait in general
outside dual-task paradigms.®®

These findings have established the importance of the
contribution that cognition makes to gait, which fits with
the common refrain from patients that stability is compro-
mised when multitasking. While dual-task performance is
not a reliable predictor of falls,"” dual-task decrements
occur in the gait parameters that most strongly correlate
with fall risk.”® Cognitive impairment is associated with
the occurrence of FoG during dual-task experiments, and
deficiencies in executive function and cognitive flexibility
have been established as risk factors of FoG in general.”'
This, coupled with the association between anxiety states
and fatigue freezing, supports the importance of cognition
in gait dysfunction.*®

Cholinergic Function
Cholinergic loss is a potent driver of PD-related cognitive
dysfunction’? and may also have an additional role in

development of gait dysfunction. Central cholinergic func-
tion is an important modulatory pathway implicated in
roles of arousal and attention. Executive function is parti-
cularly affected by loss of this type of signaling,”> which
corresponds with the occurrence of both FoG and falls.”*
Smaller volumes in the basal nucleus of Meynert, the
major source of cholinergic signaling to the frontal cortex,
correlate with increased step-time variability and shorter
step length.”> Functional cholinergic activity and its effect
on gait has been examined in PD using short-latency
afferent inhibition (SAI) techniques, a method measuring
the effect of a distal sensory input mediated by cholinergic
function in inhibiting a transcranial magnetically stimu-
lated motor potential. Reductions in SAI (and thus choli-
nergic function) are seen in PD, correlating with increasing
gait variability and a slower gait.”® SAI is also reduced
disproportionately in individuals with PD who have slower
gait during a dual-task activity.”’ Finally, the pharmacolo-
gical potentiation of cholinergic signaling in PD improves
gait parameters and fall rate.”®

Deficiencies in cholinergic signaling have been discov-
ered in non-cortical brain areas, thus implicating pathways
directly mediating gait, rather than just cognitive proces-
sing. Loss of cholinergic neurons in the PPN is seen in
both PD and progressive supranuclear palsy on postmor-
tem tissue, and extent of loss correlates with stage of
disease.””®® Loss of PPN cholinergic function has an
effect independent from the cognitive influence of dys-
functional frontal cholinergic signaling: individuals with
the progressive supranuclear palsy parkinsonism variant,
a condition with a greater fall risk, do not experience the
effects on executive function as in idiopathic PD, and yet
have lower levels of cholinergic activity in the PPN.®!
Radiolabeled imaging studies assessing acetylcholinester-
ase levels (a correlate of acetylcholine function) also sug-
gest that people with PD who fall have lower levels of
PPN cholinergic activity connecting to the thalamus than

non-fallers with PD.”*#%%

Correlation with Nonmotor Symptoms

Subtypes of PD where gait dysfunction (PIGD) or FoG are
more frequently seen can demonstrate different profiles of
nonmotor symptoms. Autonomic dysfunction, including
bladder and bowel symptoms and orthostatic hypotension,
have been shown to occur more frequently in individuals
with PIGD.®* Additionally, objective measures of auto-
nomic function (sympathetic skin response) correlate
with the PIGD phenotype. Excessive somnolence has
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been associated with FoG.*® The caveat behind all these
findings is that these associations may simply arise simul-
taneously due to advancing disease stage, where both
autonomic symptoms and gait dysfunction tend to be
more common. On the contrary, RBD is also associated
with abnormalities of gait parameters, such as step
cadence, length, and risk of freezing episodes®™ a non-
motor phenomena that frequently occurs as a prodromal
symptom. The presence of RBD also predicts development
of a less favorable phenotype with increased frequency of
falls and less response to levodopa.®” This corresponding
link likely arises from a common effect on such centers as
the MLR that mediate atonia during REM sleep, as well as
gait. 58

A varying relationship has been seen with regard to
anxiety and affect on gait. In a study where a PD cohort
was split across the median into low- and high-anxiety
groups, gait parameters were disrupted (step length and
time variability) in the high-anxiety group.®® Anxiety was
a predictor of FoG in another study,”® but another did not
reach significance.® The effect on anxiety on FoG and gait
dysfunction is complex. Anxiety may commandeer cogni-
tive resources used to compensate for gait, but may also be
a symptom of the pattern of aberrant processing that
occurs from the common neurodegenerative process. Fear
of falling may also worsen the situation, leading to
a vicious cycle.

Increasing appreciation of phenotyping that includes
nonmotor features rather than the motor picture alone
may improve our ability to understand the occurrence of
gait dysfunction and its potential shared mechanisms,”' of
which cholinergic dysfunction is critical. With this per-
spective, PD should be considered in the context of the
often-extensive and multifaceted symptom profile that
reflects progression of disease as a manifestation of whole-
brain pathology.

Assessment and Measurement of Gait

Assessment of gait is an important factor in making
a diagnosis of PD, as well as monitoring the consequences
of disease progression. Historically, this has relied on
observation of phenomenology, which is subjective in
nature and dependent on experience. Simple measures
can be taken, such as timing along a dedicated
10 m walkway or historical analysis of the footprint sig-
nature on marked paper. Video recording can also be used
for further assessment or comparison with subsequent
observations. However, assessment of gait is complicated

by the influence of numerous factors: the environment,
current phase of dopaminergic dosing, cognitive and emo-
tional loading, and the impact of any comorbidities that
may impact ambulation, such as peripheral neuropathy or
musculoskeletal disorders. Falls should be inquired about
at each clinical encounter, understanding that the incidence
of falls increases with progressive disease staging”” and
may represent the onset of postural instability, which
might not otherwise have been volunteered. This allows
the timely application of interventions to assist in fall
prevention and instigation of measures, such as optimiza-
tion of bone health, to mitigate the risk from falls that do
occur.

Self-Report and Semiquantitative Scales
Patient-reported assessment of gait represents the simplest
method of gaining information; however, this can be
dynamic and difficult to capture accurately over time.
Diaries are used in research and clinical settings, but
often focus on current medication state (on or off) or the
presence of dyskinesia. These can be useful for quantify-
ing the extent of FoG, but struggle to capture this when
episodes are very frequent or brief and/or where cognitive
impairment coexists.”> Self-assessment questionnaires
tend to assess the overall impact of gait, such as perception
of mobility and occurrence of falls, rather than being able
to delineate specific parameters of gait dysfunction.
Additionally, self-reported measures have been shown to
be unreliable, with discrepancies between patient-reported
outcomes and clinician assessment that become more
marked with increasing frailty.”**>

The Movement Disorder Society Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) has become the
standard for comprehensive objective assessment of the
extent of symptom burden in PD. This is widely used in
research and can be used in clinical practice, usually
limited by the time needed to complete the assessment.
The MDS-UPDRS contains separate scoring entities for
FoG, balance, falls, each utilizing a five-point Likert scale
assessed by the patient, as well as clinician-determined
assessment, such as response to the retropulsion test. The
latter can be variable in its execution, introducing subjec-
tivity, and does not correlate strongly with degree of actual
postural instability.”® Overall MDS-UPDRS scores likely
does not adequately reflect gait performance within its
overall assessment of disease severity, particularly in rela-
tion to other specific scoring systems of gait and balance.”’
These include the Berg Balance Scale and timed up-and-
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go test, not specific to PD but also widely used in research
in interventional studies aimed at gait and falls that have
included this condition. Patient-reported outcomes that are
available for FoG specifically include the New Freezing of
Gait Questionnaire (NFOG-Q) score, which is widely
validated, but does not account for variability in medica-
tion fluctuations or the role of provoking stimuli, such as
distraction or environmental influences.”

Quantitative Gait Measurement
Measuring parameters of gait dysfunction has been shown
to independently identify individuals with PD compared to
age-matched controls, constituting a potential biomarker to
aid in both diagnosis and monitoring.'” Specific character-
istic profiles of gait abnormality have also been demon-
strated in cognitive syndromes, such as Alzheimer’s and
Lewy body dementia, suggesting yet further utility in
exploring gait profile as a proxy for brain function and
its potential use in clinical practice.”®

Several quantitative measurement techniques are avail-
able to generate objective data on gait, ranging from
wearable devices to multimodal analyses that constitute
the gait laboratory (see Table 1). Instrumented electronic
walkways, such as the GaitRite system (CIR Systems),
represent a powerful tool for measuring gait over a short
section, working by detecting pressure changes in the
walkway material. However, this is limited to the length
of the walkway device (10 m). Alternatively, measurement
devices can be placed within the shoes of the subject, such
as the Clinical Stride Analyzer (B&L Engineering). These
devices have demonstrated ability to differentiate the kine-
matic abnormalities of gait in PD, but are pragmatically
confined to use in the clinical care or research
environment.””'% The pinnacle of precision for monitor-
ing gait is the modern gait laboratory. This consists of
optoelectric systems that detect movement from markers
placed over the body, as well as force-plate triggers and
electromyography data. Highly precise, this approach is
resource-intensive, taking place in an environment that is
markedly artificial. Approaches for integrating comprehen-
sive measuring technologies into a more representative
environment are being explored.'”” The importance of
taking measurements in a natural, unsupervised environ-
ment should be appreciated, as measured parameters have
been shown to significantly vary dependent on the nature
of the environment in which a parameter is assessed (ie,
supervised versus unsupervised).'®® For this reason, wear-
able technologies will likely represent the future direction

of gait assessment, encompassing the benefit of their abil-
ity to take readings in a natural environment with overall
cost-effectiveness.

Wearable Devices and Machine Learning
Wearable devices allow greater flexibility of use, in parti-
cular by generating data relevant to the subject’s own
environment. Inertia-based accelerometry devices are
emerging as realistic clinical tools, with this technology
already widely adopted in consumer electronics, such as
smartphones. Not only has this improved the affordability
of such technology but it has also opened up the potential
for self-monitoring by patients with their own devices,
conceptually representing a digital biomarker for disease

. 101
progression.'”

Many scientifically calibrated wearable
accelerometry devices are available on the market and
have demonstrated the ability to capture parameters of
gait, such as stride length, gait speed, and cadence,”
with close agreement for similar variables captured with
static systems, such as GaitRite. Wearable accelerometry
devices have also been useful for assessing FoG. This
technique demonstrates best utility in detecting intermedi-
ate and prolonged episodes, but has greater difficulty with
very short episodes of freezing (<1 second). Wearable
accelerometry technology can also provide information
about overall movement, rather than specific gait metrics.
A greater amount of movement may suggest improved
confidence with mobility, suggesting a particular interven-
tion may have been beneficial with this outcome measure
and thus higher confidence from improved gait stability.
An important factor from here is to achieve consen-
sus on the key gait parameters that correlate with mean-
ingful outcomes for patients. Adopting standardized
approaches to those that link research outcomes, such
as gait laboratory data, to clinically applicable methods
will be crucial, particularly as we enter the era of dis-
ease-modifying treatment. Machine-learning techniques
have been assessed to assist in processing this type of
data, and have the ability to differentiate controls from
PD cases, as well as different progressive stages of the
condition.'” AUC values of 0.76-0.90 using wearable
devices have been obtained,'® with particular correla-
tion at earlier PD stages, further reinforcing the potential
of gait assessment as an objective biomarker. Advanced
gait-assessment techniques processed in this way are also
able to predict in which patients FoG may arise based on

gait parameters,
106

allowing therapies to be targeted
early.
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Table | Methods of gait assessment and the realistic utility of each in clinical practice

Method Description

Key points

Subjective

Clinical observation Clinically trained personnel assess gait
based on appearance
Can utilize a standardized walkway (eg,

measured corridor)

® Subjective and highly dependent on clinical experience

o No associated cost and time-efficient

Self-assessment Patient completes diary of relevant

® Patient diary events, such as FoG or falls
e FOG Questionnaire Completion of questionnaire

concerning recent experience of FoG

o Outcomes relevant to patient

o Diaries reliant on gait outcomes (eg, falls) make it difficult to
document quality of gait

o Challenging when frequent/short events or where cognitive
impairment an issue

® Prone to recall bias

o Cost-effective, but can be burdensome for patients

Objective

Functional assessment scale Health-care professional assists patient

e Timed up and go in completing standardized assessment,

® Berg balance score providing score

o Correlates extensively with current literature
o Cost-effective
® Reliant on staff training with scale and degree of subjectivity in

assessment rating with Berg balance score

Foot-switch devices, Wired insole devices inserted into each

® eg, Clinical Stride Analyzer | shoe, measuring pattern of contact/

(B&L Engineering) pressure to assess gait cycle

® Provides objective measurements of gait parameters
o Different insoles required for different shoe sizes

® Relatively cumbersome and time-consuming to set up

Wearable accelerometer Device with inertial movement sensor,

devices worn for desired period of assessment
e Can be combined with global

positioning system (GPS) data

o Objective with wide range of gait parameters measurable

® Easy to provide to patient to assess in their own environment,
possible to measure “life sphere” with GPS

® Increasingly cost-effective and incorporated into modern devices,
such as smartphones

® Varying levels of sophistication, with increasing utility comes
increasing size and extent (eg, single wristwatch measuring gait speed

versus multilimb setup measuring full gait cycle)

Instrumented walkway,
e eg, GaitRite (CIR Systems)

Sensor walkway measuring contact

with feet to assess gait cycle

o Objective measurement of gait cycle
® Expensive
® Limited to clinical environment and by length of walkway

(approximately 10 m)

Laboratory gait analysis Dedicated environment containing
sophisticated methods for quantifying
gait parameters (optical, contact
pressure, and electromyogram

measurements)

® Precise and sophisticated assessment of gait

o Highly expensive

o Not realistic to incorporate into clinical spaces
® Assesses patient in highly artificial environment

Management of Gait Dysfunction in
Parkinson’s Disease

The management of gait dysfunction in PD remains sympto-
matic, while disease-modifying treatments for PD are lack-
ing. The mainstay of therapy, dopaminergic replacement, is
primarily addressed at improving symptoms of tremor,

rigidity, and bradykinesia, in particular classified as being
in an off or on state. Addressing these symptoms and enhan-
cing on time likely contributes to gait function; however
increasing effort is being invested in gait stability and sub-
sequent falls as an outcome measure, leading to the evalua-

tion of specific interventions to improve these symptoms.
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Mitigating the effects of falls as they occur is
a highly important consideration. Major fractures can
be devastating life events that lead to a permanent
decompensation in function and loss of independence,
thus falls
optimize bone health are vital. People with PD are at

and measures to prevent and also
higher risk of fracture for each fall they experience,
having lower bone-mineral density than similarly aged
controls.'”” The assessment and management of bone
health is outside the scope of this article and has been
addressed elsewhere.'® Other considerations should fit
the patient’s lifestyle. Exercise is highly beneficial in
PD, and putatively may have a disease-modifying
effect;'”” however, the potential for an increased chance
of falling should be appreciated, and mitigating strate-
gies, such as the use of hip protectors, can be considered

on an individual basis.

Physical Therapy and Training

Physical therapy interventions have been utilized in the PD
population with an aim to increase strength, balance, and
compensatory strategies. Randomized controlled trials
undertaken on strategies to reduce falls in people with
PD have been multifaceted and included resistance train-
ing, aerobic exercise, and movement and balance strate-
gies. These approaches are designed to improve gait
dysfunction, address muscle weakness and loss of power,
reduce symptom severity, and improve balance.

External cueing strategies using auditory, visual, or
sensory paradigms have shown success in improving con-
tinuous gait impairments by improving stride length and
cadence.''? Utilizing visual cueing strategies allows the
bypassing of deficient gait-control pathways, instead
recruiting cortical structures linked with attention and
voluntary control of movement to compensate. Promotion
of anticipatory eye movements via visual cueing strategies
has also been shown to improve gait speed and reduce falls
in PD.'""" These strategies likely lead to recruitment of
collateral neural pathways, and may explain the improve-
ment seen with reverse (backward) gait training on gait
speed and cadence compared to forward walking.''?
Complex motor-strategy training can be used to
dual-task
a combination of gait and cognitive tasks that encourage

improve performance, and involves
recruitment of compensatory pathways.''® This has been
shown to be effective at increasing stride length, cadence,

and gait speed in people with PD.'"*

Cognitive training as an intervention for gait dysfunc-
tion consists of practicing tasks to improve areas likely to
impact FoG, such as inhibitory control, attentional set-
shifting, working memory, processing speed, and visuos-

115

patial skills,” > with compensatory effects observed on gait

from improvements in these domains.''® Worsening cog-
Mini—-Mental ~ State

Examination) correlates with FoG, and individual visuos-

nition (as measured by the
patial ability has been shown to distinguish between those
with and without freezing."'” In terms of rehabilitation,
targeting both the motor aspect of PD and the cognitive
!5 although these

do not have to be undertaken simultaneously to be
118

can lead to improvements in symptoms,

effective.
Walton et al assessed the effect of cognitive training
versus control on gait parameters measured by timed up

115

and go, ~ and found significant improvement in FoG. In

1" noted

their systematic review, Delgado-Alvarado el a
that cognitive training had a long-lasting effect on FoG
based on the nine studies assessed.

Resistance and aerobic exercise can also be useful in
improving gait kinematics. Cycling has been shown to be
as effective as treadmill walking for improvements in gait
speed, step length, and cadence, suggesting that at least
some aspect of gait dysfunction in people with PD may be
partly due to generic deconditioning.'?° Resistance train-
ing improves strength and power, which may also play

121-123 and can

a part in gait dysfunction in this population,
also be used to improve continuous gait-dysfunction
symptoms; however, evidence for this remains
limited."**'?’

Organized physical activity programs, such as Lee
Silverman Voice Treatment(LVST -Big), have been
shown to be effective at increasing stride length and
improving timed up-and-go times, but the general effect
of face-to-face input with a physiotherapist may be
a confounding factor.'?%!?’

Fear of falling has been associated with loss of inde-

128 and there is evi-

pendence and reduced quality of life,
dence to suggest a correlation between fear of falling and
gait disturbances.'?’ The link between anxiety and FoG in
PD has also been investigated to establish whether anxiety
exacerbates FoG or whether the opposite occurs.'>*!3°
Interventions that target solely nonmotor (such as anxiety)
or motor symptoms may not be optimal, given the multi-
factorial interactions among psychological and physical

aspects of PD.
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Medical Devices

New technologies are facilitating novel approaches to
physical therapies in PD and helping to reduce burden on
health-care services. An example of this is the laser shoe,
which allows ongoing support at home beyond the in-
person consultation.'*"*'** Such interventions are adapta-
ble and

dependence on cueing, although the benefits appear to

can be individualized to help reduce
diminish over time with decreasing cognitive ability.'*
The benefit of physical therapies may be further enhanced
through the use of robot-assisted devices, which have been
shown to provide a greater improvement in outcomes than
traditional gait training alone.'*® The use of virtual-reality
training methods has also been examined in a number of
studies, overall showing a beneficial effect.'**

In general, the most highly studied devices have tended
to address FoG, and can be divided into three categories:
those providing auditory stimulation, visual cueing, and
somatosensory electrical stimulation. Auditory devices
that provide a cueing signal when FoG is detected have
been investigated in small samples,"**>"*7 but with few
data to prove their effectiveness in the long term. Visual

138,139 checkerboard

cueing techniques, such as laser canes,
projections,'“° laser shoes,'*' and smartglasses,'*' have all
been shown to reduce instances of FoG in both on and off
states.

Devices that provide somatosensory electrical stimula-
tion have also been developed to alleviate FoG.
McCandless et al investigated the effect of visual, audi-
tory, and somatosensory cues in people with PD using
a BodyBeat

Musical Products),

pulsing metronome (Peterson Electro-
42 and found that the vibration was
more effective than the control (no device) at improving
gait parameters, although the visual cueing devices were
more effective than both auditory and somatosensory
devices. Other devices, such as the CueStim and
VibroGait,'** have shown positive effects in reducing
FOG.]44,145

While physical therapies have been shown to be effec-
tive, resources are often scarce within health-care systems,
and treatment requires long-term adherence to see conti-
nuation of the benefits.'*® This represents a significant
challenge to those responsible for providing physical ther-
apy to people with PD." Virtual and wearable technolo-
gies represent an ideal way of improving access and
duration of therapy, allowing ongoing and customized

use at the patient’s convenience.

Pharmacological

Effect of Dopaminergic Therapies on Gait
Dysfunction

Pharmacological management in PD comprises the main-
stay of therapy, namely enhancement of dopaminergic
neurotransmitter function through the use of dopamine
replacement, receptor agonism, or the alteration of dopa-
mine handling in the synaptic cleft. The main aim of
dopamine replacement is to improve rigidity and bradyki-
nesia with an effect on tremor at higher doses. The effect
of dopaminergic therapy on gait dysfunction and conse-
quential falls is less straightforward. A number of studies
have assessed the quantitative parameters of gait, with
mixed results. Consistent improvement in gait velocity
and stride length have been seen across studies while in
the on state using levodopa compared to the off state;'*®
however, stride duration and cadence have been shown to
be unaffected, except in a single study.'*” A smaller num-
ber of studies have looked at the positive effect on arm

149.150 45 well truncal move-

swing while in the on state,
ment. Improvements in turning and gait adaptability have
also been seen. FoG severity is improved while in the on
state,®” although a limited subset of people can experience
worsening FoG during “on” periods,”'*® highlighting the
complex role of dopaminergic signaling in PD that is
beyond a mere deficiency in neurotransmitter levels.
Dopamine agonists have been examined to a lesser extent,
but have been shown to improve overall gait parameters,

152

and in one study were superior to levodopa.

Monoamine oxidase B inhibitors have demonstrated
mixed results, with older studies intended to assess
effects on disease progression suggesting a lower risk of
FoG. This, however, has not been observed in newer
studies.'*® Catechol-O-methyltransferase inhibitors have
limited evidence for improving gait parameters, likely
caused by improving “on” time.

Many studies examining the role of dopaminergic
therapies have assessed this effect over just a short period
(such as on and off medication within a single day). The
effect of optimized dopaminergic therapy and long-term
influence on the development of gait dysfunction is
unclear, although intuitively maintaining the on period
for as long as possible should decrease the risk of con-
sequences, such as falls. However, by affording indivi-
duals improved movement, this paradoxically increases
their exposure to fall risk. This may account for the

reduction in fall risk seen in late disease, with mobility
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profoundly restricted and independent walking precluded.
The fall rate thus likely peaks around Hoehn and Yahr
stage III disease. Where a concurrent decrease in the on
'3 it is difficult to
unpick whether any parallel effect on gait is intrinsically

state is seen also seen for interventions,

linked. Regardless, responsive optimization of dopaminer-
gic medication over the course of an individual’s journey
with PD is
dysfunction.

likely beneficial in ameliorating gait

Cholinesterase Inhibitors

Cholinesterase inhibitors (ACEi) have an established role
in various neurodegenerative diseases, where they are
postulated to improve cognition by enhancing cholinergic
signaling through increasing acetylcholine availability for
synaptic transmission. These have been examined in sev-
eral studies with the intention of improving gait perfor-
mance in PD, the rationale being to account for the deficit
in cholinergic signaling that may impact on gait as, includ-
ing through cognitive and attentional mechanisms. This
modality of treatment holds some of the strongest evidence
for an effect on gait dysfunction out of all pharmacological
approaches. Studies have assessed donepezil, rivastigmine,
and galantamine in order of decreasing frequency and
range from earlier studies where falls were counted as
part of adverse-effect monitoring to later studies where
gait and balance parameters were primary outcomes.
A majority of studies designed to assess gait dysfunction
demonstrated a positive effect of ACEi treatment. The
most consistently reported outcome is a decrease in the
occurrence of falls in studies designed to assess this

parameter,78’ 154-159

although disagreeing with older stu-
dies, where these were secondarily recorded as adverse
outcomes.'°*"'% This discrepancy likely arises from meth-
odological differences. Mixed results in quantitative gait
parameters have been observed (see Table 2).

Care should also be taken with people with PD to
ensure they are not exposed to unnecessary cholinergic
blockade, such as through antimuscarinic medications for
the bladder, and other sources, such as amitriptyline. These
all exert a negative effect on cholinergic signaling, and are
affect and

well recognized

163

to detrimentally gait

cognition.

NMDA Agonists

NMDA agonists are commonly used in PD in the form of
amantadine, chiefly for the purpose of improving the
symptoms of dyskinesia when present. This class of

medication has been examined for its effect on gait dys-
function, with varying outcomes for FoG when given
intravenously. Uncontrolled case series have demonstrated
benefit,'°*'% though several subsequent controlled studies
demonstrated no effect.'°*'®” Memantine has also been
examined, not demonstrating any effect on gait speed or
cadence, but demonstrating a small effect on the UPDRS
axial subscore.'®®

Methylphenidate

Methylphenidate acts as a dopamine-reuptake inhibitor,
lending itself to the potential treatment of PD. An early
study demonstrated improvement in gait speed, variability,
although it

uncontrolled.'® Subsequent randomized control studies
170-172

and timed wup-and-go times, was

have shown mixed results, with variability in the
selection of patients being among the confounding issues,
suggesting further well-designed trials are needed.

Dalfampridine

Dalfampridine (4-aminopyridine) is a potassium-channel
antagonist and has been tried in a number of neurological
conditions, most notably Lambert—Eaton myasthenic syn-
drome and multiple sclerosis for symptoms of fatigue.
A single double-blinded study has examined the effect of
dalfampridine on gait dysfunction in PD, following a case
report of its potential effect.'”® This showed no effect on
gait parameters that included gait speed and stride
length.'”

Adenosine Antagonists

The A, adenosine receptor has become a target of inter-
istradefylline
recently gaining US Food and Drug Administration

est, with the Ajs-receptor antagonist

approval for treating “off” periods in PD. This is the
same receptor at which caffeine acts, and a small blinded
crossover trial where patients were determined as respon-
ders or nonresponders (based on their own global impres-
sion of improvement) demonstrated improved FoG with
caffeine dosing as determined by FOG-Q response. This
improvement disappeared after several months, and could
not be reproduced after a washout period.'”®> Two uncon-
trolled trials specifically examining FoG after treatment
with istradefylline have also been undertaken, both show-
ing a significant improvement in FOG-Q scores. Similar
assessment of effect on timed up-and-go scores did not
reach significance.'’® Mixed effects on UPDRS part III
scores have been shown, with one study demonstrating no
effect (although not providing a breakdown of subscores)
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Table 2 Studies examining use of acetylcholinesterase inhibitors and parameters of gait, balance, or occurrence of falls

Study Intervention | Population Findings
design
Stuart et al'™* Randomized, | Donepezil Idiopathic Parkinson’s Improvement in stride length (P=0.002) and dual-task
double-blind, disease (n=20) performance (reaction time P=0.004)
crossover Trend for improvement in gait speed and variability did
not reach significance
Mancini et al'®® Randomized, | Donepezil Idiopathic Parkinson’s Trend for improvement in mediolateral sway range (not
double-blind disease (n=45) significant, skewed by outliers), improvement in
mediolateral sway dispersion (P=0.004)
No change in gait speed or stride-time variability.
Lauretani et al'®® Case report Donepezil Single case, idiopathic Improvement in gait speed, cadence, and stride length

Parkinson’s disease

78
Henderson et al

Randomized,
double-blind

Rivastigmine

Idiopathic Parkinson’s
disease (n=130)

Improvement in step-time variability during simple
walking (P=0.002) and simple dual task (P=0.045)
Improved gait speed (P=0.003), controlled leaning
balance score (P=0.008)

Decrease in overall fall rate (P=0.002)

No effect on FoG or step variability with complex dual
task

160
Emre et al

Randomized,

Rivastigmine

Parkinson’s disease

Adverse-effect data: no significant variation in falls

open-label dementia (n=580)
Dubois et al'®' Randomized, | Donepezil Parkinson’s disease Adverse-effect data: mean falls 6.2 (5 mg donepezil), 5.5
double-blind dementia (n=550) (10 mg donepezil), and 5.2 (placebo) — no significant
difference
Li et al'** Randomized, | Rivastigmine Idiopathic Parkinson’s Decreased incidence of falls (P<0.01)
double-blind disease and Parkinson’s
disease dementia (n=176)
Chung et al'*’ Randomized Donepezil Idiopathic Parkinson’s Decreased incidence of falls (P<0.05)
crossover disease (n=23) No improvement in Berg Balance Scale or Balance
Confidence Scale
Litvinenko et al'*® Open-label, Galantamine Parkinson’s disease Decreased rate of falls (P=0.04), improvement in
placebo- dementia (n=41) freezing (P=0.03) and gait disturbance (P=0.04) —
controlled UPDRS scores.
Emre et al'®? Randomized, | Rivastigmine Parkinson’s disease Adverse-effect data: no significant difference in falls
double-blind dementia (n=541)

Abbreviation: UPDRS, Unified Parkinson’s Disease Rating Scale.

and another demonstrating differences in both overall
scores and gait items.'”” Further studies involving placebo
are required to fully assess this benefit.

Neuromodulation Techniques

Deep-Brain Stimulation

Deep-brain stimulation (DBS) has emerged as a commonly
used advanced therapy that improves the traditional “cardi-
nal“ symptoms of PD (bradykinesia, rigidity, and tremor).

Most commonly, it is used to treat refractory motor fluctua-
tions in PD, particularly for younger individuals in whom
surgery is appropriate, routinely targeting the subthalamic
nucleus (STN) or GPi. As experience with this technique
has developed and our understanding of the pathological
processes behind PD has increased, the role of DBS in gait
dysfunction has been considered.

STN- and GPi-stimulation studies have both have been
shown to have mixed effects on gait parameters. GPi
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stimulation can be associated with a worsening of gait,
though a small benefit has been demonstrated in other
studies based on UPDRS part III subscores.'”® STN sti-
mulation has shown varied outcomes, from no improve-
ment to a degree of improvement in such parameters such

179 as well

as FoG (although ineffective in some studies),
as a consistent improvement in gait speed.'*° Improvement
in stride length and symmetry have also been seen, with
changes present only during application of
stimulation.'®""'®2 Where benefit has been demonstrated
for both stimulation sites, improvement has often been-
short lived. Potential using low versus high frequency (the
standard for DBS) stimulation paradigms has been demon-
strated, with improvement in FoG seen at 60 Hz compared
to 130 Hz."® This corresponds with an increased under-
standing of variation in clinical effect with differing fre-
quencies for many forms of neuromodulation.

Interest in the PPN as a target for DBS has arisen from
its increasingly revealed role in mediating gait and evi-
dence of gait dysfunction in PD. A recent meta-analysis,
including double-blinded studies, showed than PPN stimu-
lation improved FoG frequency and occurrence of falls in
both on and off medication states, but may have little
benefit for symptoms of bradykinesia, tremor, or rigidity
as provided by GPi or STN stimulation.'®* For this reason,
combined stimulation of both traditional DBS targets and
the PPN has been considered, with early case series show-
ing improvement in gait parameters.'’® A further target of
interest is the substantia nigra, which when stimulated has
demonstrated improvements in swing-time asymmetry'®?
and FoG.'®>'® Further systematic assessment is required
in larger trials before this strategy can be adopted more

widely.

Spinal Cord Stimulation

Spinal cord stimulation has been increasingly explored in
PD as a technique to improve gait dysfunction. This mod-
ality of treatment may show promise, due to its connective
proximity downstream from the PPN, where DBS has
been shown to be effective in improving walking function.
Several recent clinical trials have been carried out in this
area, with stimulation of the spinal cord being undertaken
at both cervical and thoracic levels using directly
implanted electrodes or transspinal magnetic techniques
to deliver stimulation and assessment of stimulation at
numerous frequencies. Improvements in gait parameters,
such as stride length, velocity, and FoG, have been
demonstrated.'®”"'®® These studies were heterogeneous in

design, and a majority were uncontrolled (with small
numbers only in controlled trials).

Transcranial Magnetic Stimulation

Transcranial magnetic stimulation provides non-invasive
stimulation of the cerebral cortex induced by strong,
focused electromagnetic fields, and has been examined
for its effect on gait dysfunction in numerous studies.'®’
These have involved a number of sites targeted for ther-
apeutic stimulation corresponding to areas postulated to be
involved in gait and its dysfunction in PD, including the
motor and prefrontal cortices.'”*'”! Multiple frequency
patterns have also been examined, and this modality is
similarly complicated by a heterogeneity of studies.
Considerable difficulty is also posed by generating
a believable sham stimulation. Results have been mixed
and tended to lack long-term improvement, even after an
initial period of response. Encouraging results have been
seen in one of the few randomized placebo-controlled
trials undertaken for this approach, where FoG (FOG-Q)
and timed up-and-go tests were shown to improve with
double-coil stimulation of the motor cortex at high

frequency.'®?

Transcranial Electric Stimulation

Transcranial electric stimulation involves the non-invasive
application of a current to the scalp via a set of electrodes,
and is thought to penetrate the skull and influence neuronal
function. This modality has been investigated in PD for
gait and balance dysfunction utilizing a range of stimula-
tion paradigms, including direct and alternating current,
pulsed and random-noise stimulation. The findings should
be interpreted with caution, due to study heterogeneity and
methodological challenges in blinding.'”> A randomized
placebo-controlled trial of direct current stimulation (DCS)
combined with physical therapy demonstrated a significant
improvement in cadence, but not for stride length or timed
up-and-go time, and the effects were sustained with DCS
compared to physiotherapy alone. However, the small
extent of improvement was not felt to be clinically
relevant,'®* an important concept that requires further con-
sideration in a majority of interventional studies on PD.
A further placebo-controlled study of DCS for a dual-task
assessment showed improved gait speed during the dual
task, though not for the single task.'”> Ongoing systematic
study of this treatment paradigm is required to establish its
genuine utility.
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Conclusion

Our understanding of the mechanisms that cause gait dysfunc-
tion in PD has evolved substantially over the last few decades.
Increasingly, motor symptoms are being seen as being beyond
the cardinal features of tremor, bradykinesia, and rigidity. and
the association of impaired dopaminergic signaling with dis-
ordered walking and balance represent a significant burden on
patients. Our ability to assess gait objectively continues to
develop and will likely become ever more sophisticated as we
move to wearable smart technologies that can be used by
patients in their own homes, representing their own real-life
environments. This may allow gait to be utilized as
a biomarker, sensitive enough for not only the diagnosis of
PD but also progression monitoring, important in facilitating
the development of disease-modifying treatments.

Physical therapies remain a key feature of optimizing
gait function, and the incorporation of new technologies
promises to improve the efficacy and reach of treatment.
Traditional pharmacotherapy for PD has consisted of
enhancing dopaminergic function, and although a direct
effect on gait is not clear, optimization of dopaminergic
medication likely contributes to improving gait and FoG.
Numerous other pharmacological approaches have been
considered, with the effect of acetylcholinesterase inhi-
bitors being most promising on outcomes related to gait
stability and falls. The effect of DBS using traditional
basal ganglia targets suggests that little effect is seen on
improving gait; however more promising results have
been seen with the advent of stimulation of the PPN:
mixed-target stimulation is likely the future of this
of other
approaches have been trialed, including spinal cord sti-

approach. A number neuromodulation
mulation, but evidence in this domain remains limited

and results from future controlled trials are required.
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