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Abstract

People with Parkinson’s (PWP) typically present with postural instability and gait
impairment leading to a high number of falls. Gait rehabilitation that incorporates
movement guidance training with sensory cueing and augmented feedback has been
successfully investigated in the past to facilitate gait improvement in PWP. Despite
showing clinical efficacy, there are limitations to the use of external cues such as
device cost and the implementation of cue strategies in daily functional activities. An
alternative approach is to use internal cueing which, although less commonly used,
may yield similar benefits. This structured review examines the underlying mechanisms
and efficacy for use of internal cues to reduce gait impairment among people living with
Parkinson’s disease. Based on 14 studies, findings suggest that internal cueing
improves gait speed and step length. Findings also suggest a selective response of
cueing strategies on gait outcomes. While further research is required, internal cueing

may offer a low-cost self-management tool to improve gait outcomes.
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Introduction

Over the last decade, the global burden of Parkinson’s disease (PD) has more than
doubled from 2.5 million in 1990 to 6.1 million in 2016 (Rocca., 2018). In New Zealand
alone the number of People with Parkinson (PWP) will double over the next 25 years
(Myall et al., 2017). PD is associated with loss of dopaminergic neurons in the basal
ganglia which play an important role in the production and control of automatic
movements by facilitating the initiation of movement sequences (Muthukrishnan et al.,
2019). Disruption in the basal ganglia lead to movement disorders manifesting as
tremor, rigidity, bradykinesia or hypokinesia (slowness of movement), freezing of gait
(FOG,; feeling of feet being glued to the ground) and abnormality in posture and gait
(Muthukrishnan et al., 2019; Olson et al., 2019). These symptoms predispose
individuals to an increased number of falls in PD (Muthukrishnan et al., 2019; Olson et
al., 2019). Pharmacological treatment via dopaminergic replacement therapy is
effective in managing certain motor and non-motor symptoms associated with PD,
although the effect of medication on postural instability and gait asymmetry is either
inconsistent or minimal (Muthukrishnan et al., 2019). The short-stepped, shuffling,
forward stooped gait with asymmetrical arm swing is a hallmark feature in PD affecting
an individual’'s functional tasks and participation in social and community activities

(Morris et al., 2010).

Physical therapy involving gait training is used extensively in the management of PD to
improve walking (Morris et al., 1996; Harrison et al., 2018). One of the rehabilitation
approaches developed over the years is movement guidance training (Morris et al.,
2010; Keus et al., 2004; Samyra et al., 2007; Nieuwboer., 2015). This training
incorporates provision of sensory cues (external signal that can be extracted by
sensory input such as visual, auditory or tactile cues) and augmented feedback (like

verbal prompts or visual feedback to guide/reinforce movement) to promote goal
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oriented mode of motor control, posture and gait parameters (Morris et al., 2010; Keus
et al., 2004; Samyra et al., 2007; Nieuwboer., 2015). Cueing is defined as “using
external temporal or spatial stimuli to facilitate movement initiation and continuation”

(Nieuwboer., 2007) (p 134).

The series of experimental studies conducted by Morris and colleagues in the 1990’s
demonstrated that movement guidance gait training with the use of external cueing
enabled PWP to improve their gait quality by walking with longer steps at near normal
cadence (humber of steps per minute) (Morris et al., 1994 a,b; 1996). Application of
movement guidance strategies through cueing is also supported by the best practice
physical therapy guidelines in Parkinson’s disease (Keus et al., 2007, 2014; Grimes et
al., 2019). Various types of cueing strategies are used and can broadly include either
external or internal cueing strategies. The following section will outline and review the
literature concerning external cues to understand the potential use of internal cues as

an alternative.

External cueing strategies

External cueing modalities include auditory cueing (Nieuwboer et al., 2007); visual
cueing (Shen & Mak., 2012; Donovan et al., 2011), somatosensory or tactile cueing
(Wegen et al., 2006; Stuart & Mancini., 2020), and ‘on demand’ cueing through
external devices such as laser shoes and smartphone (Velik et al., 2012; Ginis et al.,
2016). Visual and auditory cueing are popular cueing therapies (Spaulding et al.,
2013). Several proposed mechanisms relate to improved cue based gait performance.
Cue modalities act selectively on features of gait but broadly act similarly to suppress
pathological basal ganglia activity through activation of unaffected visuomotor and
corticostriatal pathways (Azulay et al., 1999; Sarma et al., 2012). Despite their reported
beneficial effects, external cues are not universally applicable in all stages of PD and

not all PWP respond well to external cueing. Primary barriers for reduced
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responsiveness to external cues include cognitive overload and lack of perceptual

rhythmicity (Nieuwboer., 2015).

Visual cues require attentional or cognitive resources and optic flow to increase stride
length (Morris et al., 1996; Azulay et al., 1999) which is not always present, especially
in more advanced stages of PD due to cognitive impairment. Auditory cues such as
rhythmic auditory stimulation (RAS) activate corticostriatal pathways to compensate for
the impaired internal rhythm of the basal ganglia and positively influence cadence,
velocity and stride length (Chen et al., 2006, 2008; Grahn & Rowe., 2009; Spaulding et
al., 2013). Introducing these cues in early PD can interfere with the intact internal basal
ganglia rhythm. This increases gait variability resulting in a less consistent gait pattern.
However, auditory cues are beneficial as the disease progresses by acting as an
external pacemaker for the impaired basal ganglia rhythm (Lirani-Silva et al., 2019).
The lack of portability of external cues limits their applicability in functional tasks. Cost
is also a potential barrier. Most of the traditional external cues only provide continuous
cueing (Nieuwboer et al., 2007; Donovan et al., 2011). This results in cue dependency
and habituation as reported by Spildooren et al. (2012). They found that the positive
effect of cues leading to gait improvement reduced dramatically following the removal

of cues.

‘On demand’ cues

‘On demand’ cueing is an alternative approach where the cue is presented either
externally through a device, or internally through self-generation when gait deviates
from normal (Velik et al., 2012). This helps to redirect attention back to the walking task
which prolongs cue efficacy (Velik et al., 2012). Ginis et al. (2017) measured efficacy
of four different input cueing modalities including ‘on demand’ cues in PWP with
respect to their cognitive status, subjective preference and FOG. Participants with and
without FOG received gait training with continuous cueing (continuous metronome

beats matched to comfortable cadence), intelligent cueing (bouts of eight beats
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indicating comfortable cadence), intelligent feedback (instruction to adapt gait speed
when cadence deviated from the comfortable target) or no input. Participants ‘with
FOG’ produced their most stable gait during continuous cueing, whereas the gait of
participants ‘without FOG’ improved with intelligent cueing. PWP with lower cognitive
scores and FOG were associated with worse gait with intelligent input. Results from the
study suggest that ‘on-demand’ cues enable individuals to modify the gait through self-
adaptation via attention. This is effective for PWP in the early stages of the disease,
when individuals present with less cognitive and gait deficit. These cues potentially
help to counteract the monotony of an external cue, avoid habituation and free
attentional resources for more efficient use (Nieuwboer., 2015; Velik et al., 2015; Ginis

etal., 2017).

‘On demand’ internal cues

The substitute of ‘on demand’ cueing without an external device is through self-
generation of cues internally. Examples include, internal attentional cues by focussing
on step length (walking while saying ‘big step, big step’), or internal musical cues by
singing aloud or mental singing while matching footsteps. The evidence of this
approach dates back to mid-1990 when Morris et al. (1996) reported similar
improvement in gait velocity and double limb support duration (DLS) in the PD group
with both attentional and visual cues. The more recent study by Harrison et al. (2018),
examined the effects of internal musical cues (singing) and externally generated
musical cues (music) on forward and backward walking in three groups of people,
including healthy young, healthy old and PWP. PWP showed greater improvement in
gait characteristics compared to their healthy counterparts improving in both forward

and more challenging backward walking direction with internal musical cues.

One of the proposed advantages of internally generated self-cues is the elimination of
the need for adjustment of every foot step to synchronise to external cues, which helps

reduce cognitive load and attentional resources (Harrison et al., 2018; Peterson &
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Smulders., 2015). Internal cues offer a more cost effective and practical cueing
replacement in daily functional tasks such as turning around in the corridor or backward
stepping to sit in the chair due to their availability through ‘oneself’. Despite the
potential advantages of on-demand internal cueing strategies, they are not used to the
same extent clinically as external cues. The barriers may include reduced awareness
amongst clinicians regarding the potential use of internal cues, and a limited number of
studies reviewing the clinical efficacy of internal cues for improving gait performance in
PD. Additionally huge demand on the public health system may lead to delayed
referrals for physiotherapy assessment and rehab missing the therapeutic window to
incorporate ‘internal cueing strategy’ due to more pronounced cognitive and gait deficit

as PD progresses.

This structured review seeks to answer ‘is internal cueing effective in improving gait in
people with PD?’ The review has two aims. The first aim is to explore current literature
concerning the underlying mechanisms of internal cues as a strategy for gait
performance in PD. The second aim is to examine efficacy of internal cues. If internal
cueing is found to be effective, it has the potential to be used as a low cost, patient-
controlled strategy in PWP to improve mobility. Before discussing the mechanisms of
how cueing might help improve gait dysfunction in PD it is important to understand the
role and functions of the basal ganglia in relation to gait and cognition, in particular

attention.

Basal ganglia

Neuro physiology and circuits

The term ‘basal ganglia’ refers to a group of sub cortical nuclei in the brain, primarily
composed of four main components (striatum, globus pallidus, subthalamic nuclei and
the substantia nigra) and is mainly responsible for execution of automatic movements
and timed responses without conscious effort (Lanciego et al., 2012). The striatum
includes the caudate nucleus and putamen, and the globus pallidus consists of internal
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and external globus pallidus; GPi and GPe respectively (Lanciego et al., 2012). The
most widely accepted classic basal ganglia model proposes that the circulation of
signals between the basal ganglia and the cortex runs through two neural pathways
with opposing effects on each other for effective execution of movement (see Figure 1)
(Lanciego et al., 2012). Depending on the information flow, the nuclei in the basal
ganglia are broadly categorised into input, output and intrinsic nuclei (Lanciego et al.,
2012). The input nuclei receive incoming information; the input unit of the basal ganglia
is the striatum consisting of inhibitory neurons (caudate nucleus and putamen) which
receive innervation from the entire cerebral cortex (Lanciego et al., 2012). The output
nuclei send information to the thalamus and consist of the GPi and the substantia nigra
pars reticularis and also consist of inhibitory neurons (Lanciego et al., 2012). The
intrinsic nuclei such as the GPe, the subthalamic nuclei and the substantia nigra pars
compacta are located between the input and output nuclei and support the relay of

information (Lanciego et al., 2012).

e
Frontal Cortex

Cortex
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Brainsten

/

Figure.l. Cortico-basal ganglia-thalamic loop

Girard, B. et al., (2006)
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Function

Contribution towards a motor set

Basal ganglia help the preparation and maintenance of motor plans and enable the
motor functions to be carried out functionally and appropriately (Lewis et al., 2000;
Morris et al., 1996). This is done through the cortico-basal ganglia-thalamic loop. In the
direct cortico-basal ganglia-thalamic loop (see Figures 1 and 2), the cortex provides
excitatory input to the striatum inhibiting the GPi and substantia nigra influence on
thalamus. This results in excitation of thalamic activity which in turn excites the cortex
leading to cortical activation and execution of voluntary movement (Lanciego et al.,
2012). On the other hand, the indirect cortico-basal ganglia- thalamic pathway takes a
longer and more indirect route. It excites inhibitory neurons of the GPi and substantia
nigra which subsequently leads to suppression of the thalamic and cortical activity and

movement (Lanciego et al., 2012).

The balance of activity between the direct and indirect pathway is critical for motor
control and execution of functional voluntary movement and is modulated by
dopaminergic neurons present in the substantia nigra (Lanciego et al., 2012). Through
this loop, the basal ganglia contribute to the actions of the cortical motor set (Lewis et
al., 2000; Morris et al., 1996). This specific role of the basal ganglia also helps to
consolidate proprioceptive feedback of body position to guide an on-going movement

towards a target (Almeida et al., 2005).

Impairment of basal ganglia in PD disrupts the cortico-basal ganglia-thalamic circuitry
loop. This leads to an inability of the motor set to generate sufficient force and
movement to initiate a normal stepping gait causing gait hypokinesia (Morris et al.,

1996).
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Figure.2. Diagrammatic illustration of Cortico-basal ganglia- thalamic loop

Provision of internal cue

The second significant role of the basal ganglia is to provide an internal cue or trigger
for well learned sequential movements such as eating, writing, talking and walking to
be internally regulated and carried out automatically (Lewis et al., 2000). This was
evident in sequential movement research studies conducted in both primates and
humans (Brotchie et al., 1991 a,b; Seitz & Roland., 1992). Seitz and Roland (1992)
conducted upper limb positron emission topography (PET) in order to observe areas of
activity in the brain while participants were learning a new task. During the early stages
of learning the task, high levels of metabolic activity in the cortex, pre motor and
supplementary motor areas (SMA) were observed. This was associated with minimal
activity in the basal ganglia. However, repeated practice of learning a novel task

coincided with a marked increase in basal ganglia activity, and a decline in activation of
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the cortical regions. This evidences the significant role the basal ganglia played in

allowing a shift of movement performance from conscious control to automaticity.

The above finding also matches with the Fitts and Posner proposed model of skill
acquisition. This model states that people pass through three stages of learning when
acquiring a new skill, namely cognitive, associative and autonomous stages (Taylor &
Ivry., 2012). The cognitive phase consists of employing conscious attentional strategies
to gain an overall understanding of the task. This implies an increased cognitive load
resulting in enhanced cortical activation (Taylor & Ivry., 2012; Morris et al., 1996). This
is followed by an associative phase where there is a generalised understanding of the
task, implying a slight reduction in the cognitive load (Taylor & Ivry., 2012; Morris et al.,
1996). In the last autonomous phase, motor skill is well established; movements are
accurate, consistent and efficient with limited demand on attentional resources (Taylor
& Ivry., 2012; Morris et al., 1996). This implies less cognitive load and activation of

cortical regions.

Experimental studies including primates by Brotchie et al., (1991 a,b) looked at basal
ganglia’s role in triggering automatic movements. They detected a gradual increase in
neural activity in the SMA during the pre-movement period, but once the external signal
to movement took place, the neural activity in SMA suddenly stopped. The sudden
drop in SMA neural activity was the result of interaction between the basal ganglia and
SMA for a well learned sequential movement. During a movement sequence, neurons
in the globus pallidus of the basal ganglia are discharged phasically at the end of each
movement in the sequence (Morris et al., 1994 a). This phasic output from the basal
ganglia inhibits the thalamus which has projections to the SMA (Lewis et al., 2000).
Through this indirect thalamic connection, the basal ganglia is able to turn off
preparatory activity in the SMA. Instead, it acts to trigger each sub movement in the
sequence enabling well learned sequential movements to run automatically (Morris et

al., 1994 a; Lewis et al., 2000). Morris et al. (1996) also noted that the internal or
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phasic cue from the basal ganglia is only present for the well learned sequential
movements and absent for new or complex tasks. This suggests that the interaction
between the basal ganglia and SMA only occurs in well learned automatic movements
such as writing, walking and speaking where motor skills are acquired from a young
age. Basal ganglia impairment in PD causes loss of internal cues for automatic

movements affecting reciprocal gait pattern and arm swing while walking.

Internal rhythm

Basal ganglia also help generate subconscious timed responses for daily functional
tasks through the internal clock (Ferrandez et al., 2003). In order to understand this, we
need to review ‘temporal’ and ‘spatial’ processing; a brief explanation is provided of
what each entail. ‘Temporal processing’ was first introduced by neurophysiologist Karl
Lashley in 1951 in one of the chapters of his book ‘The problem of serial order in
behaviour (Rosenbaum et al., 2007). It was further elaborated on by Mauk and
Buonomano. (2004). In simple terms, in order to process sensory and motor
information, our nervous system processes time in the range of tens to hundreds of
milliseconds (ms) and in order to do so is reliant upon the spatial and temporal patterns
of the action potentials. Incoming spatial stimuli are processed by sensory neurons;
whilst temporal patterns such as interval, duration and motion discrimination are
processed through a complex neural mechanism (Mauk & Buonomano., 2004). For
example, the flash of a light or the pitch discrimination between two high frequency
tones can be processed in a snapshot by the activation of sensory neurons, retinal
ganglia neurons in the case of a light flash, and different hair cells in the cochlea in the
case of two different frequency tones (Mauk & Buonomano., 2004). By contrast,
patterns such as the duration of a flashed bar of light or the interval between two high
frequency tones are unable to be processed by a snapshot of neural activity, and
instead require the nervous system to process the underlying temporal information

through a complex neural pathway (Mauk & Buonomano., 2004).
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‘Temporal processing’, ‘temporal integration’ and ‘timing’ are used interchangeably and
describe a wide range of timescales over which humans process time or generate
timed responses (Mauk & Buonomano., 2004). Most of the timed responses generated
in our daily life activities occur at a subconscious level (Ferrandez et al., 2003). For
example, whilst waiting at traffic lights when driving in a known area we can anticipate
the duration of light changes to start moving again, or when making a cup of tea we

can anticipate the duration for boiling water in the kettle.

There are three stages of temporal information processing based on animal studies.
(Church & Broadbent., 1990; Grondin., 2010; Gibbon et al., 1984). These are the
internal clock mechanism that measures subconscious duration; memory mechanism
compares the current duration with the duration stored in reference memory and a
decision mechanism selects the appropriate response (Church & Broadbent., 1990;
Grondin., 2010; Gibbon et al., 1984). These different stages involve different regions of
the brain and are modulated by different neurotransmitters (Meck., 1996). The internal
clock mechanism is associated with dopamine function in the basal ganglia, while the
temporal memory and attentional mechanisms appear to be linked to acetylcholine
function in the frontal cortex (Ferrandez et al., 2003). Basal ganglia provide internal
cues for the execution of well learned automatic movement sequences and generate
subconscious timed responses through the internal clock. Basal ganglia dysfunction
disrupts the internal clock or internal rhythm, which affects the fluency and smoothness

of the voluntary movement.

In summary, the basal ganglia play a pivotal role by contributing towards a motor set
for whole movement sequences, and providing internal cues and rhythm for the
execution of well learned, sequential and automatic movements such as gait.
Disruption of the basal ganglia causes impairment of well learned movement
sequences, resulting in movement disorders and gait dysfunction, including gait
symmetry and stability. External and internal cueing strategies increase sensory and

attentional drive through by passing the defective basal ganglia. This helps to generate
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adequate force and amplitude resulting in increased step length, stride and walking
speed in PWP (Morris et al., 1996; Lehman et al., 2005; Baker et al., 2007; Werner et
al., 2010). The next section explores the underlying pathophysiology of gait dysfunction

in PD.

Pathogenesis of gait impairment in Parkinson’s

Gait hypokinesia resulting in a short- stepped shuffling, gait is a hallmark feature of PD
(Morris et al., 1996). Past studies investigating gait parameters in PWP have linked gait
hypokinesia to reduced stride length, decreased cadence and an increase in DLS
(Bowes et al., 1990). Although the locomotor deficits were described early in PD
research literature, the underlying mechanism of gait impairment was poorly
understood and documented. To determine the underlying motor control mechanisms
responsible for gait hypokinesia in PD, Morris and colleagues conducted a series of
laboratory experiments in 1994 and 1996 (Morris et al., 1994 a,b; Morris et al., 1996).
These studies now form the basis of our understanding and provide an insight into the

pathogenesis of hypokinesia in PD.

In the first study spatial and temporal gait parameters (velocity, cadence, stride length
and DLS) were compared in PD subjects and age/height matched control subjects in
three walking conditions; slow, normal and fast walking. PD subjects had a significantly
slower walking velocity compared to their age matched counterparts in all three walking
conditions. Further, PD subjects had less than normal stride length for each condition,
and lower mean cadence than control subjects for normal and fast walking. There were
no significant differences between the PD and control group for DLS duration in all
three walking conditions. Linear regression analysis indicated that for any given
velocity, the stride length was shorter and cadence higher in PD subjects. The second
study investigated the differences in the three main gait parameters; stride length,
cadence and DLS between the PD subjects and the age matched control group. Gait

velocity was not changed, the control group was asked to walk at the same speed as
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their PD counterparts. The results demonstrated that with velocity controlled, the mean
stride length in the PD group was significantly smaller (PD=0.924 m, control=1.10 m)
and mean cadence was significantly greater (PD=102.05 steps/min, control=88.3
steps/min) than the control group. This implies that PWP walk with smaller steps and at
a faster pace than those without PD, which is primarily used as a compensatory
strategy to maintain gait speed. There was no significant difference observed in DLS

between groups at the controlled velocity.

The above studies showed that gait hypokinesia results in a shorter stride and higher
cadence in PWP compared to their healthy counterparts for any given velocity, but the
authors were unable to pinpoint the underlying cause of this pathology. For this reason,
the third study consisted of a series of experimental conditions with external cueing
(auditory cueing through metronome and visual cueing through floor markers) to
compare spatial and temporal gait parameters, primarily focusing on stride length and
cadence between PD subjects and healthy controls. PD subjects had difficulty
adjusting their stride length when reliant on the internal motor mechanisms. They
achieved an improvised stride length with external cues, although the range of increase
was still considerably lower than the healthy counterparts. On the other hand, PD
subjects encountered little difficulty in controlling their cadence either through internal
control or with the assistance of external cueing. Additionally, they were able to match
the timing of their footsteps to the cues to achieve as near normal cadence as their

healthy counterparts.

Taken together, this series of studies established the underlying cause of gait
hypokinesia in PD is linked to the internal inability to generate steps of adequate
amplitude or stride length and outlined two possible causes for this impairment. As
explained earlier, one of the functions of the basal ganglia is to provide an internal cue
for sequential, well learned movements such as walking. Disturbance in the basal
ganglia would mean disruption of the SMA preparatory activity and absence of the

phasic cue, leading to impaired motor preparation and difficulty in stringing each sub
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movement together, causing shorter steps (Morris et al., 1996). Gait hypokinesia may
also be due to impairment of the cortical motor set activity which is influenced by the
direct and indirect cortico-basal ganglia- thalamic pathway. Dysfunction of basal
ganglia disrupts the circuitry loop and inability of the motor set to generate sufficient

force and movement to initiate a normal stepping gait (Morris et al., 1996).

In order to determine the underlying mechanisms of gait hypokinesia and reduced
stride length, Morris and colleagues conducted another series of experiments in 1996.
The primary aim this time was to explore motor control mechanisms that contribute to
the normalisation of stride length using two different cueing strategies. The first study
examined whether external cues (visual cues) used similar or different motor control
mechanisms to training with an attentional strategy. Primary outcome measures were
gait velocity (meters/minute), walking cadence (steps/minute), mean stride length
(meters) and DLS (% gait cycle). The visual cues were laminated white floor markers,
and the attentional cue was delivered through cognitive training until the subjects
developed a mental picture of the ‘correct step size’. The same PWP participated in
both visual and attentional cueing strategy conditions with experiments conducted on
separate days. Outcome measures were completed prior to the intervention (baseline
phase), immediately post intervention (intervention phase) and two hours after the
training stopped (retention phase). At baseline PWP in visual and attentional cueing
conditions mobilised with a shorter stride, reduced velocity and increased DLS
compared with the control group. A statistically significant difference was found in the
velocity and DLS in the visual cue group from baseline 49.7 m/min and 35.9 % gait
cycle to the intervention phase 72.2 m/min, p=0.001 and 30.2 % gait cycle, p=0.001
respectively. Gait training using attentional cueing strategy produced similar beneficial
effects on gait parameters with a statistically significant increase in the velocity and
DLS from baseline 52.3 m/min and 35.9 % gait cycle to the intervention phase 71.4

m/min, p=0.001 and 29.9 % gait cycle, p=0.001.
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Gait parameters post visual and attentional cue training were similar to gait parameters
of the control groups in both experimental studies. PWP were able to maintain the
improvised gait parameters for a short period of time even when the cues were
removed. The second study measured the same gait parameters with the addition of a
secondary task, resulting in poor gait quality due to increased cognitive load. These
results indicate that both visual and attentional cueing strategies enhance stride length.
This leads to increased gait velocity during single task conditions by directing attention,
supporting the view that impairment in stride length is linked to the cortical motor set
and cortico-basal ganglia- thalamic pathway, rather than automatic stringing of sub-

movements through internal cueing.

To summarise the results of this seminal and influential body of work, gait hypokinesia
in PD is caused by an inability to generate an adequate stride length which is linked to
the inadequate contribution by the basal ganglia to the cortical motor set. PD is also
associated with defective internal rhythm resulting in festination and FOG (Satoh et al.,
2008). FOG as explained in the earlier section, is an inability to initiate or continue
intended locomotion resulting in the feeling of ‘feet being glued to the ground’, affecting
almost a third of PWP (Horin et al., 2020 a; Moore et al., 2007). PWP with FOG have
higher gait variability than their counterparts without FOG (Horin et al., 2020 a). In
recent times, gait hypokinesia and increase gait variability is broadly included in the
umbrella term of postural instability and gait disturbance (PIGD). These combined
symptoms of gait dysfunction associated with slower gait speed predispose PWP to a
higher risk of falls, loss of independence and increased mortality (Hausdorff., 2009;

Gurevich & Hausdorff., 2003; Yogev et al., 2007; Mirelman et al., 2019).

PWP retain the ability to normalise their gait pattern through bypassing the defective
basal ganglia. They can generate adequate stride length and normal stepping patterns
by using cueing and attentional strategies. Incorporation of goal based cognitive and
motor approaches in the early to moderate stages of PD offers the most effective

rehabilitation by inducing neuroplastic changes (Ferrazzoli, Ortelli, Madeo, Giladi,
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Petzinger & Frazzitta., 2018). The following section elaborates on the underlying
mechanisms of commonly used external cues to better understand the rationalisation

for an alternative internal cue approach.

Proposed cue mechanisms

Mechanism of action for visual cueing

As reported earlier, the beneficial effect of visual cueing on gait parameters in PWP
has been established (Morris et al., 1996; Azualy et al., 1999; Lewis et al., 2000). Two
possible explanations for this effect relate to an increase in attentional drive to enhance
motor control, and increased optic flow during gait (Morris et al., 1996; Azualy et al.,

1999).

Increase attentional drive

The first hypothesis suggests the use of external visual cues (such as stripes placed on
the walking surface) act to focus attention on the stepping process which enhances the
conscious cortical preparatory activity (Morris et al., 1996; Azulay et al., 2006). Walking
is a rhythmic and automatic process, which in a predictable environment does not
require significant involvement of cortical structures. This leads the basal ganglia take
over and provide internal cueing for smooth automatic movement to take place (Lewis
et al., 2000). The administration of external cues and employment of conscious
attentional strategies to the stepping process helps to by-pass defective basal ganglia

in PD to improve stride length (Morris et al. 1996; Azulay et al., 2006).

Enhancement of optic flow

PWP rely heavily on visual information for gait control to compensate for the reduced
kinaesthetic feedback from the lower limbs (Azulay et al., 1999). Sensory input within
cortical networks play an important role to guide locomotion and maintain correct
posture (Raffi & Piras., 2019). This is done with the integration of three different

sensory systems; somatosensory input originates from proprioceptive signals from
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muscles and joints, vestibular input arises from linear and rotational acceleration of the
head relative to the body, and visual input or optic flow emerges from relative motion

between an individual and their environment (Raffi & Piras., 2019).

Optic flow influences the sense of self motion, postural orientation, veering of gait and
visuospatial cognition (Bardy et al., 1999; Putcha et al., 2014). Azulay et al. (1999)
suggested that the positive effect of visual cues on gait in PWP is a combination of
attentional strategy and enhancement of optic flow activating the visual-motor pathway.
In order to understand the influence of optic flow, the authors conducted an experiment
on PD gait with and without visual cues (stripes on the floor) under two visual
conditions; normal lighting and stroboscopic/flashing light to supress the optic flow
completely. Thirty-two participants were included in the study with an equal number of
PWP and healthy age matched controls. The baseline data showed that PWP walked
with reduced step length and slow velocity gait, with similar findings as that earlier
reported by Morris et al. (1994 a,b) in their experimental series. Under normal lighting
PWP walked significantly faster with visual cues (0.82 + 0.19 m/sec) than without (0.76
+ 0.2 m/sec), with an average of 9.4% m/sec improvement in gait speed primarily due
to increased stride length. The effect of stroboscopic lighting was significantly different
in PWP but not in controls, with a marked reduction in velocity and stride length both
without visual cues (velocity from 0.76 + 0.2 m/sec to 0.70 £ 0.2 m/sec, stride length
from 925 + 175 mm to 857 + 166 mm) and with cues (velocity from 0.82 £ 0.2 m/s to
0.74 £ 0.2 m/s, stride length from 968 + 176 mm to 893 + 193 mm) in PWP. The fact
that PWP reverted back to their baseline measurements even with visual cues in the
presence of stroboscopic lighting suggests that PWP, and not healthy controls, are

heavily reliant on optic flow for locomotion.

Both mechanisms have limitations and can minimise the efficacy of visual cues. Dual
tasking may lead to dividing attention from maintaining gait secondary to cognitive over

load. Disruption in optic flow may occur if vision is impaired or when walking through a
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narrow or confined space such as a doorway or threshold steps, where there is

insufficient light reflection.

Mechanism of action for auditory cueing

Timed responses in daily activities are generated at the subconscious level (Gibbon et
al., 1984; Ferrandez et al., 2003). This is done either through the internal clock or
memory mechanism involving the basal ganglia and complex neural activity as
explained in the earlier section of this review. This phenomenon also highlights one of
the unique capabilities of humans to appreciate musical rhythms (Cannon & Patel.,
2020). Hearing music often results in spontaneous rhythmic movements such as foot
tapping or nodding along that feels automatic and is evidenced in young children and
adults of all ages without any musical training (Grahn., 2009). Rhythmic perception is a
complex neural mechanism that involves perceiving one of the primary characteristic
components of the musical rhythm, called ‘beat’ which is broadly classified as a
perceived pulse that marks equally spaced points in time (Grahn., 2009). A musical
piece in theory is only composed of sounds so listening to music should only activate
the auditory system, but this is not always the case. Listening to musical rhythms often
results in spontaneous rhythmic movements, suggesting a strong correlation between

motor area recruitment with beat perception (Cannon & Patel., 2020).

Neuroscientific studies have established the engagement of cortical and subcortical
motor regions of the brain during movement synchronisation with auditory rhythms,
primarily including the premotor cortex (PMC), SMA, basal ganglia and cerebellum
(Rao et al., 1997; Jancke et al., 2000; Lewis et al., 2004; Chen et al., 2006, 2008;
Grahn & Rowe., 2009; Kung et al., 2013). The functional magnetic resonance (fMRI)
study conducted by Chen et al. (2008) on the effects of beat perception in human
subjects provided more insight into motor area recruitment and revealed the
engagement of premotor regions in auditory-motor rhythm processing. The study also

affirmed that motor regions such as the PMC, SMA and cerebellum continue to be
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activated when one only listens to musical rhythms, concluding that beat perception

engages the motor system even in the absence of movement.

The regeneration of beat is hypothesised to use the same direct pathway that
generates voluntary movement in human body namely the cortico-basal ganglia-
thalamic loop (Calabresi et al., 2014). Listening to a beat-based rhythm leads to
searching for temporal regularity or beat finding in the cortex (Grahn & Rowe., 2013).
Once a beat is found this temporal pattern of neural activity gets stored in the cortex for
regeneration (Cannon & Patel., 2020). When people listen to music the cortico-basal
ganglia- thalamic loop is activated leading to regeneration of the beat via stored
memory (Cannon & Patel., 2020). Grahn. (2009) established a direct link between
basal ganglia activity and beat processing by conducting tests on PWP. Participants
were asked to determine whether two auditory rhythmic stimuli were the same or
different in the discrimination task to establish ability to discriminate changes in rhythm
between healthy controls and PWP. Results showed PWP have reduced awareness to
accurately engage with beat timing. Although the capacity for beat processing in PWP
is not completely lost and when a beat is perceived with more rhythmic characteristics,
such as using a metronome or through music (volume, pitch), this impairment is

reduced.

Auditory cues increase gait variability in healthy controls by interfering with the normal
gait rhythm generated by the basal ganglia (Baker et al., 2008). Rhythmic auditory
cues are more effective during later stages of PD by acting as an external pacemaker.
They help to reduce cognitive load when walking to match footsteps to an external
metronome beat, improving stride length and walking speed in PD (Rochester et al.,
2011; Lirani-Silva et al., 2019). Cue frequency is also a significant determinant of
auditory cue efficacy. Studies report increased gait variability in PD with an auditory
cue delivered at 20% below preferred cadence (Ebersbach et al., 1999). The optimal
benefit of auditory cue is noted at 10% below and above normal cadence depending on

PD stage and cognition (Lohnes & Earhart., 2011)
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Efficacy of visual and auditory cues

Visual and auditory cueing remain widely implemented cueing therapies in the
community. Nieuwboer et al. (2007) investigated the effectiveness of multi-modality cue
training in the community. Although old, this remains highest level of evidence for the
efficacy of external cues. In a single blinded randomised crossover trial 153 PWP with
Hoehn and Yahr stage two to four (scale used to quantify stages of PD, refer to
Appendix C) received a three week home cueing programme using three cueing
modalities. The participants received auditory cue (a beep delivered through an
earpiece); visual cue (light flashes delivered through a light-emitting diode attached to a
pair of glasses); and somatosensory cue (pulsed vibrations delivered by a miniature
cylinder worn under a wristband). The participants trialled all cueing modalities in the
first week, but trained with their preferred modality. Majority of the participants
preferred auditory cues (67%) followed by somatosensory cues (33%) as a well-
tolerated and discrete alternative. Participants underwent cued gait training at home
during gait initiation and termination, heel strike and push-off, and sideways and
backwards stepping. They also received cued practice in familiar environmental
situations such as walking while dual tasking and walking over various surfaces and
long distances. The study found short lasting (up to 12 weeks) statistically significant
improvements in posture and gait scores, improved by 4.2% after intervention
(p=0.005). Secondary outcome measures such as gait speed and step length
improved by 5 cm/sec (p=0.005) and 4 cm (p < 0.001), respectively in all the
participants. Although these beneficial effects reduced considerably following cue

removal over six to twelve months.

Auditory cueing in particular has emerged as more efficient and cost effective cue
modality. A meta-analysis of 28 studies conducted by Spaulding et al. (2013) compared
the effect of visual and auditory cueing on gait in PWP concluded an increased efficacy
of auditory cue in treating temporal parameters of gait disorder in PD. The meta-

analysis included studies until September 2011 that evaluated the effect of auditory
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and/or visual cueing of gait in people with PD; objectively reported and evaluated the
impact of cue practice on gait parameters and were published in English. Unpublished
papers alongside studies evaluating cognitive cueing or effect of mobility aids were
excluded from the meta-analysis. The data was reported as Hedge g and confidence
interval to improve the validity of the study results. Auditory cueing demonstrated
significant improvement of cadence (Hedge g=.556; 95% confidence interval [CI],
.291-.893), stride length (Hedge g=.497; 95% ClI, .289—.696), and velocity (Hedge
g=.544; 95% ClI, .294—.795). In contrast, visual cueing significantly improved stride

length only (Hedge g=.554; 95% CI, .072—-1.036).

A more recent meta-analysis by Ghai et al., 2018 analysing the effects of auditory cues
on young healthy controls and elderly participants provided more insight into the
mechanism of auditory cues. They suggested the beneficial effects of auditory cues are
linked to perception of stimuli with shorter reaction times (20—50 ms) as compared to its
visual or tactile counterparts (Ghai et al., 2018). Additionally these cues simultaneously
activate supplementary motor areas and sub cortical structures due to rich connectivity
within the cortical neural network (Ghai et al., 2018). The meta-analysis included 34
studies until May 2017, involving 854 (499 young/ 355 elderly) participants. The study
reported significant positive small to large standardised effects on spatiotemporal gait
parameters with rhythmic auditory cues in 88% of included studies, especially stride

length (Hedge g= 0.61) and gait velocity (Hedge g= 0.85).

Limitations of visual and auditory cues

Gait rehabilitation in PWP involving visual and auditory cueing strategies in a clinical
setting involves delivery of these cues as a set of lines or markers on the floor or the
use of metronome beats respectively. PWP alter their gait parameters by either
stepping on to visual markers or walking to a predetermined beat in order to achieve
improved gait quality. Visual cues may also be provided by projection lights embedded

on a walking stick or the walking frame, although these devices are expensive (device
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cost listed in Appendix A). There is an upcoming market for laser guided shoes where
the device can be installed in standard footwear for high functioning PWP who are not
reliant on mobility aids. This product is not available in New Zealand and in UK retails
at a high cost (Appendix A). Visual cues require PWP to physically look at the cues
which might affect their postural stability and balance while completing certain
functional activities (for instance backward stepping to sit in the chair) increasing the
risk of falls. Auditory cues, although considerably cheaper to purchase or downloaded
free of cost on the mobile app (Appendix A), can increase cognitive load when trying to
synchronise stride length to the metronome beat. Step synchronisation to auditory cues
is not feasible in many every day activities; one such example is attending to personal
care needs in compact bathroom space. Auditory cues also have the potential to get
masked in loud environments such as in busy supermarket or if provided through ear
phones reduce the awareness of surrounding conditions for example while walking
outdoors or crossing the road. These interventions cannot be implemented in PWP with
visual and hearing impairment. While external cues are beneficial in improving gait
quality in PD they also pose logistical challenge for ambulation in a real life setting as

outlined above.

Internal cues - an alternative approach

Continuous external cues use conscious attentional strategies which are effective for
gait improvement due to increased attention and focus on stride length but immediately
lose their efficacy due to cue dependency and habituation (Nieuwboer et al., 2007;
Spildooren et al., 2012). The decline in beneficial effects of cueing intervention
following its removal critically underscores the need for permanent cueing devices. ‘On
demand’ external cues improve cue efficacy (Nieuwboer., 2015; Velik et al., 2015;
Ginis et al., 2017) although comes with an additional device cost, and lack of device

portability in functional activities as explained in the earlier section. ‘On demand’
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internal cueing is an alternative cost effective patient controlled cueing approach due to
the ability to internally generate and control the application of the cues. This strategy
enables incorporation of cues only when deviation from the normal gait occurs via
attentional resources. Internal attentional cues to focus on improving step length (such
as walking while saying repeatedly big step, big step) are found to have similar

beneficial effects on gait parameters as visual cues (Morris et al., 1996).

Another promising approach is internal-generation of musical cues in the form of
singing aloud or mental singing in one’s own head to improve gait stability in PD. As
already explained earlier, one of the functions of the basal ganglia is to maintain
‘internal rhythm’ or a steady gait in healthy individuals by controlling internal regulation
of movement amplitude and timing (Nombela et al., 2013). This internal rhythm
however, is affected in PWP leading to a more variable and less efficient gait
predisposing the individuals to a high risk of falls (Harrison et al., 2017). Musical cueing
works in similar manner to auditory cues through bypassing the defective internal
rhythm of basal ganglia and activate multiple cortical structures (Harrison et al., 2017,
2018). The beneficial effects of musical cues reach far beyond gait improvement as
they are also identified as mood elevators by increasing endorphin release in the
normal healthy population (Dunbar et al., 2012). The efficacy of musical cues on motor
and emotional response was tested in PD by Pacchetti et al. (2000). The randomised
controlled trial included thirty two PWP who received weekly sessions of music training
and physiotherapy. The study findings reported an improvement in motor performance
bradykinesia items (p < .0001), improved happiness measure (p <.0001), improved
quality of life (p <.0001) and improved rigidity (p < .0001). The above evidence
suggests internal musical cueing can help elevate mood through the endorphine

system and likely has a positive effect on motivation, thereby enhancing quality of life.

The exact mechanism is still unclear though singing internally is believed to work in a
similar manner as musical or auditory cueing as explained above. The above internal

cueing strategies show encouraging results in the limited number of studies conducted
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so far. Improving gait performance via cueing strategies mandates a change or
modification in behaviour which require new learning strategies. Literature supports
that motor learning is challenging for PWP, especially learning automatic responses,
and PWP need practise to learn new strategies and how to adapt to new and changing
environments (Nieuwboer et al., 2009). Neurophysiological studies demonstrate
increased motor activity in the premotor cortex and improved movement performance
under different cued conditions (Sarma et al., 2012) suggesting PWP may retain
cognitive capacity to learn new strategies, although at a slower rate and with more

practise.

There is limited clinical evidence to date investigating the effectiveness of internal cues

on gait parameters in PWP. In light of this, the aims of this structured review are:

1) Review current literature and outline the underlying mechanisms of internal cue

strategy to improve gait performance in PD

2) Examine efficacy of internal cues on gait features

Method

Methodology

A structured review has been selected to answer the proposed research question
because it allows a structured approach to appraising the literature but is not confined
to selecting only very limited research designs such as randomised controlled trials
(RCTs). There are two aspects to this review which overlap and emerge from the same

body of literature.

The first aspect focuses on the question ‘what are the mechanisms underlying internal
cueing in people with PD’. This aspect of the review takes a broader approach and is
based on qualitative and narrative components of the included studies and opinions

expressed in the publications, and as such do not require a quality check. The above
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synthesis analyses the current literature to gain an insight into the proposed underlying
mechanisms of internal cueing strategy and addresses the first aim of this structured
review. The underlying mechanisms of internal cues are further elaborated in the

discussion section of the review.

The second aspect focuses on the question ‘is internal cueing effective in improving
gait in people with PD’. This aspect required quantitative analysis of experimental and
guasi experimental research designs. Differences in outcomes are reported as well as
associations between gait and features that may impact on outcome are analysed.
The quality of each study is considered with respect to the McMaster Critical Tool for
guantitative studies which helped guide the synthesis. Because this is a structured
rather than a systematic review, a score is not given to each study. Studies were
included if they used experimental designs (for example RCTs), quasi experimental

research designs (such as pre-post, correlational studies) or cohort studies.

Search strategy

Five databases were used for the literature search: Medline via EBSCO, Ovid and Web
of Science, Scopus and CINAHL. The chosen databases provided published peer
reviewed academic journal articles in the scope of physiotherapy practise across the
world. Each search used the key terms “Parkinson’s disease”, “Cues” and “Gait”. For
each key term, a list of synonyms was entered into the search as described below
(Table 1). The use of broader search terms ensured relevant article retrieval from the
databases, for example, MESH heading “Gait” automatically included studies with gait
parameters such as posture and balance and “Cues” included rehabilitation and
physical therapy. The search was limited to published papers on humans until the
present time (November 2020), written in the English language and restricted to full
journal articles. References of the articles were also reviewed for further potential

reading.
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Table 1

Key terms search table used for structured search

Medline via Medline via Scopus CINAHL Medline via
EBSCO Ovid (Mutilfield  (Advanced Web of
search) search) science
Parkinson MESH Keyword ALL“Parkinson MESH TS
disease headings: search: disease” headings: (Parkinson*)
Parkinson’s Parkinson$ Parkinson's
disease or disease*
Parkinsons or
parkinson's
Gait MESH Keyword Keyword MESH Keyword
headings: search: gait or search: AND headings: search: AND
AND gait or ambulation gait OR AND Gait
ambulation or mobility OR gait or
mobility or ambulation locomotion or
locomotion walk or
ambulation
Cues MESH Keyword Keyword MESH Keyword
headings: search: cue or search: AND headings: search:
AND cues or cueing internal cues AND AND Cues
cue or cueing OR intrinsic cueing or cues
cueing or cue

Table includes five databases used, individual terms for each cohort and MESH
headings where applicable. The term “internal cueing” is interchangeably used with
“cognitive cueing” or “self-generated cueing”.

Inclusion and exclusion criteria

The inclusion and exclusion criteria for article selection are listed below. Article
selection was an extensive process, more detail is provided in the search yield section.
Articles were included upon initial screening of the title and abstract of the published
paper. When in doubt, the full text was read to determine whether the cueing strategy
implemented inferred external cueing through a device or internal cueing through a
self-generated technique. More information for title screening and exclusion reasons
post full text screening are listed in the results section and presented in the PRISMA

flow chart in Figure 3.

Inclusion criteria

The studies included in this review had to meet the following inclusion criteria:
1. Population: Study participants with diagnosis of PD

2. Study design: Experimental, quasi-experimental or cohort studies
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3.

Intervention: Application of gait training with internal cues as a single
intervention modality. Studies should have completed gait assessment
pre and post internal cueing interventions under single task conditions on
stable medication regime in the on phase. For the purpose of this
structured review, internal cueing is defined as any self-employed
technique that does not require the use of any external device or
instructions provided by an external person (caregiver or examiner) post
training session.

Comparison: Studies were also included if internal cueing strategies
were given in conjunction with other rehabilitation interventions.
Outcomes: Any validated measures of gait parameters or aspects
associated to gait such as spatiotemporal parameters (speed, cadence,

step length) or gait variability measures.

Exclusion criteria

36

1.

Studies recruited PD participants with a diagnosis of dementia or marked
cognitive impairment. Due to the nature of the intervention, PD
participants were required to have adequate attentional and cognitive
reserve to follow instructions and participate in ‘internal cueing’ gait
practise.

Studies recruited PD participants with psychiatric disorder/depression
due to possibility of reduced compliance, attendance and engagement in
the cued gait training programme.

Studies implemented self-supervised home exercise programme without

providing any gait training with internal cueing strategies.



Identification

Eligibility Screening

Included

Articles identified through database search
(n=1159)

Medline EBSCO (n= 310)
Medline Ovid (n= 279)
Medline Web of Science (n= 226)
CINAHL (n= 106)
Scopus (n=238)

Articles for Title Screen

(n=1159)

Articles excluded at title screen (n= 793)

Articles for Abstract Screen
(n= 366)

Medline EBSCO (n=91)
Medline Ovid (n= 128)
Medline Web of Science (n=56)
CINAHL (n= 34)
Scopus (n=57)

Full-text articles screened for eligibility
(n=90)

Articles excluded at Abstract Screen
(n=276)

Full-text articles screened after duplicate
articles removed
(n=47)

Medline EBSCO (n= 22)
Medline Ovid (n= 27)
Medline Web of Science (n= 17)
CINAHL (n=16)
Scopus (n=8)

Articles eligible for Review
(n=21)

Articles included for Structured Review
(n=14)

Articles excluded post full text screening
(n=7)

Verbal instructional cues provided post
intervention (Chadha et al., 2011), lack of
data to analyse effect of intrinsic cues and

gait parameters in combination cueing

intervention (Fietzek et al., 2014;

Nieuwboer et al., 2001), lack of outcome
measures post internal cue (Spildooren et

al., 2017; Smith et al., 2014), no training

with internal cue (Hindzinski et al., 2011)
and lack of outcome measures post internal

cue (Earhart et al., 2020).

Information for title screening and exclusion reasons post full text screening are listed in the Results Section.

Figure.3. PRISMA diagram presenting search yield for structured review
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Data extraction

Full text of included papers was screened for data extraction. At this point the papers
not meeting the complete inclusion criteria were excluded from data extraction.
Extracted data from the included studies was transferred into a table. Table 2 describes
the key variables including study design, participant characteristics, intervention

protocol, gait parameters, main study findings and results.

Data analysis/ synthesis

Another table was created for data synthesis. Table 3 is colour coded and summarises
the effect of internal cues on different gait domains in PD. Where applicable, the
studies that outlined their individualised domains were matched to the most relevant
domain adopted in this review. Through this table, analysis of key variables was
conducted that allowed to explore the data within gait domains and between different
interventions. This structured synthesis highlighted the robustness of internal cueing
interventions and suggested a selective response of cueing strategies on gait
outcomes. The diagrammatic representation of internal cueing interventions and their

selective response on gait domains in PD is illustrated in Figure 4.
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Table 2

Main characteristics of the studies assessing effect of internal cueing on gait domains in Parkinson’s disease.

Study Participant Gait Gait Study design Intervention Main study findings Statistical
characteristics | variables analysis significance for
measures tool Internal cueing
(p value)

1. Morris | HC: (n=16); Stride Tool: Repeated 20 min uncued baseline Study 1 findings Velocity (p=
et al. 9M & 7F, Age: | length (m), | Stride measures trials in HC and PD Pre to post test: 1 gait velocity and | 0.001),
(1996) | 72.7 (63-82), Gait velocity | analyzer | cross sectional | followed by 20 min DLS for both visual (Ext cue) and DLS (p= 0.01)

STMS>21 (m/min), (12mts) | study (Study repeated 10 mt cued trials attentional cueing strategy (Int cue).
PD: (n=16); Cadence 1) in intervention phase Delayed retention test (motor learning):
9M & 7F, Age: | (steps/min), followed by repeated 10 mt | Improved gait velocity correlated with
72.7 (64-81), DS (% gait trials in the retention phase | both cueing conditions after 2 hours.
Webster rating | cycle) in PD for 2 cueing No significant within group variability
scale: 14.8 (9- conditions: found in PD for visual and attention
24), STMS>21 Visual cue (Ext cue): step cueing
Med: On over the floor markers

Attentional strategy (Int

cue): focus attention on

walking with target stride

length in mind

2. Lehma | PD: (n=11); Gait velocity | Tool: Randomised Uncued baseline trial Part 2 findings: Velocity (p<
netal. | 8M & 3F, Age: | (cm/sec), GaitRite | controlled trial | followed by 10 day x 3 tgait velocity and step length and | 0.05),

(2005) | 75.81 (67-83), | Step length | systems | (Part 2) sessions x 1800 feet per cadence associated with treatment Stride length
Disease (cm), walkway day gait training group (Int cue) (p< 0.05)
duration: 6.51 | Cadence (30 foot) programme for 2 groups: Delayed retention test: Improved gait
(1-13), MMSE: | (steps/min), Treatment group using parameters correlated with treatment
28 (27-30), verbal instruction cue group after 4 weeks.

H&Y scale 2, training: take long steps No significant improvement in control
2.5 (self generated post group
Med: On training)

Control group: similar
intervention without cue,
walk at normal,
comfortable, everday pace
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Study Participant Gait Gait Study design Intervention Main study findings Statistical
characteristics | variables analysis significance for
measures tool Internal cueing
(p value)

3. Baker | HC: (n=12); Walking Tool: Repeated 3 uncued baseline trials for | ST findings: Velocity (p<
et al. 5M & 7F, Age: | speed GaitRite | measures ST and DT conditions twalking speed and step amplitude 0.001),
(2007) | 71.50+ 2.58, (cm/sec), systems | experimental followed by cued training associated with both attentional cues Stride length

MMSE: 28.6+ | Step walkway | study trials for 3 different cue (Int cue) and combination of (p< 0.001)
1.8 amplitude (8 mts) types followed by final auditory/attentional cues (Int/Ext cue).
PD: (n=15); (cms), uncued trial for both ST/DT | Improved gait parameters not

6M & 9F, Age: | Step conditions: correlated to auditory cue alone
68.83+ 3.30, frequency Auditory cue (Ext cue):

UPDRS motor | (steps/min), walk to metronome beat

subscale: Attentional strategy (Int

23.4+£ 9.2, cue): focus attention on

Disease taking big steps

duration: 6.5+ Auditory cue+Attentional

3.2, MMSE: cue (combination):

27.9+2.17, Walk to beat while taking

H&Y scale 2-3 big steps

Med: On

4. Baker HC: (n=12); Walking Tool: Repeated 3 uncued baseline trials for | “ST” findings: DLS CV (p=
et al. 5M & 7F, Age: | speed GaitRite | measures ST and DT conditions lgait variability (step time CV and DLS | 0.001)
(2008) | 71.50+ 2.58, (cm/sec), systems | experimental followed by cued training CV) was associated with both

MMSE: 28.6+ | Step time walkway | study trials for 3 different cue attentional cues (Int cue) and

1.8 (sec), (8 mts) types followed by final combination of auditory/attentional
PD: (n=14); DS (sec), uncued trial for both ST/DT | cues (Int/Ext cue). tgait stability with
5M & 9F, Age: conditions: cueing only correlated in PD. No
69.3+ 3.36, Auditory cue at 90% improvement with auditory cue alone
UPDRS motor walking cadence (Ext cue):

subscale: walk to metronome beat

22.86+ 9.2, Attentional strategy (Int

Disease cue): focus attention on

duration: taking big steps

6.64+ 3.2, Auditory cue+Attentional

MMSE: cue (combination):

27.71+2.16, Walk to beat while taking

H&Y scale 2-3 big steps

Med: On

40




Study Participant Gait Gait Study design Intervention Main study findings Statistical
characteristics | variables analysis significance for
measures tool Internal cueing
(p value)

5. Satoh PD: (n=8); 5M | Walk time Tool: 5 Pre-test post- | Single session gait training | Pre to post test: Walk time (p=
et al. & 3F, Age: (sec), steps | mt test few times with 7 | walk time and number of steps 0.008),
(2008) | 64+ 9, (number) walkway progressive tasks as walking on straight path and during Number of

Disease described below with a final | turns associated with mental singing steps (p=
duration: 4.25, goal of walking on a (Int cue) 0.008)
Nil to Mild Cl, straight path and turning
H&Y scale 2-3 while mentally singing
Med: On Progressive tasks:

Listen to song, clap hands

while listening to the song,

sing song, clap hands while

singing song, sing song

while walking and sitting in

chair, walk with singing

song, Mental singing (Int

cue): walk while singing

song in mind

6. Lowry | PD: (n=7); 6M | Walking Tool: Pre-test post- Uncued baseline trials for Pre to post test: Velocity (p=
et al. & 1F, Age: speed Gait test preferred and fast pace twalking speed and stride length 0.043),
(2010) | 70.28, (mts/sec), walkway walking followed by cued associated with verbal (Ext cue) and Stride length

Disease Stride with training trials followed by cognitive cue (Int cue), 1gait stability in | (p= 0.018),
duration: 6.18, | length triaxial final uncued trial for 3 AP motion also associated with verbal | AP HR
MMSE = 24, (mts), accelero different cueing conditions: | and cognitive cueing. No improvement | (p= 0.018)
H&Y scale 2-3 | Cadence meter Visual cue at 20% longer in gait stability or spatial/ temporal
Med: On (steps/min), | (18 mts) step length (Ext cue): walk | parameters with visual cue

Stride time on the marked strips

CV, AP HR, Cognitive cueing (Int cue):

vertical HR, think big steps and focus

ML HR on taking longer steps

Verbal cues (Ext cue):
Experimenter prompting big
step during swing phase of
every 3" step
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Study Participant Gait Gait Study design Intervention Main study findings Statistical
characteristics | variables analysis significance for
measures tool Internal cueing
(p value)

7. Werner | PD: (n=12); Stride Tool: Pre-test post- Uncued baseline trial Pre to post test: 1 Stride length and Velocity (p<
et al. 10M & 2F, length (M), Motus test followed by 4 training gait velocity asscoiated with both VI 0.01),
(2010) | Age: 60-75, Gait velocity | 2000 sessions each lasting 90 (Int cue) and VI+FB (combination cue). | Stride length

Disease (m/sec), Real minutes, twice/week, 15 No change in cadence. (p< 0.01)
duration: 2 or | Cadence time trials/session for 2 cueing Delayed retention test (motor learning):
3 H&Y scale, (steps/min), | system conditions: Improvement in stride length and gait
Nil/Mild CI Stride (7.5mts) VI (Int cue): take a big step, | velocity maintained 3, 6 or 12 months
Med: On length CV, self generated post training | post training in both groups. No
Gait velocity VI + Video Feedback significance within subject variability
cv (VI+FB): same protocol as | found
above with additional video
feedback

8. Roche | PD: (n=50); Gait velocity | Tool: Repeated 3 uncued baseline trials On phase findings: Velocity (p<
steret | 31M & 19F, (m/min), Stride measures followed by 2 trials at home | 1 gait velocity and stride length 0.001),
al. Age: 69.22+ Stride analyzer | experimental in “on” and “off” phase in corelated with both auditory (Ext cue) Stride length
(2011) | 6.6, Disease length (M), (6mts) study PD for 2 cueing conditions: | and attentional cues (Int cue), 1 gait (p< 0.001),

duration: Step Auditory cue (Ext cue): take | stability only associated with auditory Step

8.69+ 5.19, frequency large step to the beat cue (Ext cue) frequency(p<
MMSE: (steps/min), Attentional strategy (Int 0.001)
28.22+ 1.57, Stride time cue): focus attention to

H&Y scale 2, CvV, DS CvV increase step length

3or4

Med: On

9. Lohnes | Young HC: Stride Tool: Pre-test post- | 3 uncued baseline trials for | ST findings: Did not
& (n=11); 4aM & | length (cm), | GaitRite | test ST and DT conditions 1gait velocity and stride length achieve
Earhart | 7F, Age: Gait velocity | CIR followed by cued training associated with both attentional cues statistical
.(2011) | 24.09+0.83 (cm/sec), systems trials for 3 different cue (Int cue) and significance

Age matched | Cadence walkway types followed by final combination of auditory/attentional
HC: (n=11); (steps/sec) | (5mts) uncued trial for both ST/DT | cues (Int/Ext cue). No additional

4AM & 7F, Age: conditions: benefit of combination cue observed.
70.82+ 10.44 Auditory cue (Ext cue): Improved gait parameters not

PD: (n=11); walk to metronome beat at | correlated to an auditory cue alone
4AM & 7F, Age: 90% and 110% of walking

70.27+ 6.80, cadence
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Study Participant Gait Gait Study design Intervention Main study findings Statistical
characteristics | variables analysis significance for
measures tool Internal cueing
(p value)
UPDRS motor Attentional strategy (Int
subscale: cue): think about taking
21.55+ 6.71, large strides
Disease Auditory cue+Attentional
duration: cue
9.09+ 5.39, Nil
Cl
Med: On
10. Harriso | PD: (n=23); Stride Tool: Pre-test post- Single session initial Pre to post test: Step time CV
netal. | 13M & 10F, length (cm), | GaitRite | test baseline trial followed by 3 | tgait stability with improved step time (p=0.008),
(2017) | Age: 69.5+ Gait velocity | CIR X training trials for 5 and single support time associated SST CV(p=
7.6, UPDRS (cm/sec), systems different cue conditions: with singing (Int cue). | gait stability 0.031)
motor Cadence walkway Uncued: walk at preferred correlated with combination of music
subscale: (steps/min), | (5mts) cadence and sing (Ext cue).
30.5+ 11.8, Step time Music only (Ext cue): walk
Disease CV, SST to beat of song
duration: 3.8+ | CV, Step Sing only (Int cue): sing
4.2, MMSE= length CV aloud while walking
24, H&Y scale Music+Sing (combination):
2-3 walk to beat of song while
Med: On singing aloud
Verbal dual task: Excluded
11. Harriso | Young HC: Stride Tool: Repeated 3 uncued baseline trials Singing (Int cue) associated with 1gait | Cadence (p<
netal. | (n=30); 15M & | length (m), GaitRite | measures followed by 3 cued trials in | velocity, cadence and stride length in 0.001),
(2018) | 15F, Age: Gait velocity | CIR cross sectional | forward and back ward back ward walk and 1gait stability in Forward walk;
25.8+ 2.8, (m/sec), systems | study walk in Young HC, Old HC | both forward and back ward walk. | Stride length
MMSE: 30 Cadence walkway and PD for 2 cueing gait stability correlated with music (Ext | CV (p< 0.001),
Old HC: (steps/min), | (5mts) conditions: cue). % gait improvement in PD>HC Stride time CV
(n=30); 15M & | Stride Music (Ext cue): walk to (p< 0.001),
15F, Age: length CV, beat of song SST CV (p<
64.9+ 7.2, Stride time Sing (Int cue): sing aloud 0.002),
MMSE: 30 CV, SST while walking (self Backward
PD: (n=30); Cv generated vocal cues) walk;
15M & 15F, Stride length
Age: 65.8+ CV (p< 0.021),
6.5, UPDRS Stride time CV

43




Study Participant Gait Gait Study design Intervention Main study findings Statistical
characteristics | variables analysis significance for
measures tool Internal cueing
(p value)
motor (p< 0.018),
subscale: SST CV (p<
24.9, Disease 0.011)
duration:
5.77+ 3.79,
MMSE: 29
Med: On
12. Harriso | HC: (n=30); Stride Tool: Repeated 3 uncued baseline trials 1 gait stability at 100% and 110% cue Stride time CV
netal. | 15M & 15F, length (m), | GaitRite | measures followed by 3 blocks of rate was correlated with mental singing | at 100% cue
(2019) | Age: 64.9+ Gait velocity | CIR cross sectional | cued trials at 90%, 100%, (Int cue). | gait stability was associated | rate (p< 0.001)
7.2, MMSE: (m/sec), systems | study 110% of walking cadence with music (Ext cue) at slower and
30 Cadence walkway in HC and PD for 3 cueing | faster cue rate in both HC and PD.
PD: (n=30); (steps/min), | (5mts) conditions:
15M & 15F, Stride Music (Ext cue): walk to
Age: 65.8+ length CV, beat of song
6.5, UPDRS Stride time Sing (Int cue): sing aloud
motor CV, SST while walking
subscale: cv Mental (Int cue): sing in
24.9, Disease own head while stepping
duration:
5.77+ 3.79,
MMSE: 29
Med: On
13. Horin HC: (n=24); Stride Tool: Repeated 3 baseline trials followed by | Gait performance findings: Did not reach
et al. 5M & 19F, length (cm), | GaitRite | measures gait trials in HC and PD for | 1 stride length gait variability correlated | statistical
(2020 Age: 66.0+ Gait velocity | CIR experimental 3 conditions: to music (Ext cue) in both HC and PD. | significance
a) 7.3, MMSE> (m/sec), systems | study Uncued: walk at preferred | gait variability (SST) associated with
24 (25-30) Stride walkway | (only gait cadence self generated mental singing (Int cue)
PD: (n=33); length CV, (5mts) peformance Music (Ext cue): walk to
18M & 15F, SST CV measures beat of song at 100% of
Age: 67.7+ included) walking cadence
8.4, UPDRS Mental Sing (Int cue): sing
motor in own head while stepping
subscale:
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Study Participant Gait Gait Study design Intervention Main study findings Statistical
characteristics | variables analysis significance for
measures tool Internal cueing
(p value)
24.6, Disease
duration: 8.2+
5, MMSE> 24
(26-30)
Med: On
14. Horin HC: (n=24); Stride Tool: Repeated 3 baseline uncued trials 1 gait variability (step time CV) Did not reach
et al. 5M & 19F, length (cm), | GaitRite | measures followed by gait trials in HC | correlated to music, PD-FOG> statistical
(2020 | Age: 66.0+ Gait velocity | CIR cross sectional | and PD for 2 cueing PD+FOG & HC. Both music and significance
b) 7.3, MMSE> (m/sec), systems | study conditions: mental cueing (Ext & Int cue)
24 (25-30) Cadence walkway Music (Ext cue): match correlated with 1gait stability in more
PD: (n= 44); (steps/min), | (5mts) footfalls to beat of song at variable gait. Self generated/mental
23M & 21F, Step time 100% of walking cadence cue not associated with tgait variability
Age: 67.94, CV, Stride Mental Sing (Int cue): as compared to uncued gait
UPDRS motor | length CV, match footfalls to beat of
subscale: SST CV metal singing
25.79,
Disease
duration: 7.34,
H&Y scale 2,
3, MMSE> 24
Med: On

Abbreviations as follows; PD, Parkinson’s disease; H & Y scale, Hoehn & Yahr disease severity classification; Cl, cognitive impairement; Med,
medication; HC, healthy controls; UPDRS, unified Parkinson’s disease rating scale; CV, coefficient of variation; VI, verbal instruction; Ext cue,
external cue; Int cue, internal cue; STMS, short test of mental status dementia; DLS, double limb support duration; ST, single task; DT, dual task; AP,
anterior-posterior; ML, mediolateral; HR, harmonic ratio; SST, single support time; PD-FOG, PD without freezing of gait; PD+FOG, PD with freezing of
gait
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Table 3

Colour correlation table to display effect of internal cueing on gait domains in

Parkinson’s disease.

Gait Domains Internal cueing Retention
(Memory/Motor
learning)

Pace

Step velocity (m/sec) 0] 02 03 06 o7 08 09 011 012 ol o2 o7

0l4
010 e13
Step length (m) ol 02 03 06 o7 08 09 011 012 02 o7
0l4
010 e13

Rhythm

Double limb support time ol

(sec) 3

Step time (sec) o5 08 014

o6
Cadence (steps/min) 02 04 06 011 012 02

el o7 09 010 014

Gait variability
Step time variability (sec)

Single support time
variability (sec)
Step length variability (m)

Double limb support time
variability (sec)

o8
04 06 010 011 012 014

010 011 012 013 014

010 011 ¢12 013 014

o4 o8

Green indicates postive effect was found, red indicates no effect was found. (1) Morris
et al. (1996); (2) Lehman et al. (2005); (3) Baker et al. (2007); (4) Baker et al. (2008);
(5) Satoh et al. (2008); (6) Lowry et al. (2010); (7) Werner et al. (2010); (8) Rochester
et al. (2011); (9) Lohnes & Earhart. (2011); (10) Harrison et al. (2017); (11) Harrison et
al. (2018); (12) Harrison et al. (2019); (13) Horin et al. (2020 a); (14) Horin et al. (2020

b).
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Figure.4. Diagrammatic representation of effect of internal cues on gait domains in PD

Results
Search yield

The search strategy generated a total of 1159 articles with limiters (‘full text’, ‘English’
and ‘humans’); modified searches were applied for two electronic databases, Medline
Ovid and Scopus. Medline Ovid: the key words search for “Parkinson$” and “gait” and
“cues” with the above limiters resulted in retrieval of only 35 articles, therefore the
search was modified with less limiters (only English language) resulting in 279 papers;
Scopus: the key words search for “Parkinson’s disease” AND “gait” AND “cues”
resulted in a huge volume of articles (4886), therefore the search was modified to
“Parkinson’s disease” AND “gait” AND “internal cues” resulting in the generation of 238

papers. The search yield is demonstrated in the PRISMA flow chart in Figure 3.

As mentioned in the previous section, the challenges encountered while searching and
selecting articles included a limited number of studies on internal cueing, lack of
uniformity defining external and internal cues and an interchangeable use of
terminology for internal cueing (also known as cognitive, intrinsic, internally generated

or self-generated cues). Verbal instructional strategies were included if the examiner
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did not provide verbal prompts post intervention. While the intent was to keep the
search specific to internal cueing there was also potential risk of insufficient capture of
evidence with such limited search. Overall, it was concluded that it was relevant to
review an extensive list of articles for appropriate article selection, therefore broader

search terms were used.

All articles were title screened to retrieve relevant articles resulting in 366 papers of
interest. After an abstract screening, 90 papers were eligible for review, and then
duplicates were removed. The remaining 47 articles were screened resulting in the final
tally of 21 articles to be included for data extraction. Full text articles were reviewed
during abstract screening when there was doubt whether the cueing strategy that was
implemented inferred external cueing through a device or prompts provided by an
external person, or whether internal cueing through self-administration strategies was

used.

After data extraction, 7 papers were excluded from the review. The reasons for

excluded studies are elaborated on the PRISMA flow chart in Figure 3.

Participant characteristics

A total of 504 subjects participated in the 14 studies included in this review (Table 2).
This includes 304 PD participants, 159 age matched healthy controls in eight studies
(Morris et al., 1996; Baker et al., 2007, 2008; Lohnes & Earhart., 2011; Harrison et al.,
2018, 2019; Horin et al., 2020 a,b) and 41 young healthy controls in two studies
(Lohnes & Earhart., 2011; Harrison et al., 2018). The average age ranged between 64-
72 years for PD patrticipants, 64-72 years for age matched healthy controls and 24-26
years for young healthy controls. All studies included PD participants with independent
mobility, minimal cognitive impairment and mild to moderate functional disability, as

indicated by the Hoehn and Yahr scale of two to three (Clarke et al., 2016), except
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Rochester et al. (2011) where the PD sample group had more pronounced physical

dysfunction with a Hoehn and Yahr scoring of two to four inclusive.

Study design

All studies used quasi experimental research design (such as pre-post-test, repeated
measures correlational study, repeated measures experimental study) other than one
which was a randomised controlled trial (Lehman et al., 2005) (Table 2). PD
participants were recruited using convenience sampling from local movement centres
or outpatient’s neurology clinics, age matched healthy controls were recruited via local
advertisement, emails or through social media. Young healthy controls in two studies
(Lohnes & Earhart., 2011; Harrison et al., 2018) were recruited through a volunteer
health database by Washington University school of Medicine. Half of the studies had a
small number of PD participants < 15 (Lehman et al., 2005; Baker et al., 2007, 2008;
Satoh et al., 2008; Lowry et al., 2010; Werner et al., 2010; Lohnes & Earhart., 2011)
while the other half had more than 25 PD patrticipants (Morris et al., 1996; Rochester et

al., 2011; Harrison et al., 2017, 2018, 2019; Horin et al., 2020 a,b).

Intervention protocol

Internal cue gait training interventions comprised an attentional strategy in the form of
think about taking long steps or big steps or a internal musical cue strategy by singing
aloud or mental singing with simultaneously matching footsteps (Table 2). Eight studies
employed an attentional strategy (Morris et al., 1996; Lehman et al., 2005; Baker et al.,
2007, 2008; Lowry et al., 2010; Werner et al., 2010; Rochester et al., 2011; Lohnes &
Earhart., 2011) and six studies used a internal musical cue strategy (Satoh et al., 2008;

Harrison et al., 2017, 2018, 2019; Horin et al., 2020 a,b).

Measurement of gait - methodological comparisons

Gait measurement tools in most studies used gait walkway systems (pressure sensitive

walkway machine that provides information on spatial and temporal gait analysis)
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(Lehman et al., 2005; Baker et al., 2007, 2008; Satoh et al., 2008; Lohnes & Earhart.,
2011; Harrison et al., 2017, 2018, 2019; Horin et al., 2020 a,b). One study used a
combination of a walkway system and trunk accelerometer (wearable sensors that
provide information on mechanical motion through electrical signals) (Lowry et al.,
2010); two studies used a stride analyser (machine that provides information on gait
pattern) (Morris et al., 1996; Rochester et al., 2011); and one study used a real time
optokinetic system (visual motion tracking system that determines location in real time)
(Werner et al., 2010). All studies assessed spatial and temporal characteristics of gait
and eight studies reviewed additional gait variability measures to report their findings
(Lowry et al., 2010; Werner et al., 2010; Rochester et al., 2011; Harrison et al., 2017,

2018, 2019; Horin et al., 2020 a,b).

Study findings - Effect of internal cueing on gait parameters

The effect of internal cueing was explored with respect to independent gait domains
and statistical significance in PD (illustrated in Table 2). Individual gait characteristics
such as spatial and temporal parameters were mapped onto their respective broader
gait domains to explore the relationship (presented in Table 3). Spatial gait
characteristics, such as step velocity and step length were loaded onto pace domain
whereas temporal characteristics for example DLS, step time and cadence were
reviewed under the rhythm domain (Morris et al., 2017). Variability measures, including
step time variability, single support time (SST) variability, step length variability and
DLS variability were reviewed under gait variability domain. Studies outlining their
individualised domains were matched to the most relevant domain adopted in this
review. The purpose of the review is to examine efficacy of internal cues on gait
domains in PD therefore the results are only reported for PD participants. The
diagrammatic representation highlighting the selective response of internal cues on gait

domains in PD is illustrated in Figure 4.
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Pace

Step velocity and step length were the most commonly assessed pace characteristics
in 13 of 14 studies (Morris et al., 1996; Lehman et al., 2005; Baker et al., 2007, 2008;
Lowry et al., 2010; Werner et al., 2010; Rochester et al., 2011; Lohnes & Earhart.,
2011; Harrison et al., 2017, 2018, 2019; Horin et al., 2020 a,b). One study did not
outline pace domains, instead it reported rhythm characteristics such as step time in
outcome measures (Satoh et al., 2008). The positive effect of internal cueing on step
length and step velocity was evident in the majority of studies (Morris et al., 1996;
Lehman et al., 2005; Baker et al., 2007; Lowry et al., 2010; Werner et al., 2010;
Rochester et al., 2011; Lohnes & Earhart., 2011; Harrison et al., 2018, 2019; Horin et

al., 2020 b).

Statistical significance was found in five studies for both step velocity and step length
(Lehman et al., 2005; Baker et al., 2007; Lowry et al., 2010; Werner et al., 2010;
Rochester et al., 2011). The p value for these studies is reported in Table 2. An
additional study reached statistical significance for the step velocity (Morris et al.,
1996). Two studies did not report any change in step length and velocity post internal
cueing (Harrison et al., 2017; Horin et al., 2020 a) and one did not include step length

and step velocity as an outcome measure (Baker et al., 2008).

Rhythm

DLS and step time were assessed in five of 14 studies (Morris et al., 1996; Satoh et al.,
2008; Lowry et al., 2010; Rochester et al., 2011; Horin et al., 2020 b). Out of two
studies testing DLS, one found a beneficial effect of internal cueing reaching statistical
significance (Morris et al., 1996) while the second reported no change post internal
cueing (Rochester et al., 2011). The positive effect of internal cueing on step time was
found in two studies; both reached statistical significance (Satoh et al., 2008; Harrison
et al., 2017). One reported no change in step time with internal cueing (Lowry et al.,
2010).

51



Five studies found a beneficial effect of internal cueing on cadence (Lehman et al.,
2005; Baker et al., 2008; Lowry et al., 2010; Harrison et al., 2018, 2019) however only
one reached statistical significance (Harrison et al., 2018). Five reported no change in
cadence with internal cueing (Morris et al., 1996; Werner et al., 2010; Lohnes &
Earhart., 2011; Harrison et al., 2017; Horin et al., 2020 b) and three did not outline
cadence in outcome measures (Baker et al., 2007; Rochester et al., 2011; Horin et al.,

2020 a).

Gait variability

Characteristics of gait variability included step time variability, SST variability, step
length variability and DLS variability which were assessed in eight of 14 studies (Baker
et al., 2008; Lowry et al., 2010; Rochester et al., 2011; Harrison et al., 2017, 2018,
2019; Horin et al., 2020 a,b). Seven studies tested step time variability (Baker et al.,
2008; Lowry et al., 2010; Rochester et al., 2011; Harrison et al., 2017, 2018, 2019;
Horin et al., 2020 b); three reached statistical significance (Harrison et al., 2017; 2018;
2019). One study reported increased step time variability with internal cueing

(Rochester et al., 2011).

Five studies assessed SST variability and step length variability (Harrison et al., 2017,
2018, 2019; Horin et al., 2020 a,b); two reported statistical significance (Harrison et al.,
2017; 2018). Only one study reached statistical significance for step length variability
with internal cueing (Harrison et al., 2018). Two studies tested DLS variability (Baker et
al., 2008; Rochester et al., 2011) and only one reported statistical significance post

internal cueing (Baker et al., 2008).

Motor learning post-internal cueing

Three of 14 studies measured both the short and long term effect of internal cueing on
motor learning in a delayed retention test (Morris et al., 1996; Lehman et al., 2005;
Werner et al., 2010). Lehman et al. (2005) reported a maintained improvement in step

length reaching statistical significance four weeks post internal cueing. Werner et al.
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(2010) reported maintenance of step velocity and step length of statistical significance
for a few months up to a year following internal cue training. Morris et al. (1996)

reported improved step velocity but it did not reach statistical significance.

Discussion

To the author’s knowledge this is the first structured review to summarise the efficacy
of internal cues on gait performance in PD. The aims of this review were to firstly
explore current literature concerning the underlying mechanisms of internal cues as a
strategy to improve gait performance in PD and secondly to examine efficacy of
internal cues. Overall, current evidence from this review suggests the use of internal
cues increases conscious cortical activity through by passing the basal ganglia and
activates supplementary cortical areas which help to substitute for the impaired internal
rhythm of the basal ganglia. Results from this review indicate a positive effect for

internal cueing on the pace domain of gait (primarily gait speed and step length).

The following section elaborates and summarises the key findings from this review.

Internal cueing interventions

The two main internal cueing interventions included internal attentional strategy in the
form of think about taking big steps or internal musical cues and matching footsteps to
the cues. Internal musical cues were delivered through mental singing or singing aloud
and used a musical version of Row row row your boat due to its salient beat and
participants’ familiarity with the song (Harrison et al., 2017, 2018, 2019; Horin et al.,
2020 a,bh). Satoh et al. (2008) used the Japanese nursery song A rabbit and a turtle
due to its familiarity with the population group. Both approaches used a self-generated

technique without the use of an external device post training session.
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Eight of 14 studies in this review employed an attentional strategy (Morris et al., 1996;
Lehman et al., 2005; Baker et al., 2007, 2008; Lowry et al., 2010; Werner et al., 2010;
Rochester et al., 2011; Lohnes & Earhart., 2011). Six studies used internal musical
cues delivered through mental singing or singing aloud (Satoh et al., 2008; Harrison et
al., 2017, 2018, 2019; Horin et al., 2020 a,b). Both internal cueing approaches have
their pros and cons and it is likely one approach is better suited than another
depending on an individual's personal preference and stage of PD, surrounding
environment and provision of cues. The suitability of these two approaches is

elaborated in the summary of key findings in the latter part of the discussion.

Internal attentional cues

Out of eight studies that employed attentional cueing, four (Baker et al., 2007, 2008;
Rochester et al., 2011; Lohnes & Earhart., 2011) compared attentional cueing to
rhythmic auditory cueing via a metronome or combination strategy of attentional and
auditory cueing. Two (Baker et al., 2007; Lohnes & Earhart., 2011) tested pace
domains and reported improved walking speed and stride length with attentional and
combination strategies. Both interventions were equally effective in improving pace
domains in PD while auditory cueing alone was found to be ineffective. One study
(Baker et al., 2008) tested the effectiveness of attentional, auditory and a combination
of attentional and auditory cueing on gait variability measures. It was found that
attentional cueing alone was ineffective in improving gait fluctuations and variability in
PD, and that maximum benefit is obtained by combining the two strategies (internal
and external cueing) together. Attentional cueing is effective in selectively modifying
pace domains (step length and step velocity) in PD but on its own is ineffective in
improving gait stability (Baker et al., 2008). This is especially true in complex situations
where attention is divided, for example when multi-tasking or walking in a busy
shopping mall. An external auditory cue in this situation may act to produce a more
consistent gait and improve gait stability, whilst reducing attentional load. Baker et al.

(2007) and Lohnes & Earhart. (2011) indicated external auditory cues increase gait
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variability in healthy adults due to interference with the intact basal ganglia and internal
rhythm as a result of increased attentional demand. Taken together, this body of
research suggests that external auditory cues are beneficial in advanced stages of PD

to compensate for the impaired internal beat timing of the basal ganglia.

The fourth study by Rochester et al. (2011) examined the effect of medication on gait
and compared attentional cueing to external auditory cueing in PD participants in the
on and off medication. Stride time gait variability increased significantly with internal
cues in the on phase, whereas external cues reduced stride time variability and were
more effective than medication. The authors proposed the selective effect of
medication on gait is unable to modify gait variability fluctuations and attributed the
effectiveness of external cueing in improving gait variability to the activation of
additional neural circuits involving the cerebellum and brain stem (Olmo et al., 2006).
These additional cortical structures would normally not get activated with internal
generation of cues or conscious cognitive control. The finding of this study contradicts
earlier research carried out in this field (Baker et al., 2008; Lohnes & Earhart., 2011)
which does not report a negative impact of internal cueing on gait variability in PD in
the on phase. This contrast finding (from the same research group) may be attributed
to the patient sample recruited in this study which had a high percentage of PD
participants with freezing and falling. Both these characteristics are related to worse
internal beat timing and cognitive impairment in PWP (Rochester et al., 2011; Horin et
al., 2020 a), and therefore a person’s inability to generate internal cues. The three year
longitudinal study conducted by Lirani-Silva et al. (2019) also confirmed greater
responsiveness to external auditory cueing in PWP as the disease progresses to

compensate for the impaired attentional role.

Two studies (Morris et al., 1996; Lowry et al., 2010) compared attentional cueing to
visual cues and found attentional cueing alone is as equally effective as visual cues in

improving stride length and walking speed in PD. This finding is significant in PWP with
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visual impairment that may benefit from employing internal cues to improve gait
performance. Can verbal instructions transition to self-prompted cues? This question
was considered in two studies employing the verbal instruction focus on big steps
(Lehman et al., 2005; Werner et al., 2010). Results showed improved stride and
walking speed in post training sessions when no verbal cues were provided,
suggesting the practise and instructions provided during the training session led to the
translation of verbal cues into self-prompted attentional strategies to maintain step
length. In both these studies the improved gait parameters were maintained for short
(four weeks) and long term post training for up to a year. The outcome of Werner et al.
(2010) study also found no additional benefit with the provision of videotape

performance feedback, indicating that verbal instructional cueing alone was sufficient.

Internal musical cues

As noted in the earlier section, internal musical cues are the second main approach to
delivery of internal cueing, with six studies examining their efficacy. Four of these
(Satoh et al., 2008; Harrison et al., 2019; Horin et al., 2020 a,b) compared internal
mental singing to external auditory musical cues and showed reduced gait variability
with mental singing with minimal improvement in spatial and temporal parameters of
gait. Satoh et al. (2008) found improved gait rhythm in the form of smoothness of
movement and reduced number of steps while walking and turning. Harrison et al.
(2019) compared internal ‘overt’ singing to mental singing and found improved gait
variability with mental singing. Two further studies (Harrison et al., 2017, 2018)
supported this finding by comparing internal singing aloud with external musical cues.
Results showed statistical significance in gait variability measures with internal singing
aloud in both these studies. No improvement in pace domains of gait was found in
Harrison et al. (2017), in contrast to results of Harrison et al. (2018) which found
positive effects on step length and step velocity, although it did not reach statistical

significance. Taken together, these studies suggest the application of internal musical
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cues are beneficial in reducing gait variability in PD with no additional beneficial effect

on the pace domain.

Effect of internal cues on gait performance

Gait speed and step length

A key finding of this research is that internal cue gait training has a positive effect on
gait speed and step length in PD compared with non-cued gait. This is clinically
important given that a slower gait with short steps is linked to an increased risk of falls
and poor balance (Espy et al., 2010; Cromwell et al., 2004). An improvement of 1.03
cms/sec in walking speed and 2 cms in step amplitude constitutes clinically meaningful
differences in these parameters, beyond the normal variance in PD gait (Baker et al.,

2007).

The strategy used by most of the studies that reported an improvement in pace domain
(via increases in step or stride length) employed internal attentional cues by focusing
attention on big steps (Morris et al., 1996; Lehman et al., 2005; Baker et al., 2007;
Lowry et al., 2010; Werner et al., 2010; Rochester et al., 2011; Lohnes & Earhart.,
2011). The easily accessible intervention can be used by PWP, and although this
strategy alone does not improve gait stability (Baker et al., 2008; Rochester et al.,

2011), it has an immediate effect on the key component of gait (stride length).

Gait variability

PWP with freezing walk with increased gait variability, reflecting reduced automaticity
of gait (Harrison et al., 2017). Strategies to reduce gait variability are important to
improve gait performance and reduce the incidence of falls in PD; eight of 14 studies in
this review assessed gait variability characteristics (Baker et al., 2008; Lowry et al.,
2010; Rochester et al., 2011; Harrison et al., 2017, 2018, 2019; Horin et al., 2020 a,b).
The majority of the studies tested step time variability which is a strong predictor of falls

in PD (Schaafsma et al., 2003). Other variability measures tested included SST
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variability, step length variability and DLS variability. Results were contradictory, with
authors either reporting no improvement (Rochester et al., 2008; Lowry et al., 2010;
Horin et al., 2020 b) or improvement which was statistically significant (Harrison et al.,
2017, 2018, 2019). However Rochester et al. (2011) showed increased step time

variability which requires further consideration.

External cues selectively activate independent systems such as dorsolateral cerebellar
circuits and the brain stem, which are unrelated to cognitive control and modify gait
variability measures to reduce gait instability and falls in PD (Rochester et al., 2011).
Increased gait variability to internal cues was only noted in Rochester et al., (2011). As
discussed in the previous section, the PD sample group recruited in this study with
more advanced disease severity may have contributed to this finding. Two studies
reported improvement in step length and gait speed without any negative impact on
gait variability measures (Baker et al., 2008; Lowry et al., 2010). This implies that PWP
are capable of using internal cues to improve their gait quality without increasing

attentional demand and affecting gait stability.

Effect of internal cues on function

The effect of internal cues in functional activities of daily life was tested in three studies
(Satoh et al., 2008; Baker et al., 2007, 2008). There was no uniformity in the outcome
measures. Satoh et al. (2008) reported improved gait rhythm indicated by higher
knees, smoother turns and reduced number of steps while walking and turning, and
improvement in the UPDRS motor scale following internal cue gait training. Baker et
al., (2007, 2008) used internal cues whilst also carrying out a dual motor task (carrying
a tray while walking). Gait speed and step amplitude improved with attentional cues,
despite the dual tasking. However internal cues alone did not improve gait stability
while performing the same dual task (Baker et al., 2008). These three studies suggest

there is capacity to use internal cueing even whilst stressing attentional and cognitive
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capacity through multi-tasking. This may be especially true if the secondary task

represents a daily functional activity which utilises less attentional resources.

Effect of internal cues and pharmacy

Dopaminergic medication leads to improved bradykinesia and force output in PD
resulting in increased stride length and improvement in walking speed (Rochester et
al., 2011). Only one study in this review tested the effect of internal cues in on and off
dopaminergic medication in PD (Rochester et al., 2011). As reported earlier, the results
established that internal cues improve stride length in both on and off dopaminergic
medication compared with no cues. However, cues are more effective when combined
with medication. Internal attentional cues have no effect on gait variability measures
such as stride time CV and DLS CV off medication, but these cues significantly

increased stride time CV when combined with dopaminergic medication.

This has important clinical implications, and indicates that internal cues selectively
target dopamine gait dysfunction related to spatial domain and stride length impairment
only. PWP are unable to modify gait variability fluctuations which might be controlled by
additional neural mechanisms as mentioned earlier, not dependent on dopaminergic
pathways and only targeted by external cues (Rochester et al., 2011). More studies
should focus on evaluating the effect of internal cues with and without dopaminergic

medication to better understand the underlying neural mechanisms.

Effect of internal cues on habituation

Internal cue habituation was not explicitly tested in any of the studies in this review.
Werner et al. (2010) reported progressive improvement in stride length and gait velocity
over the course of training sessions implying the efficacy of internal cues was
maintained throughout the internal cue gait training. Given that internal cueing is a self-
generated strategy requiring one’s own attentional skills, hypothetically it would be
difficult to ignore them and habituate to them due to consistent vigilance required to

incorporate these skills. This becomes more challenging if attention is divided due to
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environmental distractions or during attentional overload. A second reason for
attenuation of internal cue efficacy is the progressive nature of cognitive decline in PD,
which leads to executive and attentional impairment. In this instance, despite making
significant improvements in gait performance with internal cue training, PWP might
revert back to their baseline measurement due to an inability to self-employ the
attentional strategy. This highlights that more work is indicated to evaluate cue

habituation with internal cues.

Effect of internal cues on dual tasking

Although this review has only focused on the effect of internal cues in a single task
condition (walking), it is important to point out a few things related to functional
activities in daily life. Most of our daily functional tasks involve performing more than
one activity simultaneously; therefore in order to be effective outside a clinical setting,
internal cues should be able to improve gait parameters in dual task conditions. Only
three studies assessed the effect of internal cues in a dual task situation (Baker et al.,
2007, 2008; Lohnes & Earhart., 2011). A range of secondary tasks were used in the
dual task paradigm. Lohnes & Earhart. (2011) employed a cognitive word generation
task while walking and Baker et al. (2007, 2008) used a secondary motor task of
carrying a tray while walking. Lohnes & Earhart. (2011) established no additional
benefit of attentional or a combination of attentional and auditory cueing on any of the
gait parameters in the dual task condition in PD. The secondary motor task employed
by Baker et al. (2007) resulted in improved walking speed and step amplitude with
attentional cueing in PWP. This led to a more normalised gait and reduced stride time
gait variability with a combination of attentional and auditory cueing in the subsequent
study (Baker et al., 2008). The reason for this discrepancy has been attributed to task
difficulty rather than task type (O’ Shea et al., 2002). The unfamiliar nature of a
secondary word generation make people direct their attention to that task, leading to
full engagement of cortical resources on the secondary task dividing attention and

reducing gait quality (primary task). On the other hand, walking while carrying a tray is
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both a familiar and functional activity most of us are accustomed to in our daily life. This
utilises less cognitive resources to perform, resulting in an attention cue still maintained

on the primary task of walking.

Motor learning (retention and carry-over effects)

It is outside the scope of this structured review to explore motor learning deficits in PD,
although in relation to the findings from the review, a brief summary is discussed.
Research investigating retention of performance in PD suggests PWP have capability
to acquire new skills, implying an unaffected procedural or implicit learning (Cohen et
al., 2007; Marinelli et al., 2009). Although the effect of retention is inconsistent with
some studies concluding PWP are unable to maintain the carry over effects in short
and long term (Cohen et al., 2007; Marinelli et al., 2009) whilst others report no such
deficit (Pendt et al., 2011). Retention in the context of motor learning is defined as the
preservation of movement specific skill over a period of rest (Pendt et al., 2011). Pendt
et al. (2011) found delayed response time (time shift deficit) in their PD group in
retention of the skill. However this performance decrease was associated with delayed
movement initiation at the beginning of a new session secondary to hypokinesia. This
finding was not related to poorer retention; this view is also supported by previous

studies (Platz et al., 1998).

The study by Ferrazzoli et al. (2017) evaluated reaction times of 103 PWP in on state
before and after a goal based, aerobic and intensive rehabilitation treatment. They
found an improvement in motor functional outcome measures. The authors suggested
focused and sustained attention is modified following motor-cognitive neuro-
rehabilitation in PD. Only three of 14 studies assessed retention and carry over effects
on gait domains post internal cueing (Morris et al., 1996; Lehman et al., 2005; Werner
et al., 2010). Two studies found the maintenance of statistically significant improvement
in step length for short and long term post internal cue training (Lehman et al., 2005;

Werner et al., 2010). Although future research should focus on testing retention and
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motor learning post internal cue gait training this information is useful for motivating

PWP to increase the frequency of practise sessions.

Summary of key findings

Internal attentional cueing uses a cognitive or volitional mechanism of motor control
and reroutes the movement through a non-automatic pathway bypassing the basal
ganglia (Morris et al., 1996; Lehman et al., 2005; Baker et al., 2007; Werner et al.,
2010). The primary motor deficit in PD relates to the impaired capability of generating
adequate movement amplitude and force causing hypokinetic movements (Morris et
al., 1994 a, 1996). Focussing attention on increasing step length by internal cueing
therefore leads to improved stride and walking speed in PD, as shown in previous

studies reported earlier.

Musical cues have also proven to be an effective intervention due to their capacity to
not only activate the auditory system but also engage cortical and sub-cortical regions
of the brain, thereby improving motor output in PD (Rao et al., 1997; Jancke et al.,
2000; Lewis et al., 2004; Chen et al., 2006, 2008; Grahan & Rowe 2009; Kung et al.,
2013). Self-generated vocal cues are also an established rehabilitation approach in
improving speech impairment in PD, with research also reporting improvement in upper
extremity tasks such as grasp with these cues (Narayana et al., 2010; Haneishi., 2001;
Maitra., 2007). Despite evidence supporting the efficacy of musical cues, research also
suggests employing externally generated music cues increase gait variability in PD due

to cognitive demand for step synchronisation as mentioned previously.

Internal musical cues on the other hand are deemed comparatively simple due to using
attentional resources only in the output or motor control phase, as compared to
external musical cues when attention is required for music perception (input signal) and
matching footsteps to the beat or motor control (output phase) (Satoh et al., 2008;

Harrison et al., 2017, 2019). Matching movement to one’s own voice through a self-
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generated internal rhythm is more efficient and enables more accurate motor
entrainment through ‘vocal motor coupling’ in comparison to matching movement to
externally generated cues that rely on ‘auditory motor coupling’ (Harrison et al., 2017,
2019). Externally generated musical cues require consistent vigilance to match the
footsteps to an external auditory beat, which likely increases gait variability (Harrison et
al., 2018, 2019). In addition to the improvement in motor response, musical cues are
also associated with upliftment of mood (Dunbar et al., 2012). PWP display apathy and
compromised emotional response (Harrison et al., 2018), these symptoms are
attributed to impairment of dopaminergic pathways related to reward and motivation
(Vickery et al., 2011). Active music making in the form of self-generated musical cues
is reported to increase endorphin release as compared to passive music listening in the

normal healthy population (Dunbar et al., 2012).

Improvement of gait performance using cueing strategies is dependent on the cognitive
ability of PWP. If cognitively intact they may be able to learn to self-instruct in the use
of an internal cueing strategy. On the other hand, PWP with cognitive impairment may
use external sensory cues more effectively to improve gait parameters. The findings
from this structured review confirmed that internal attentional strategy by creating a
mental image of the correct step length helps to improve gait dysfunction in PD by
improving stride length and walking speed. This cue however is not effective in
improving gait stability due to the possibility of increasing attentional demand in

complex unfamiliar situations.

Internal musical cues in the form of mental singing or singing aloud, on the other hand,
are not additionally taxing on the brain due to minimal or nil change in gait variability
measures as reported by this structured review’s findings. The past musical experience
of participants did not impede the capability of employing the musical cues either. An
individual might prefer to use one intervention over the other, for example self-
generated active singing can pose a logistical challenge for some people not

comfortable singing aloud while walking on the street. Instead they may prefer to
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mentally sing or use an attentional strategy to improve their gait. PWP also often
exhibit speech impairment leading to hypo phonia and difficulty with word formation
(Harrison et al., 2019). In these situations PWP would likely prefer internal cueing in the
form of mental singing in their own head to avoid vocalisation. The majority of the
research in external cueing is carried out in clinical settings such as walking on a
straight path, which does not represent our daily functional activities. In everyday life
people walk in confined spaces such as in the kitchen, laundry or toilet, and have to
turn around. The additional cognitive demand for PWP matching footsteps to external
cues in this situation can increase attentional demand, cause panic and increase the

risk of falls.

The advantage of internal cues is the ability of the person to internally modulate and
control the provision of cues depending on the environment, and set up their own
tempo to match their fluctuating symptoms through the day. This increases its likely
applicability in real world situations in everyday life. The combination of an internal and
external cue has been shown to improve gait stability in the past (Baker et al., 2008;
Horin et al., 2020b). This combination can be replaced by two internal cueing
approaches of attention and musical cues likely yielding a similar benefit. Future
research should focus on reviewing the effect of combining these two internal cueing

strategies.

However similar to external cueing strategies, internal cueing is not applicable in all
stages of PD. Self-employment of internal cues requires cognitive and executive
function limiting the applicability and optimal therapeutic window of internal cueing
techniques to the early stages of PD when disease severity and cognitive impairment is

mild to moderate.
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Conclusion

Internal cueing improves both gait speed and step length in PWP but fortunately not at
the expense of increasing gait variability. Less conclusive are the effects of internal
cueing on rhythmic and stability features of gait. Improvements in stability require a
combination of internal and external cues. Although the body of evidence supporting
these views is mixed, it does include one Level A evidence study (Nieuwboer et al.,
2007) alongside several other experimental studies (Baker et al., 2008; Horin et al.,

2020b).

This review also points to the selective response of cueing strategies on gait outcomes.
The effect of internal cues is different, for example, than a combination of internal and
external cues. Further research is required to tease out this selectivity which informs a

tailored treatment approach for each individual.

This research is of significance due to the growing prevalence of PD both nationally
and internationally. As a treatment option, internal cueing is cost-effective and a self-
managed component of symptom-relief and disease management. Furthermore, the
ability to self-generate and control the tempo of cues makes this technique diverse and
increases its applicability in a dynamic real world setting. The findings of the structured

review are illustrated in Figure 5.
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INTERNAL CUEING

Internal attentional Internal musical cues

cues

Mental image of correct Singing Aloud Mental Singing
step length
I |
Positive effect on pace domains No effect on pace domains
No effect on gait variability Nil-Mild reduction in gait
variability
Improves mood and motivation

Figure.5. Findings of the structured review

Limitations

Current research

The methodological quality of included studies was evaluated using McMaster critical
review form for quantitative studies (Wells et al., 2014). This critical tool was utilised
because it is comprehensive in assessing methodological quality of quantitative
evidence and also has good inter-rater reliability (Wells et al., 2014). As mentioned
earlier, due to the structured nature of this review a score was not given to each study.
The tool assisted the author highlight overall quality of the body of quantitative
research. The effect of internal cues was not explicitly articulated in the research
guestion in some studies (Morris et al., 1996; Lowry et al., 2010; Werner et al., 2010;
Rochester et al., 2011; Horin et al., 2020a). The author read the full text articles to
determine the eligibility of the study in the structured review. Only one randomised

control trial was included (Lehman et al., 2005), and most studies had a small number
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of participants. All studies except Rochester et al. (2011) included PD participants with
mild to moderate disease severity and non-significant gait deficits which limited
generalisation of the review findings to the wider PD population with more advanced
disease severity. Spatial and temporal gait parameters as well as symmetry of the gait
contributes to overall gait stability resulting in meaningful improvement in mobility and
reducing risk of falls (Harrison et al., 2019). Only five studies assessed both pace
domains and gait variability characteristics (Lowry et al., 2010; Rochester et al., 2011,
Harrison et al., 2018, 2019; Horin et al., 2020 b). Only one study in this review tested
the efficacy of internal cues in on and off dopaminergic medication in PD (Rochester et

al., 2011).

Studies were conducted in a laboratory setting while participants walked on a straight
pathway, only one study included turns in the gait training protocol (Satoh et al., 2008).
Although internal cueing strategies resulted in improved gait performance in a clinical
setting when walking a straight path, it is uncertain whether these strategies will be
able to assist PWP in dalily life to improve their functional activities in a real world
setting. Intensive internal cue gait training was provided to all participants challenging
the applicability of this intervention in the real world physiotherapy clinical settings with
limited staff, time and health resources available. The findings of this structured review
are summarised for single task conditions only, with limited evidence for efficacy of
internal cueing strategies under dual task conditions. In studies employing internal
generation of musical cues in one’s own head, researchers only relied on the
participants’ subjective account and overt lip movements to assess cue performance.
The studies did not outline objective measures reporting functional improvement
following internal cue gait training. Habituation to internal cues and participants’

personal preferences to cue types were also not reported in the studies.
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Review process

There are a number of limitations of this structured review process. The use of broader
search terms ensured relevant article retrieval, perhaps more exploration of possible
synonyms, may have yielded more robust search results. The search yield and articles
selection were only analysed by the author and lacks peer review. As already
mentioned, the article search and selection was an extensive process due to several
barriers; this include a lack of uniformity defining external and internal cues and the
interchangeable use of terminology for internal cueing. The results are only reported for
the effect of internal cues in PD. More thorough synthesis to compare and present the
effect of different cueing interventions within PD participants and between different
groups would have provided better insight into underlying mechanisms and strong
rationalisation for future research in this area. Data extraction was also challenging due
to incorporation of mixed cueing techniques, five studies employed combination of
internal and external cueing interventions (Baker et al., 2007, 2008; Rochester et al.,
2011; Lohnes & Earhart., 2011; Harrison et al., 2017). For better interpretation of study
findings and results, the cueing interventions are explicitly listed and presented in Table
2. The results are presented as p value, analysis and synthesis of mean difference and
95% confidence intervals in the extracted data may have aided more robust

interpretation of the results.

Clinical Implications, Future Direction and Recommendations

Physiotherapy implications

The practical implication of internal cue gait training is diverse in physiotherapy clinical
practise, both for clinicians and PWP. Incorporating service delivery of internal cued
gait rehab in physiotherapy clinical practise does not require additional set up of
equipment or space for the clinician. As a result the gait training can be provided in an

inpatient or outpatient setting, or at home and in the community. As already discussed
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in the earlier section, internal cues are more beneficial in the early stages of PD. An
alternative could be to provide internal cued gait training to PWP in group setting due to
mild physical and cognitive deficit. Although future research is required to investigate
the economic cost, this will be time effective and less resource intensive which will

reduce the burden on the public health system.

Demonstration and use of verbal instructional strategy is a most common tool used by
clinicians to communicate with patients. In physiotherapy practise, a clinician may
demonstrate to a patient how to stand up from a chair or provide verbal cues to guide a
movement for specific muscle activation. A clinician does not need to be formally
trained to provide internal cued gait rehab as the instructions to focus on big steps or
internally sing are provided through verbal and physical prompts. The easy applicability
to use this approach increases its utility not only in physiotherapy field but also in
retirement villages and aged care facilities to improve quality of life in elderly PWP with

mild cognitive and gait deficits.

Exorbitant cost of visual cueing modalities is a significant hurdle to its limited use in PD.
In New Zealand public health system, Ministry of health (MOH) is able to fund the
essential equipment needs of a disabled person through disability support services (for
more information on the criteria please refer to MOH website, link provided in Appendix
B). This means PWP are eligible to receive standard walking frame to assist with
mobility free of cost if they fulfil the eligibility requirements. Although MOH does not
provide funding for customised projection light mounted walking frames or walking
sticks which provide visual cues and are beneficial in PD. This is done so services are
allocated fairly through a consistent, principled and equitable approach across the
diverse range of people the Ministry serves. This implies PWP have to rely on privately
purchasing these specialised walking aids and cost acts as a barrier. The advantage of
internal cues is their self-generation removing cost and making it more feasible

approach.
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Visual and auditory cues are difficult to incorporate in restricted and compact spaces
limiting their use in daily functional tasks in PWP. Examples of such activities include
walking between different rooms of the house whilst negotiating furniture and different
floor surfaces (rugs, tiles or wooden surface) or stepping backwards to sit in the chair.
It is nearly impossible to follow the visual markers or walk to a predetermined beat in
the above situations. The beneficial effect of internal cues through self-generation
leads to its easy implementation in indoor activities. For instance internal cueing
strategy may be incorporated while attending to personal care needs in compact
bathroom space when stepping in or out of the shower, to access uneven driveway of
the house, external or internal steps, stepping through the front door or walking in the
narrow hallway. Internal cueing may also be used for outdoor or community ambulation
due to its discrete application; such as while walking on uneven terrain or on footpath,

stepping on the kerb or on pedestrian crossing.

Studies in this structured review provided frequent sessions of gait training to PD
participants which overall resulted in improved gait speed and step length post training
sessions. However, in clinical practice, approximately 10 minutes of gait training is
typically provided (Werner et al., 2010). As PWP require more practice for motor
learning, education and guidance should include continuing the training at home for
improved outcomes and maintain compliance to the programme. The gait profile of
PWP is inconsistent and exhibits motor fluctuations during the day. Due to this, PWP
with mild cognitive and gait deficit should be educated to use internal cueing strategy

during their fluctuating symptoms when gait deviates from normal.

Physiotherapists should focus on providing internal cued gait training to replicate
practical environmental and real life situations such as walking and turning, during gait
initiation, walking over different surfaces and backward stepping. These skills can then
be transferred to daily functional tasks such as standing up from chair to walk or

stepping back to sit in the chair.
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Future Direction and Recommendations

Maintaining gait stability while walking is an automatic process in the normal healthy
population which becomes attention demanding in PWP and worsens with the addition
of a secondary task due to attentional overload (Satoh et al., 2008; Harrison et al.,
2017). Most of our daily activities involve dual tasking, whether walking and talking or
walking and carrying a plate of food or cup of tea. Although few studies assessed the
effect of internal cueing on dual task, the paradigms differed between studies with an
employment of secondary cognitive or motor dual tasks resulting in a lack of uniformity
which might have influenced the research findings. Future research should focus on
reviewing the effect of internal cueing strategies on its own and in combination under
dual task conditions replicating real life situations. For overall gait stability and
meaningful improvement in mobility, gait characteristics including spatial and temporal
parameters as well as variability measures should be tested to review efficacy of

internal cueing.

The studies did not specifically include PD patients with freezing which is associated
with worse internal beat timing (Horin et al., 2020 a) leading to an inability to use
internal cues effectively. The increased attentional demand of employing the internal
cueing technique implies that PD patients with freezing might not positively respond to
this cueing strategy. Future research should focus on the effect of internal cueing on
PD patients with freezing. Only one study (Satoh et al., 2008) conducted the research
which included a real life setting such as turns. More studies need to conduct research
in real life settings to see the effects of internal cueing in daily activities. There are
inconsistencies in the research regarding PWP capability of learning new skills and
carry over effects. Future research should also focus on testing retention post internal

cue gait training to investigate motor learning in PD.

Internal cues through attentional control might only be effective in addressing

dopamine gait dysfunction and spatial gait parameters (Rochester et al., 2011). More
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studies should focus on evaluating the effect of internal cues with and without
dopaminergic medication. In the current review, back ground musical training did not
impede participants’ ability to incorporate musical cues in gait training; future research
should include participants with musical experience to determine if a stronger response
is elicited with past musical experience and review the suitability of this technique for
the appropriate patient group. Internal cue gait rehab might be suitable to deliver in
group classes due to the targeted PD population with less cognitive and physical
deficits. Future research should focus on comparing the functional outcome and
economic cost of delivering internal cued gait training in an individualised and group

setting in PD to investigate most effective service delivery method.

72



References

Almeida, Q. J., Frank, J. S., Roy, E. A., Jenkins, M. E., Spaulding, S., Patla, A. E., &
Jog, M. S. (2005). An evaluation of sensorimotor integration during locomotion
toward a target in Parkinson's disease. Neuroscience, 134(1), 283-293.
https://doi.org/10.1016/j.neuroscience.2005.02.050

Azulay, J. P., Mesure, S., Amblard, B., Blin, O., Sangla, I., & Pouget, J. (1999). Visual
control of locomotion in Parkinson's disease. Brain: A Journal of Neurology,
122(1), 111-120. https://doi.org/10.1093/brain/122.1.111

Azulay, J. P., Mesure, S., & Blin, O. (2006). Influence of visual cues on gait in
Parkinson's disease: Contribution to attention or sensory dependence? Journal
of the Neurological Sciences, 248(1-2), 192—195.
https://doi.org/10.1016/j.jns.2006.05.008

Baker, K., Rochester, L., & Nieuwboer, A. (2007). The immediate effect of attentional,
auditory, and a combined cue strategy on gait during single and dual tasks in
Parkinson's disease. Archives of Physical Medicine and Rehabilitation, 88(12),
1593-1600. https://doi.org/10.1016/j.apmr.2007.07.026

Baker, K., Rochester, L., & Nieuwboer, A. (2008). The effect of cues on gait variability-
reducing the attentional cost of walking in people with Parkinson's disease.
Parkinsonism & Related Disorders, 14(4), 314-320.
https://doi.org/10.1016/j.parkreldis.2007.09.008

Bardy, B. G., Warren, W. H., & Kay, B. A. (1999). The role of central and peripheral
vision in postural control during walking. Perception & Psychophysics, 61(7),
1356-1368. https://doi.org/10.3758/bf03206186

Bowes, S. G., Clark, P. K., Leeman, A. L., O'Neill, C. J., Weller, C., Nicholson, P. W.,
Deshmukh, A. A., Dobbs, S. M., & Dobbs, R. J. (1990). Determinants of gait in
the elderly Parkinsonian on maintenance Levodopa/Carbidopa therapy. British
Journal of Clinical Pharmacology, 30(1), 13-24. https://doi.org/10.1111/j.1365-
2125.1990.tb03738.x

Brotchie, P., lansek, R., & Horne, M. K. (1991a). Motor function of the monkey globus
pallidus. 1. Neuronal discharge and parameters of movement. Brain: A Journal
of Neurology, 114 (Pt 4), 1667—-1683. https://doi.org/10.1093/brain/114.4.1667

Brotchie, P., lansek, R., & Horne, M. K. (1991b). Motor function of the monkey globus
pallidus. 2. Cognitive aspects of movement and phasic neuronal activity. Brain:
A Journal of Neurology, 114 (Pt 4), 1685-1702.
https://doi.org/10.1093/brain/114.4.1685

Calabresi, P., Picconi, B., Tozzi, A., Ghiglieri, V., & Di Filippo, M. (2014). Direct and
indirect pathways of basal ganglia: A critical reappraisal. Nature Neuroscience,
17(8), 1022-1030. https://doi.org/10.1038/nn.3743

Cannon, J.J., & Patel, A. (2020). How beat perception coopts motor neurophysiology.
BioRxiv, 805838. https://doi.org/10.1101/805838

Chadha, T. K., Sharma, D., & Behari, M. (2011). Effect of Visual and Verbal Cue
Training on Gait Parameters in Patients with Parkinson’s Disease. Indian
Journal of Physiotherapy & Occupational Therapy, 5(2), 176-178.

73


https://doi.org/10.1016/j.neuroscience.2005.02.050
https://psycnet.apa.org/doi/10.1093/brain/122.1.111
https://doi.org/10.1016/j.jns.2006.05.008
https://doi.org/10.1016/j.apmr.2007.07.026
https://doi.org/10.1016/j.parkreldis.2007.09.008
https://doi.org/10.3758/bf03206186
https://doi.org/10.1111/j.1365-2125.1990.tb03738.x
https://doi.org/10.1111/j.1365-2125.1990.tb03738.x
https://doi.org/10.1093/brain/114.4.1667
https://doi.org/10.1093/brain/114.4.1685
https://doi.org/10.1038/nn.3743
https://doi.org/10.1101/805838

http://web.a.ebscohost.com.ezproxy.aut.ac.nz/plink?key=10.83.8.67 8000 743
375075&site=ehost&scope=site&db=ccm&AN=104670238

Chen, J. L., Zatorre, R. J., & Penhune, V. B. (2006). Interactions between auditory and
dorsal premotor cortex during synchronization to musical rhythms. Neurolmage,
32(4), 1771-1781. https://doi.org/10.1016/|.neuroimage.2006.04.207

Chen, J. L., Penhune, V. B., & Zatorre, R. J. (2008). Listening to musical rhythms
recruits motor regions of the brain. Cerebral Cortex (New York, N.Y.: 1991),
18(12), 2844—2854. https://doi.org/10.1093/cercor/bhn042

Church, R. M., & Broadbent, H. A. (1990). Alternative representations of time, number,
and rate. Cognition, 37(1-2), 55-81. https://doi.org/10.1016/0010-
0277(90)90018-f

Clarke, C. E., Patel, S., Ives, N., Rick, C. E., Woolley, R., Wheatley, K., Walker, M. F.,
Zhu, S., Kandiyali, R., Yao, G., & Sackley, C. M. (2016). Clinical effectiveness
and cost-effectiveness of physiotherapy and occupational therapy versus no
therapy in mild to moderate Parkinson's disease: a large pragmatic randomised
controlled trial (PD REHAB). Health technology assessment (Winchester,
England), 20(63), 1-96. https://doi.org/10.3310/hta20630

Cohen, H., & Pourcher, E. (2007). Intact encoding, impaired consolidation in procedural
learning in Parkinson's disease. Experimental Brain Research, 179(4), 703—
708. https://doi.org/10.1007/s00221-006-0827-6

Cromwell, R. L., & Newton, R. A. (2004). Relationship between balance and gait
stability in healthy older adults. Journal of Aging and Physical Activity, 12(1),
90-100. https://doi.org/10.1123/japa.12.1.90

Donovan S., Lim C., Diaz N., Browner N., Rose P., Sudarsky L. R., Tarsy D., Fahn S.,
& Simon D. K. (2011). Laserlight cues for gait freezing in Parkinson’s disease:
An open-label study. Parkinsonism & Related Disorders, 17(4), 240-245.
https://doi.org/10.1016/j.parkreldis.2010.08.010

Dunbar, R. I., Kaskatis, K., MacDonald, I., & Barra, V. (2012). Performance of music
elevates pain threshold and positive affect: Implications for the evolutionary
function of music. Evolutionary Psychology: An International Journal of
Evolutionary Approaches to Psychology and Behaviour, 10(4), 688—702. PMID:
23089077

Ebersbach, G., Heijmenberg, M., Kindermann, L., Trottenberg, T., Wissel, J., & Poewe,
W. (1999). Interference of rhythmic constraint on gait in healthy subjects and
patients with early Parkinson's disease: Evidence for impaired locomotor
pattern generation in early Parkinson's disease. Movement Disorders: Official
Journal of the Movement Disorder Society, 14(4), 619-625.
https://doi.org/10.1002/1531-8257(199907)14:4<619::aid-mds1011>3.0.c0;2-X

Espy, D. D., Yang, F., Bhatt, T., & Pai, Y. C. (2010). Independent influence of gait
speed and step length on stability and fall risk. Gait & Posture, 32(3), 378-382.
https://doi.org/10.1016/j.gaitpost.2010.06.013

Ferrandez, A. M., Hugueville, L., Lehéricy, S., Poline, J. B., Marsault, C., & Pouthas, V.
(2003). Basal ganglia and supplementary motor area subtend duration
perception: An fMRI study. Neurolmage, 19(4), 1532-1544.
https://doi.org/10.1016/s1053-8119(03)00159-9

Ferrazzoli, D., Ortelli, P., Maestri, R., Bera, R., Gargantini, R., Palamara, G., Zarucchi,
M., Giladi, N., & Frazzitta, G. (2017). Focused and Sustained Attention Is

74


http://web.a.ebscohost.com.ezproxy.aut.ac.nz/plink?key=10.83.8.67_8000_743375075&site=ehost&scope=site&db=ccm&AN=104670238
http://web.a.ebscohost.com.ezproxy.aut.ac.nz/plink?key=10.83.8.67_8000_743375075&site=ehost&scope=site&db=ccm&AN=104670238
https://doi.org/10.1016/j.neuroimage.2006.04.207
https://doi.org/10.1093/cercor/bhn042
https://doi.org/10.1016/0010-0277(90)90018-f
https://doi.org/10.1016/0010-0277(90)90018-f
https://doi.org/10.3310/hta20630
https://doi.org/10.1007/s00221-006-0827-6
https://doi.org/10.1123/japa.12.1.90
https://doi.org/10.1016/j.parkreldis.2010.08.010
https://doi.org/10.1002/1531-8257(199907)14:4%3c619::aid-mds1011%3e3.0.co;2-x
https://doi.org/10.1016/j.gaitpost.2010.06.013
https://doi.org/10.1016/s1053-8119(03)00159-9

Modified by a Goal-Based Rehabilitation in Parkinsonian Patients. Frontiers in
behavioral neuroscience, 11, 56. https://doi.org/10.3389/fnbeh.2017.00056

Ferrazzoli, D., Ortelli, P., Madeo, G., Giladi, N., Petzinger, G. M., & Frazzitta, G.
(2018). Basal ganglia and beyond: The interplay between motor and cognitive
aspects in Parkinson's disease rehabilitation. Neuroscience and biobehavioral
reviews, 90, 294—308. https://doi.org/10.1016/j.neubiorev.2018.05.007

Fietzek, U. M., Schroeteler, F. E., Ziegler, K., Zwosta, J., & Ceballos-Baumann, A. O.
(2014). Randomized cross-over trial to investigate the efficacy of a two-week
physiotherapy programme with repetitive exercises of cueing to reduce the
severity of freezing of gait in patients with Parkinson's disease. Clinical
rehabilitation, 28(9), 902-911. https://doi.org/10.1177/0269215514527299

Ghai, S., Ghai, |., & Effenberg, A. O. (2018). Effect of rhythmic auditory cueing on
aging gait: A systematic review and meta-analysis. Aging and Disease, 9(5),
901-923. https://doi.org/10.14336/AD.2017.1031

Gibbon, J., Church, R. M., & Meck, W. H. (1984). Scalar timing in memory. Annals of
the New York Academy of Sciences, 423, 52—77. https://doi.org/10.1111/].1749-
6632.1984.tb23417.x

Girard, B., Nicolas, T., Alain, B., & Slotine, J.J. (2006). Selective amplification using a
contracting model of the basal ganglia - Scientific Figure on ResearchGate.
Retrieved from https://www.researchgate.net/figure/Cortico-baso-thalamo-
cortical-loops-The-basal-ganglia-receive-inputs-from-the-whole figl 29648180

Ginis, P., Nieuwboer, A., Dorfman, M., Ferrari, A., Gazit, E., Canning, C. G., Rocchi, L.,
Chiari, L., Hausdorff, J. M., & Mirelman, A. (2016). Feasibility and effects of
home-based smartphone-delivered automated feedback training for gait in
people with Parkinson's disease: A pilot randomized controlled trial.
Parkinsonism & Related Disorders, 22, 28-34.
https://doi.org/10.1016/j.parkreldis.2015.11.004

Ginis, P., Heremans, E., Ferrari, A., Bekkers, E., Canning, C. G., & Nieuwboer, A.
(2017). External input for gait in people with Parkinson's disease with and
without freezing of gait: One size does not fit all. Journal of Neurology, 264(7),
1488-1496. https://doi.org/10.1007/s00415-017-8552-6

Grahn, J. A. (2009). The role of the basal ganglia in beat perception: Neuroimaging and
neuropsychological investigations. Annals of the New York Academy of
Sciences, 1169, 35-45. https://doi.org/10.1111/].1749-6632.2009.04553.X

Grahn, J. A., & Rowe, J. B. (2009). Feeling the beat: Premotor and striatal interactions
in musicians and nonmusicians during beat perception. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 29(23),
7540-7548. https://doi.org/10.1523/JINEUROSCI.2018-08.2009

Grahn, J. A., & Rowe, J. B. (2013). Finding and feeling the musical beat: Striatal
dissociations between detection and prediction of regularity. Cerebral Cortex
(New York, N.Y.: 1991), 23(4), 913-921. https://doi.org/10.1093/cercor/bhs083

Grimes, D., Fitzpatrick, M., Gordon, J., Miyasaki, J., Fon, E. A., Schlossmacher, M.,
Suchowersky, O., Rajput, A., Lafontaine, A. L., Mestre, T., Appel-Cresswell, S.,
Kalia, S. K., Schoffer, K., Zurowski, M., Postuma, R. B., Udow, S., Fox, S.,
Barbeau, P., & Hutton, B. (2019). Canadian guideline for Parkinson disease.
Canadian Medical Association Journal, 191(36), E989—E1004.
https://doi.org/10.1503/cmaj.181504

75


https://doi.org/10.3389/fnbeh.2017.00056
https://doi.org/10.1016/j.neubiorev.2018.05.007
https://doi.org/10.1177/0269215514527299
https://doi.org/10.14336/AD.2017.1031
https://doi.org/10.1111/j.1749-6632.1984.tb23417.x
https://doi.org/10.1111/j.1749-6632.1984.tb23417.x
https://www.researchgate.net/figure/Cortico-baso-thalamo-cortical-loops-The-basal-ganglia-receive-inputs-from-the-whole_fig1_29648180
https://www.researchgate.net/figure/Cortico-baso-thalamo-cortical-loops-The-basal-ganglia-receive-inputs-from-the-whole_fig1_29648180
https://doi.org/10.1016/j.parkreldis.2015.11.004
https://doi.org/10.1007/s00415-017-8552-6
https://doi.org/10.1111/j.1749-6632.2009.04553.x
https://doi.org/10.1523/JNEUROSCI.2018-08.2009
https://doi.org/10.1093/cercor/bhs083
https://doi.org/10.1503/cmaj.181504

Grondin, S. (2010). Timing and time perception: A review of recent behavioural and
neuroscience findings and theoretical directions. Attention, Perception &
Psychophysics, 72(3), 561-582. https://doi.org/10.3758/APP.72.3.561

Gurevich, T., & Hausdorff, J. M. (2003). Gait dynamics in Parkinson's disease:
Relationship to Parkinsonian features, falls and response to Levodopa. Journal
of the Neurological Sciences, 212(1-2), 47-53. https://doi.org/10.1016/s0022-
510x(03)00104-7

Haneishi, E. (2001). Effects of a music therapy voice protocol on speech intelligibility,
vocal acoustic measures, and mood of individuals with Parkinson's disease.
Journal of Music Therapy, 38(4), 273-290. https://doi.org/10.1093/jmt/38.4.273

Harrison, E. C., McNeely, M. E., & Earhart, G. M. (2017). The feasibility of singing to
improve gait in Parkinson disease. Gait & Posture, 53, 224-229.
https://doi.org/10.1016/j.gaitpost.2017.02.008

Harrison, E., Horin, A., & Earhart, G. (2018). Internal cueing improves gait more than
external cueing in healthy adults and people with Parkinson disease. Scientific
Reports, 8, 15525. https://d0i:10.1038/s41598-018-33942-6

Harrison, E. C., Horin, A. P., & Earhart, G. M. (2019). Mental singing reduces gait
variability more than music listening for healthy older adults and people with
Parkinson disease. Journal of Neurologic Physical Therapy, 43(4), 204-211.
https://doi.org/10.1097/NPT.0000000000000288

Harrison, E. C., Horin, A. P., Myers, P. S., Rawson, K. S., & Earhart, G. M. (2020).
Changes in Parkinsonian gait kinematics with self-generated and externally-
generated cues: a comparison of responders and non-responders.
Somatosensory & motor research, 37(1), 37-44.
https://doi.org/10.1080/08990220.2020.1713740

Hausdorff, J. M. (2009). Gait dynamics in Parkinson's disease: Common and distinct
behaviour among stride length, gait variability, and fractal-like scaling. Chaos,
19(2), 026113. https://doi.org/10.1063/1.3147408

Horin, A. P., Harrison, E. C., Rawson, K. S., & Earhart, G. M. (2020a). Finger tapping
as a proxy for gait: Similar effects on movement variability during external and
self-generated cueing in people with Parkinson's disease and healthy older
adults. Annals of Physical and Rehabilitation Medicine, 101402. Advance online
publication. https://doi.org/10.1016/j.rehab.2020.05.009

Horin, A. P., Harrison, E. C., Rawson, K. S., & Earhart, G. M. (2020b). People with
Parkinson disease with and without freezing of gait respond similarly to external
and self-generated cues. Gait & Posture, 82, 161-166.
https://doi.org/10.1016/j.gaitpost.2020.09.005

Jancke, L., Loose, R., Lutz, K., Specht, K., & Shah, N. J. (2000). Cortical activations
during paced finger-tapping applying visual and auditory pacing stimuli. Brain
Research. Cognitive Brain Research, 10(1-2), 51-66.
https://doi.org/10.1016/s0926-6410(00)00022-7

Kadivar, Z., Corcos, D. M., Foto, J., & Hondzinski, J. M. (2011). Effect of step training
and rhythmic auditory stimulation on functional performance in Parkinson
patients. Neurorehabilitation and neural repair, 25(7), 626—635.
https://doi.org/10.1177/1545968311401627

Keus S. H. J., Hendriks H. J. M., Bloem B. R., Bredero-Cohen A. B., Goede C. J. T.,
Haaren M., Jaspers, M., Kamsma, Y.P.T., Westra, J., de Wolff, B.Y., &

76


https://doi.org/10.3758/APP.72.3.561
https://doi.org/10.1016/s0022-510x(03)00104-7
https://doi.org/10.1016/s0022-510x(03)00104-7
https://doi.org/10.1093/jmt/38.4.273
https://doi.org/10.1016/j.gaitpost.2017.02.008
https://doi:10.1038/s41598-018-33942-6
https://doi.org/10.1097/NPT.0000000000000288
https://doi.org/10.1080/08990220.2020.1713740
https://doi.org/10.1063/1.3147408
https://doi.org/10.1016/j.rehab.2020.05.009
https://doi.org/10.1016/j.gaitpost.2020.09.005
https://doi.org/10.1016/s0926-6410(00)00022-7
https://doi.org/10.1177/1545968311401627

Munneke, M. (2004). KNGF clinical practice guidelines for physical therapy in
patients with Parkinson's disease. Royal Dutch Society of Physiotherapy:
Supplement to the Dutch Journal of Physiotherapy, 114(3), 1-92.
https://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=&cad=rja
&uact=8&ved=2ahUKEwiu5emR_YLxXAhWsIbcAHSMEBMEQF]AEeqgQIGBAD&
url=https%3A%2F%2Fdocplayer.net%2F10846175-Kngf-quidelines-for-
physical-therapy-in-patients-with.html&usg=A0OvWaw3ChvolT-7C9 1qg_ 3YzJad]

Keus, S. H., Bloem, B. R., Hendriks, E. J., Bredero-Cohen, A. B., Munneke, M., &
Practice Recommendations Development Group (2007). Evidence-based
analysis of physical therapy in Parkinson's disease with recommendations for
practice and research. Movement Disorders: Official Journal of the Movement
Disorder Society, 22(4), 451—-600. https://doi.org/10.1002/mds.21244

Keus, S.H., Munneke, M., Graziano, J.P., Pelosin, E., Domingos, J., Bruhlmann, S.,
Ramaswamy, J.P., Struiksma, C., Rochester, L., Nieuwboer, A., & Bloem, B
(2014). European physiotherapy guideline for Parkinson’s disease.
https://www.parkinsonnet.nl/app/uploads/sites/3/2019/11/eu_guideline parkinso
n_quideline for pt sl.pdf

Kung, S. J., Chen, J. L., Zatorre, R. J., & Penhune, V. B. (2013). Interacting cortical
and basal ganglia networks underlying finding and tapping to the musical beat.
Journal of Cognitive Neuroscience, 25(3), 401-420.
https://doi.org/10.1162/jocn_a 00325

Lanciego, J. L., Luquin, N., & Obeso, J. A. (2012). Functional neuroanatomy of the
basal ganglia. Cold Spring Harbor Perspectives in Medicine, 2(12), a009621.
https://doi.org/10.1101/cshperspect.a009621

Lehman, D. A., Toole, T., Lofald, D., & Hirsch, M. A. (2005). Training with verbal
instructional cues results in near-term improvement of gait in people with
Parkinson disease. Journal of Neurologic Physical Therapy, 29(1), 2-8.
https://doi.org/10.1097/01.npt.0000282256.36208.cf

Lewis, G. N., Byblow, W. D., & Walt, S. E. (2000). Stride length regulation in
Parkinson’s disease: The use of extrinsic, visual cues. Brain, 123(10), 2077—
2090. https://doi.org/10.1093/brain/123.10.2077

Lewis, P. A., Wing, A. M., Pope, P. A., Praamstra, P., & Miall, R. C. (2004). Brain
activity correlates differentially with increasing temporal complexity of rhythms
during initialisation, synchronisation, and continuation phases of paced finger
tapping. Neuropsychologia, 42(10), 1301-1312.
https://doi.org/10.1016/j.neuropsychologia.2004.03.001

Lirani-Silva, E., Lord, S., Moat, D., Rochester, L., & Morris, R. (2019). Auditory cueing
for gait impairment in persons with Parkinson disease: A pilot study of changes
in response with disease progression. Journal of Neurologic Physical Therapy,
43(1), 50-55. https://doi.org/10.1097/NPT.0000000000000250

Lohnes, C. A,, & Earhart, G. M. (2011). The impact of attentional, auditory, and
combined cues on walking during single and cognitive dual tasks in Parkinson
disease. Gait & Posture, 33(3), 478-483.
https://doi.org/10.1016/].gaitpost.2010.12.029

Lowry, K. A., Carrel, A. J., Mcllrath, J. M., & Smiley-Oyen, A. L. (2010). Use of
harmonic ratios to examine the effect of cueing strategies on gait stability in
persons with Parkinson's disease. Archives of Physical Medicine and
Rehabilitation, 91(4), 632—638. https://doi.org/10.1016/j.apmr.2009.12.016

77


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiu5emR_YLxAhWsIbcAHSmEBmEQFjAEegQIGBAD&url=https%3A%2F%2Fdocplayer.net%2F10846175-Kngf-guidelines-for-physical-therapy-in-patients-with.html&usg=AOvVaw3Chvo1T-7C9_1g_3YzJadj
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiu5emR_YLxAhWsIbcAHSmEBmEQFjAEegQIGBAD&url=https%3A%2F%2Fdocplayer.net%2F10846175-Kngf-guidelines-for-physical-therapy-in-patients-with.html&usg=AOvVaw3Chvo1T-7C9_1g_3YzJadj
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiu5emR_YLxAhWsIbcAHSmEBmEQFjAEegQIGBAD&url=https%3A%2F%2Fdocplayer.net%2F10846175-Kngf-guidelines-for-physical-therapy-in-patients-with.html&usg=AOvVaw3Chvo1T-7C9_1g_3YzJadj
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiu5emR_YLxAhWsIbcAHSmEBmEQFjAEegQIGBAD&url=https%3A%2F%2Fdocplayer.net%2F10846175-Kngf-guidelines-for-physical-therapy-in-patients-with.html&usg=AOvVaw3Chvo1T-7C9_1g_3YzJadj
https://doi.org/10.1002/mds.21244
https://www.parkinsonnet.nl/app/uploads/sites/3/2019/11/eu_guideline_parkinson_guideline_for_pt_s1.pdf
https://www.parkinsonnet.nl/app/uploads/sites/3/2019/11/eu_guideline_parkinson_guideline_for_pt_s1.pdf
https://doi.org/10.1162/jocn_a_00325
https://doi.org/10.1101/cshperspect.a009621
https://doi.org/10.1097/01.npt.0000282256.36208.cf
https://doi.org/10.1093/brain/123.10.2077
https://doi.org/10.1016/j.neuropsychologia.2004.03.001
https://doi.org/10.1097/NPT.0000000000000250
https://doi.org/10.1016/j.gaitpost.2010.12.029
https://doi.org/10.1016/j.apmr.2009.12.016

Maitra, K. K. (2007). Enhancement of reaching performance via self-speech in people
with Parkinson's disease. Clinical Rehabilitation, 21(5), 418-424.
https://doi.org/10.1177/0269215507074058

Marinelli, L., Crupi, D., Di Rocco, A., Bove, M., Eidelberg, D., Abbruzzese, G., &
Ghilardi, M. F. (2009). Learning and consolidation of visuo-motor adaptation in
Parkinson's disease. Parkinsonism & Related Disorders, 15(1), 6-11.
https://doi.org/10.1016/j.parkreldis.2008.02.012

Mauk, M. D., & Buonomano, D. V. (2004). The neural basis of temporal processing.
Annual Review of Neuroscience, 27, 307-340.
https://doi.org/10.1146/annurev.neuro.27.070203.144247

Meck W. H. (1996). Neuropharmacology of timing and time perception. Brain research.
Cognitive brain research, 3(3-4), 227-242. https://doi.org/10.1016/0926-
6410(96)00009-2

Morris, M. E., lansek, R., Matyas, T. A., & Summers, J. J. (1994a). The pathogenesis
of gait hypokinesia in Parkinson's disease. Brain: A Journal of Neurology, 117
(Pt 5), 1169-1181. https://doi.org/10.1093/brain/117.5.1169

Morris, M. E., lansek, R., Matyas, T. A., & Summers, J. J. (1994b). Ability to modulate
walking cadence remains intact in Parkinson's disease. Journal of Neurology,
Neurosurgery, and Psychiatry, 57(12), 1532—-1534.
https://doi.org/10.1136/jnnp.57.12.1532

Morris, M. E., lansek, R., Matyas, T. A., & Summers, J. J. (1996). Stride length
regulation in Parkinson's disease. Normalization strategies and underlying
mechanisms. Brain: A Journal of Neurology, 119 (Pt 2), 551-568.
https://doi.org/10.1093/brain/119.2.551

Morris, M. E., Martin, C. L., & Schenkman, M. L. (2010). Striding out with Parkinson
disease: Evidence-based physical therapy for gait disorders. Physical Therapy,
90(2), 280-288. https://doi.org/10.2522/pt].20090091

Morris, R., Hickey, A., Del Din, S., Godfrey, A., Lord, S., & Rochester, L. (2017). A
model of free-living gait: A factor analysis in Parkinson's disease. Gait &
posture, 52, 68—71. https://doi.org/10.1016/j.gaitpost.2016.11.024

Mirelman, A., Bonato, P., Camicioli, R., Ellis, T. D., Giladi, N., Hamilton, J. L., Hass, C.
J., Hausdorff, J. M., Pelosin, E., & Almeida, Q. J. (2019). Gait impairments in
Parkinson's disease. The Lancet. Neurology, 18(7), 697—708.
https://doi.org/10.1016/S1474-4422(19)30044-4

Moore, O., Peretz, C., & Giladi, N. (2007). Freezing of gait affects quality of life of
peoples with Parkinson's disease beyond its relationships with mobility and gait.
Movement disorders: Official Journal of the Movement Disorder Society, 22(15),
2192-2195. https://doi.org/10.1002/mds.21659

Muthukrishnan, N., Abbas, J. J., Shill, H. A., & Krishnamurthi, N. (2019). Cueing
paradigms to improve gait and posture in Parkinson’s Disease: A narrative
review. Sensors, 19, E5468. https://doi.org/10.3390/s19245468

Myall, D. J., Pitcher, T. L., Pearson, J. F., Dalrymple-Alford, J. C., Anderson, T. J., &
MacAskill, M. R. (2017). Parkinson's in the oldest old: Impact on estimates of
future disease burden. Parkinsonism & related disorders, 42, 78—-84.
https://doi.org/10.1016/].parkreldis.2017.06.018

78


https://doi.org/10.1177/0269215507074058
https://doi.org/10.1016/j.parkreldis.2008.02.012
https://doi.org/10.1146/annurev.neuro.27.070203.144247
https://doi.org/10.1016/0926-6410(96)00009-2
https://doi.org/10.1016/0926-6410(96)00009-2
https://doi.org/10.1093/brain/117.5.1169
https://doi.org/10.1136/jnnp.57.12.153
https://doi.org/10.1093/brain/119.2.551
https://doi.org/10.2522/ptj.20090091
https://doi.org/10.1016/j.gaitpost.2016.11.024
https://doi.org/10.1016/S1474-4422(19)30044-4
https://doi.org/10.1002/mds.21659
https://doi.org/10.3390/s19245468
https://doi.org/10.1016/j.parkreldis.2017.06.018

Narayana, S., Fox, P. T., Zhang, W., Franklin, C., Robin, D. A., Vogel, D., & Ramig, L.
0. (2010). Neural correlates of efficacy of voice therapy in Parkinson's disease
identified by performance-correlation analysis. Human Brain Mapping, 31(2),
222-236. https://doi.org/10.1002/hbm.20859

Nieuwboer, A., De Weerdt, W., Dom, R., Truyen, M., Janssens, L., & Kamsma, Y.
(2001). The effect of a home physiotherapy program for persons with
Parkinson's disease. Journal of rehabilitation medicine, 33(6), 266—272.
https://doi.org/10.1080/165019701753236455

Nieuwboer, A., Kwakkel. G., Rochester. L., Jones, D., Wegen, E van., Willems, A. M.,
Chavret, F., Hetherington, V., Baker, K., & Lim, I. (2007). Cueing training in the
home improves gait-related mobility in Parkinson’s disease: the RESCUE trial.
Journal of neurology, neurosurgery, and psychiatry, 78(2), 134-140.
https://doi.org/10.1136/jnnp.200X.097923

Nieuwboer, A., Rochester, L., Mincks, L., & Swinnen, S. P. (2009). Motor learning in
Parkinson's disease: Limitations and potential for rehabilitation. Parkinsonism &
Related Disorders, 15(3), S53—-S58. https://doi.org/10.1016/S1353-
8020(09)70781-3

Nieuwboer, A. (2015). Cueing effects in Parkinson's disease: Benefits and drawbacks.
Annals of Physical and Rehabilitation Medicine, 58(1), e70-e71. ISSN 1877-
0657 https://doi.org/10.1016/j.rehab.2015.07.173

Nombela, C., Hughes, L. E., Owen, A. M., & Grahn, J. A. (2013). Into the groove: Can
rhythm influence Parkinson's disease? Neuroscience and Biobehavioral
Reviews, 37(10 Pt 2), 2564—-2570.
https://doi.org/10.1016/j.neubiorev.2013.08.003

Olmo, M. F., Arias, P., Furio, M. C., Pozo, M. A., & Cudeiro, J. (2006). Evaluation of the
effect of training using auditory stimulation on rhythmic movement in
Parkinsonian patients — a combined motor and [18F]-FDG PET study.
Parkinsonism & Related Disorders, 12(3), 155-164.
https://doi.org/10.1016/j.parkreldis.2005.11.002

Olson, M., Lockhart, T. E., & Lieberman, A. (2019). Motor learning deficits in
Parkinson's Disease (PD) and their effect on training response in gait and
balance: A narrative review. Frontiers in Neurology, 10(62), 1-17.
https://doi.org/10.3389/fneur.2019.00062

O'Shea, S., Morris, M. E., & lansek, R. (2002). Dual task interference during gait in
people with Parkinson disease: effects of motor versus cognitive secondary
tasks. Physical therapy, 82(9), 888—897. PMID: 12201803

Pacchetti, C., Mancini, F., Aglieri, R., Fundaro, C., Martignoni, E., & Nappi, G. (2000).
Active music therapy in Parkinson's disease: An integrative method for motor
and emotional rehabilitation. Psychosomatic Medicine, 62(3), 386—393.
https://doi.org/10.1097/00006842-200005000-00012

Pendt, L. K., Reuter, I., & Muller, H. (2011). Motor skill learning, retention, and control
deficits in Parkinson's disease. PloS One, 6(7), €21669.
https://doi.org/10.1371/journal.pone.0021669

Peterson, D. S., & Smulders, K. (2015). Cues and attention in Parkinsonian gait:
Potential mechanisms and future directions. Frontiers in Neurology, 6, 255.
https://doi.org/10.3389/fneur.2015.00255

79


https://doi.org/10.1002/hbm.20859
https://doi.org/10.1080/165019701753236455
https://doi.org/10.1136/jnnp.200X.097923
https://doi.org/10.1016/S1353-8020(09)70781-3
https://doi.org/10.1016/S1353-8020(09)70781-3
https://doi.org/10.1016/j.rehab.2015.07.173
https://doi.org/10.1016/j.neubiorev.2013.08.003
https://doi.org/10.1016/j.parkreldis.2005.11.002
https://doi.org/10.3389/fneur.2019.00062
https://doi.org/10.1097/00006842-200005000-00012
https://doi.org/10.1371/journal.pone.0021669
https://doi.org/10.3389/fneur.2015.00255

Platz, T., Brown, R. G., & Marsden, C. D. (1998). Training improves the speed of aimed
movements in Parkinson's disease. Brain: A Journal of Neurology, 121 (Pt 3),
505-514. https://doi.org/10.1093/brain/121.3.505

Putcha, D., Ross, R. S., Rosen, M. L., Norton, D. J., Cronin-Golomb, A., Somers, D. C.,
& Stern, C. E. (2014). Functional correlates of optic flow motion processing in
Parkinson's disease. Frontiers in Integrative Neuroscience, 8, 57.
https://doi.org/10.3389/fnint.2014.00057

Raffi, M., & Piras, A. (2019). Investigating the crucial role of optic flow in postural
control: Central vs. peripheral visual field. Applied Sciences (Switzerland).
MDPI AG. https://doi.org/10.3390/app9050934

Rao, S. M., Harrington, D. L., Haaland, K. Y., Bobholz, J. A., Cox, R. W., & Binder, J.
R. (1997). Distributed neural systems underlying the timing of movements. The
Journal of Neuroscience: The Official Journal of the Society for Neuroscience,
17(14), 5528-5535. https://doi.org/10.1523/JINEUROSCI.17-14-05528.1997

Rocca W. A. (2018). The burden of Parkinson's disease: a worldwide perspective. The
Lancet. Neurology, 17(11), 928-929. https://doi.org/10.1016/S1474-
4422(18)30355-7

Rochester, L., Baker, K., Nieuwboer, A., & Burn, D. (2011). Targeting dopa-sensitive
and dopa-resistant gait dysfunction in Parkinson's disease: Selective responses
to internal and external cues. Movement Disorders: Official Journal of the
Movement Disorder Society, 26(3), 430—435. https://doi.org/10.1002/mds.23450

Rosenbaum, D. A, Cohen, R. G., Jax, S. A., Weiss, D. J., & Van der Wel, R. (2007).
The problem of serial order in behavior: Lashley's legacy. Human Movement
Science, 26(4), 525-554. https://doi.org/10.1016/j.humov.2007.04.001

Samyra H. J., K., Bastiaan R., B., Erik J. M., H., Alexandra B., B.-C., & Marten, M.
(2007). Evidence-based analysis of physical therapy in Parkinson’s disease
with recommendations for practice and research. Movement Disorders, 22(4),
451-460. https://doi.org/10.1002/mds.21244

Sarma, S. V., Cheng, M. L., Eden, U., Williams, Z., Brown, E. N., & Eskandar, E.
(2012). The effects of cues on neurons in the basal ganglia in Parkinson's
disease. Frontiers in Integrative Neuroscience, 6, 40.
https://doi.org/10.3389/fnint.2012.00040

Satoh, M., & Kuzuhara, S. (2008). Training in mental singing while walking improves
gait disturbance in Parkinson's disease patients. European Neurology, 60(5),
237-243. https://doi.org/10.1159/000151699

Schaafsma, J. D., Giladi, N., Balash, Y., Bartels, A. L., Gurevich, T., & Hausdorff, J. M.
(2003). Gait dynamics in Parkinson's disease: relationship to Parkinsonian
features, falls and response to levodopa. Journal of the neurological sciences,
212(1-2), 47-53. https://doi.org/10.1016/s0022-510x(03)00104-7

Seitz, R. J., & Roland, P. E. (1992). Learning of sequential finger movements in man: A
combined kinematic and positron emission tomography (PET) study. The
European Journal of Neuroscience, 4(2), 154-165.
https://doi.org/10.1111/j.1460-9568.1992.tb00862.x

Shen, X., & Mak, M. K. (2012). Repetitive step training with preparatory signals
improves stability limits in patients with Parkinson's disease. Journal of
Rehabilitation Medicine, 44(11), 944-949. https://doi.org/10.2340/16501977-
1056

80


https://doi.org/10.1093/brain/121.3.505
https://doi.org/10.3389/fnint.2014.00057
https://doi.org/10.3390/app9050934
https://doi.org/10.1523/JNEUROSCI.17-14-05528.1997
https://doi.org/10.1016/S1474-4422(18)30355-7
https://doi.org/10.1016/S1474-4422(18)30355-7
https://doi.org/10.1002/mds.23450
https://doi.org/10.1016/j.humov.2007.04.001
https://doi.org/10.1002/mds.21244
https://doi.org/10.3389/fnint.2012.00040
https://doi.org/10.1159/000151699
https://doi.org/10.1016/s0022-510x(03)00104-7
https://doi.org/10.1111/j.1460-9568.1992.tb00862.x
https://doi.org/10.2340/16501977-1056
https://doi.org/10.2340/16501977-1056

Smith, B. A., Jacobs, J. V., & Horak, F. B. (2014). Effects of amplitude cueing on
postural responses and preparatory cortical activity of people with Parkinson
disease. Journal of neurologic physical therapy : INPT, 38(4), 207-215.
https://doi.org/10.1097/NPT.0000000000000058

Spaulding, S., Barber, B., Colby, M., Cormack, B., Mick, T., & Jenkins, M. (2013).
Cueing and gait improvement among people with Parkinson's disease: A meta-
analysis. Archives of Physical Medicine and Rehabilitation, 94(3), 562-570.
https://doi.org/10.1016/j.apmr.2012.10.026

Spildooren, J., Vercruysse, S., Meyns, P., Vandenbossche, J., Heremans, E.,
Desloovere, K., Vandenberghe, W., & Nieuwboer, A. (2012). Turning and
unilateral cueing in Parkinson's disease patients with and without freezing of
gait. Neuroscience, 207, 298-306.
https://doi.org/10.1016/j.neuroscience.2012.01.024

Spildooren, J., Vercruysse, S., Heremans, E., Galna, B., Verheyden, G., Vervoort, G.,
& Nieuwboer, A. (2017). Influence of Cueing and an Attentional Strategy on
Freezing of Gait in Parkinson Disease During Turning. Journal of neurologic
physical therapy: JNPT, 41(2), 129-135.
https://doi.org/10.1097/NPT.0000000000000178

Stuart S., & Mancini M. (2020). Prefrontal cortical activation with open and closed-loop
tactile cueing when walking and turning in Parkinson disease: A pilot study.
Journal of Neurologic Physical Therapy, 44, 121-131.
https://doi.org/10.1097/NPT.0000000000000286

Taylor, J. A, & Ivry, R. B. (2012). The role of strategies in motor learning. Annals of the
New York Academy of Sciences, 1251, 1-12. https://doi.org/10.1111/].1749-
6632.2011.06430.x

Velik, R., Hoffmann, U., Zabaleta, H., Marti Masso, J. F., & Keller, T. (2012). The effect
of visual cues on the number and duration of freezing episodes in Parkinson's
patients. Annual International Conference of the IEEE Engineering in Medicine
and Biology Society. IEEE Engineering in Medicine and Biology Society. Annual
International Conference, 2012, 4656—4659.
https://doi.org/10.1109/EMBC.2012.6347005

Vickery, T. J., Chun, M. M., & Lee, D. (2011). Ubiquity and specificity of reinforcement
signals throughout the human brain. Neuron, 72(1), 166-177.
https://doi.org/10.1016/j.neuron.2011.08.011

Wegen, E., de Goede, C., Lim, I., Rietberg, M., Nieuwboer, A., Willems, A., Jones, D.,
Rochester, L., Hetherington, V., Berendse, H., Zijimans, J., Wolters, E., &
Kwakkel, G. (2006). The effect of rhythmic somatosensory cueing on gait in
patients with Parkinson's disease. Journal of the Neurological Sciences, 248(1-
2), 210-214. https://doi.org/10.1016/j.jns.2006.05.034

Wells, C., Kolt, G. S., Marshall, P., Hill, B., & Bialocerkowski, A. (2014). The
effectiveness of Pilates exercise in people with chronic low back pain: a
systematic review. PloS one, 9(7), €100402.
https://doi.org/10.1371/journal.pone.0100402

Werner, W. G., & Gentile, A. M. (2010). Improving gait and promoting retention in
individuals with Parkinson's disease: A pilot study. Journal of Neurology,
257(11), 1841-1847. https://doi.org/10.1007/s00415-010-5619-z

Yogev, G., Plotnik, M., Peretz, C., Giladi, N., & Hausdorff, J. M. (2007). Gait asymmetry
in patients with Parkinson's disease and elderly fallers: When does the bilateral
81


https://doi.org/10.1097/NPT.0000000000000058
https://doi.org/10.1016/j.apmr.2012.10.026
https://doi.org/10.1016/j.neuroscience.2012.01.024
https://doi.org/10.1097/NPT.0000000000000178
https://doi.org/10.1097/NPT.0000000000000286
https://doi.org/10.1111/j.1749-6632.2011.06430
https://doi.org/10.1111/j.1749-6632.2011.06430
https://doi.org/10.1109/EMBC.2012.6347005
https://doi.org/10.1016/j.neuron.2011.08.011
https://doi.org/10.1016/j.jns.2006.05.034
https://doi.org/10.1371/journal.pone.0100402
https://doi.org/10.1007/s00415-010-5619-z

82

coordination of gait require attention? Experimental Brain Research, 177(3),
336-346. https://doi.org/10.1007/s00221-006-0676-3



https://doi.org/10.1007/s00221-006-0676-3

List of Abbreviations

A

AP

C

Cl

CVv
cms/sec
cms

D

DLS
DT

E

Ext cue
F

fMRI

G

GPi
GPe

H

H&Y scale
HC

HR

|

Int cue
M

Med

ML
m/sec
m/min

m

min

ms

mm

P

PD

PWP
PD-FOG
PD+FOG
PIGD
PET
PMC

p

S

SMA
SST
STMS
ST
Steps/min
sec

U
UPDRS
\Y

VI

83

Glossary

Antero posterior

Cognitive impairment
Coefficient of variation
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Double limb support duration
Dual task

External cue
Functional magnetic resonance imaging

Internal globas pallidus
External globas pallidus

Hoehn & Yahr disease severity
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Healthy controls
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Internal cue

Medication
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Single task
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Appendix A

External cue device cost

External cue device Cost price Website

U Step walker frame NZ $1700 https://mobilitymanawatu.co.nz/u_step.html

with cueing module

and laser

Laser cane NZ $ 402.50 https://mobilitymanawatu.co.nz/u_step.html

Laser guided shoes £1100 https://walkwithpath.com/product/path-
finder/

Metronome auditory Free https://pianotraders.co.nz/collections/tuners-

cues metronomes
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Appendix B

Ministry of health (MOH) Equipment manual

Website page https://www.health.govt.nz/our-work/disability-services/contracting-
and-working-disability-support-services/equipment-and-modification-
services

Document https://www.health.govt.nz/system/files/documents/pages/equipment-

manual-nov2014.pdf
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Appendix C

Hoehn and Yahr stages

Stage 1.0: Unilateral involvement only.

Stage 1.5: Unilateral and axial involvement.

Stage 2.0: Bilateral involvement without impairment of balance.

Stage 2.5: Mild bilateral involvement with recovery on retropulsion (pull) test.

Stage 3.0: Mild to moderate bilateral involvement, some postural instability but
physically independent.

Stage 4.0: Severe disability, still able to walk and to stand unassisted.

Stage 5.0: Wheelchair bound or bedridden unless aided
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