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Abstract
Stroke is one of the most significant causes of long-term disability world-wide, and motor
impairments after stroke can significantly impact the quality of life of stroke survivors.
Considerable benefit can be gained from cortical reorganisation of spared brain networks,
and current stroke rehabilitation methods use motor learning principles, such as task
specific exercises, mass repetition and feedback, to induce use-dependent plasticity and
improve long-term motor outcomes. Although motor training is a well-accepted clinical
approach to treating stroke, there are some limitations: current therapies can be difficult for
many stroke survivors, such as the very young or old or those with severe impairments who
are unable to initiate or maintain intensive rehabilitation programs. Additionally, many
stroke survivors are left with permanent impairments, despite engaging in conventional
rehabilitation programs. Therefore, there is a need to explore new rehabilitation strategies
to further facilitate plasticity and improve motor function in stroke survivors. Moving to
music is a natural and spontaneous phenomenon, and music has been widely used to
support movement and assist with rehabilitation. Research has demonstrated rhythm-based
interventions, such as the well-established music therapy protocol rhythmic auditory
stimulation (RAS), can significantly improve motor function in different clinical populations
such as stroke, Parkinson’s Disease, traumatic brain injury, and multiple sclerosis compared
to standard rehabilitation approaches. However, there is still uncertainty about the
underlying mechanisms of RAS and how music-based therapies can be optimised for
rehabilitation of movement in those recovering from neurotrauma.
This thesis examines the effect of integrating rhythm and feedback in a novel music-motor
software application (app), GotRhythm, on primary motor cortex (M1) function and motor
control in healthy populations, as well as the influence of GotRhythm on motor function
after stroke. GotRhythm combines individualised music and augmented auditory feedback
via a metronome embedded in music along with wearable sensors to deliver a personalised
RAS training protocol. During GotRhythm participants are required to match their
movements to a target tempo, indicated by beats per minute (BPM). GotRhythm also
provides data and feedback on a user’s movements during training sessions that can be
analysed offline. I used transcranial magnetic stimulation (TMS), a non-invasive brain
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stimulation technique, to measure the effect of GotRhythm on corticospinal excitability
(CSE). The first study tested whether a single, 30-min session of GotRhythm training using a
bimanual finger tapping task altered CSE compared to a control motor task (a ballistic
thumb abduction task), or a rest condition. Motor learning was assessed with GotRhythm by
measuring Time in Zone (TIZ): the amount of time spent in the training session accurately
matching movements to the target BPM. Performance on the control motor task was
measured by comparing peak thumb abduction acceleration from the start of training to the
end. The majority of participants successfully exhibited motor learning by improving TIZ
with GotRhythm training and increasing peak thumb acceleration during the control task.
However, CSE was not altered in any of the task conditions.
There is some evidence to suggest older adults show reduced plasticity and decreased
capacity for motor learning. This has important clinical implications, as older adults are at
the most risk of suffering from neurotrauma or developing neurological disorders, and
reduced plasticity can impact rehabilitation outcomes. Therefore, we next investigated the
effect of a single, 20-min unimanual GotRhythm tapping task on CSE and motor control
compared to a control motor task in both young and older adults in order to assess whether
rhythmic entrainment could facilitate corticospinal excitability in older adults. There was no
change in CSE after a single session of GotRhythm in young or older adults. Only young
adults demonstrated evidence of motor learning by increasing peak thumb abduction
acceleration after ballistic thumb abduction training, whereas older adults did not
demonstrate any evidence of motor learning in the control motor task. However, on
average, both young and older adults improved their motor performance after GotRhythm
training by improving their TIZ.
To test a potentially clinically relevant rehabilitation task, we examined the effect of a
single, 10-min session of GotRhythm on CSE and motor control using a wrist extension task
in young adult participants. We employed a wrist extension task with GotRhythm where
participants were required to accelerate their wrist from flexion to extension, matching the
peak of the extension to the beats at the target tempo. For the control motor task, we used
a ballistic wrist extension task. The results demonstrated GotRhythm training significantly
increased CSE compared to baseline and the control motor task, at specific training times in
iii

healthy young adults, suggesting a potential effect of rhythm combined with motor training
on plasticity mechanisms. The majority of participants also improved their TIZ and ballistic
wrist extension acceleration, demonstrating motor learning in both the GotRhythm and
control motor task sessions.
The two clinically focused studies that make up the final chapter of this thesis were
designed to examine whether GotRhythm could influence brain function and motor control
in chronic stroke survivors and assess the efficacy of GotRhythm as adjunct therapy for
subacute stroke survivors undergoing rehabilitation in an acute stroke ward. Due to small
sample size, the first clinical study presents individual case studies of four chronic stroke
survivors who underwent a single session of GotRhythm and a control motor task. Both
tasks were individualised to the participant’s specific requirements. Our final feasibility
study, a 6-week intervention of GotRhythm compared to conventional rehabilitation in a
sub-acute stroke population is currently ongoing. As our study is a small pilot and clinical
trial data are not yet unblinded, I address the benefits and challenges of conducting a
clinical trial and discuss the potential applications and future directions of GotRhythm.
The current findings contribute to the music therapy field by identifying a potential
mechanism of RAS. We have also demonstrated the possible benefits of using GotRhythm
combined with specific, clinically applicable tasks and movements as an adjunct therapy for
rehabilitation after stroke and neurotrauma. However, further research is required to fully
understand the underlying neural mechanisms of GotRhythm training and rhythm-based
interventions, which will assist with optimising therapies for future clinical applications.
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1 Chapter 1: Introduction
Plasticity refers to the brain’s ability to rapidly alter its structure and function in response to
changes to an individual’s internal and external environment (Buonomano and Merzenich,
1998). This adaptive structural and functional reorganisation occurs through strengthening
and weakening of synaptic connections, morphological changes of synapses and dendrites
and stimulation of neurogenesis (Oberman and Pascual-Leone, 2013). Plasticity is critical for
learning, to acquire new skills, and adapt to new environments and changes from previous
experience. It was previously thought that plasticity was only possible during development,
although it is now clear neuroplasticity occurs throughout the lifespan (Oberman and
Pascual-Leone, 2013, Citri and Malenka, 2008). However, evidence indicates the ability for
plasticity may decrease with ageing (Berghuis et al., 2016). Plasticity is evident after
experiences such as cognitive and motor training and novel interventions such as noninvasive brain stimulation (Bolognini et al., 2009, Berghuis et al., 2017), or with the addition
of music to training, which is the focus of this thesis (Dayan and Cohen, 2011, Zeiler and
Krakauer, 2013, Adkins et al., 2006).
Plasticity also occurs following injury to the central nervous system (CNS) and plays a vital
role during rehabilitation after injury or trauma. Evidence indicates plasticity of the motor
systems contributes to motor recovery after brain injury, such as stroke. However, it is clear
that not all plasticity is positive and contributes effectively to genuine motor recovery
(Murase et al., 2004, Takeuchi and Izumi, 2012a) . Findings show that although plasticity can
be beneficial, injury to the CNS and excessive or inappropriate training during recovery can
propel plasticity in a maladaptive direction (Nudo, 2003b). This is termed maladaptive
plasticity and can have deleterious consequences on brain function and recovery. For
example, maladaptive plasticity can hinder motor function, lead to the development of
unwanted symptoms and limit recovery after stroke (Hosp and Luft, 2011). An important
question is whether it is possible to minimise or alter this maladaptive process and restore
brain function to a more normal state, while also enhancing beneficial plasticity.
Evidence from human and animal studies show that behavioural interventions that increase
neural activity, such as task-specific motor training, enrichment, or exercise, can promote
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beneficial plasticity (Hannan and Nithianantharajah, 2006, Nudo, 2003b, Dayan and Cohen,
2011, Girgis et al., 2007, Gómez-Pinilla et al., 2007). Additionally, appropriate behavioural
training appears to be a significant contributor to adaptive plasticity and functional recovery
after injury, such as stroke (Dancause and Nudo, 2011). This use-dependent plasticity can
occur at multiple levels of the CNS, from molecular and synaptic changes up to larger-scale
neural network changes (Nudo, 2006, Oberman and Pascual-Leone, 2013).
Although it has been established that motor training can be effective at inducing plasticity in
healthy and clinical populations, and can enhance motor recovery after CNS injury, training
interventions are not always successful and rarely lead to a full recovery of motor function
in those with motor dysfunction or movement disorders (Crosbie et al., 2007, Zeiler and
Krakauer, 2013). Interventions must also be appropriately tailored to an individual’s specific
needs and injury to avoid maladaptive plasticity. Due to injury severity or other
considerations such as time, cost, and older age, patients requiring rehabilitation may not
be able to initiate or maintain intensive rehabilitation programs required for full functional
restoration of movement (Krakauer, 2006). Therefore, it is vital that research focuses on
methods to augment current therapeutic interventions by reducing the occurrence of
maladaptive plasticity, maximising beneficial use-dependent plasticity and enhancing clinical
approaches. One cost-effective, universally appealing and easily applicable way to
complement traditional approaches is the addition of music to therapy (Thaut et al., 1997,
Thaut et al., 1996a, Schauer and Mauritz, 2003, Schlaug, 2015). As Altenmüller and Schlaug
(2015) states “music, is one of the richest human emotional, sensory-motor, and cognitive
experiences”. Music-based interventions, where music is combined with motor training
(music-motor therapy), are increasingly being implemented in clinical and rehabilitative
settings and have been shown to be effective at improving motor function in people with
neurological diseases and after trauma to the CNS (Magee et al., 2018, Thaut et al., 1997,
Thaut et al., 1996a, Hurt et al., 1998, Jeong and Kim, 2007, Conklyn et al., 2010). However,
relatively little is known about the underlying mechanisms of these music interventions.
Further research is required to determine when and why it is most effective, and how we
can optimise the use of music to induce plasticity and enhance motor function in both
healthy and clinical populations. A better understanding of how we can use music to
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modulate plasticity in the motor system will assist with the development of rehabilitation
interventions for people suffering from neurological injury and disorders.
The following review is intended to provide an overview of the literature of plasticity of the
motor system that occurs with motor learning, how we can assess plasticity in humans by
measuring cortical excitability with transcranial magnetic stimulation (TMS), and how
plasticity changes with ageing. I will then discuss how plasticity and motor learning can be
facilitated with the addition of music. I will also review the evidence examining the neural
correlates of music-motor therapy and the use of music-motor therapies for rehabilitation
of movement in clinical populations, focussing on rhythmic auditory stimulation (RAS), a
rhythm-based therapy used to facilitate motor function. I will then focus on reviewing the
different factors that must be considered when developing and optimising a novel musicmotor therapy for restoration of motor function. As the goal of this thesis is to investigate
the effect of a software application (app), GotRhythm, on human cortical excitability, I will
also discuss the implications of introducing technology into healthcare.

1.1 Motor learning and use-dependent plasticity
Motor learning plays a fundamental role in our lives. It is a complex process that enables us
to develop new skills such as a playing a new piano piece, kicking a football and learning to
walk. Motor learning involves the acquisition of novel movement sequences or skills and is
characterised by executing skilled movements faster and more accurately with repeated
practice (Willingham, 1998, Penhune and Steele, 2012). Motor learning is a multi-faceted
process that involves precise cellular mechanisms and the activation, interaction and
reorganisation of many cortical networks that together result in use-dependent plasticity
(Mawase et al., 2017, Schuierer et al., 2004). It is essential to understand the mechanisms
and neural correlates of motor learning and use-dependent plasticity so that they can be
harnessed to restore motor function during rehabilitation after injury. Before reviewing the
evidence for motor learning and use-dependent plasticity, I will first discuss the motor
cortex and corticospinal system and how its composition allows use-dependent plasticity to
occur. I will also briefly describe the methods used in the study of the human motor cortex
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and use-dependent plasticity, such as the brain stimulation technique TMS, which is the
method I have used to measure plasticity in my studies.

1.1.1 Motor cortex: an anatomical substrate for plasticity
The motor cortex is responsible for controlling voluntary movement and is a crucial site for
learning new motor skills and recovery of motor function after injury. The human adult
motor cortex has the ability to structurally and functionally reorganise in response to
physiological events such as motor learning and pathological events such as trauma (Kaas
and Stepniewska, 2002, Kandel, 2013). The motor cortex is divided into two major regions:
the primary motor cortex (M1) and the non-primary motor cortex, which is comprises two
prominent areas known as premotor cortex (PMC) and supplementary motor areas (SMA),
see figure 1.1 adapted from Watson et al. (2010). The M1 receives input from almost all
cortical areas implicated in motor control, including the parietal, premotor, and frontal
cortices, and from motor-related subcortical structures, such as the basal ganglia and
the cerebellum (Chouinard and Paus, 2006). The M1 is primarily involved in the execution of
voluntary movements, while the non-primary areas (SMA, PMC and cingulate areas) are
associated with higher order motor processing, including preparation and programming of
movement sequences and complex movements (Kaas and Stepniewska, 2002). Researchers
in the twentieth century used low-intensity electrical stimulation to map the motor cortex
and discovered a somatotopically ordered representational map for movements of the
muscles of the body (Penfield and Rasmussen, 1950). The map is organised in a general
medial to lateral sequence: leg, arm (forelimb, including hand and digits), head and face in
the M1 (Sanes and Donoghue, 2000). Current evidence supports these early results showing
distinct regions of legs, arms and head. However, the finer internal organisation of each
subregion is not as discrete as originally thought, with internal regions shown to
substantially overlap (Roux et al., 2020). Intracortical micro-stimulation of regions in layer V
of the M1 combined with recording of muscle electrical activity, revealed small currents
were able to elicit excitation of several muscles and inhibition of others, indicating the
region was organised by movement rather than individual muscles (Barinaga, 1995, Lemon,
1988). It is now established each subregion or representation of movement has an internal
and more widely distributed network and regions responsible for movements (e.g. elbow
flexion) substantially overlap (Buonomano and Merzenich, 1998).
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Figure 1.1. Cortical areas involved in voluntary motor control. Adapted from Watson et al., 2010, P. 58.

The M1 comprises six layers, as per most areas of the cerebral cortex, with each of the
layers containing different proportions of the two main neuronal cell types, pyramidal and
non-pyramidal cells. See figure 1.2 adapted from FitzGerald et al. (2012). The function of
each layer is associated with the numbers and presence of the different cell types, as well as
the size and projections of the cells. In M1, layer IV neurons generally receive input from the
thalamus and other cortical areas and project up to layer II/III and then down to layer V.
Layer V is the most prominent layer in the M1 and is the main output layer. The M1 is
histologically distinguished by large pyramidal cells that originate in layer V and terminate
directly onto motor neurons in the spinal cord, providing a direct pathway for movement
execution (Shumway-Cook, 2007, Kaas and Stepniewska, 2002). Output from the motor
cortex exerts both direct and indirect influences on the motor neurons in the spinal cord
(Sira and Mateer, 2014). In addition to projecting between cortical areas and to subcortical
structures, pyramidal neurons project horizontal axons that form an extensive intrinsic
connectional network, linking distant sections within the M1 (Weiss and Keller, 1994). These
horizontal axons synapse onto other pyramidal neurons and local inhibitory neurons in the
same functional regions (Hess and Donoghue, 1994). The intrinsic lateral connectivity of the
M1 combined with the feedback and feedforward loops between and within the M1 cortical
layers means the circuitry is highly adaptive, allowing for plasticity.
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Figure 1.2. Somatosensory cortical layers (left, A) compared to primary motor cortical layers (right, B).
Adapted from FitzGerald 2016, p. 300

1.1.2 Corticospinal system
The control of movement in the human brain is complex, with multiple brain areas involved
and each of those areas being responsible for specific functions. Motor control is mainly
conveyed via the pyramidal tract, which originates primarily in the M1. The pyramidal tract
divides into two tracts: 1. the corticospinal tract, which synapse with lower motor neurons
to control the muscles in the limbs and trunk, and 2. the corticobulbar tract, which connects
with the cranial nerves to control movements of the face, head and neck (Chouinard and
Paus, 2006, Kandel, 2013). In the corticospinal tract, corticospinal tract neurons project from
cortical areas through the brainstem and into the ventral horn of the spinal cord. The
majority of the fibres of the corticospinal tract originate in layer V of the M1. However,
fibres can also originate in SMA, PMC and non-motor areas such as parietal lobe and
somatosensory cortex. These non-primary motor area fibres interact with the M1 and act in
parallel, meaning they have the potential to influence the generation of movements
independent of the M1, if required e.g., in the case of trauma to the M1 (Kaas and
Stepniewska, 2002, Welniarz et al., 2017). Approximately 80% of the fibres in the
corticospinal tract decussate at the medulla-spinal cord junction after which they continue
as the lateral corticospinal tract (Welniarz et al., 2017, Martin, 2005). These fibres descend
the spinal cord and synapse with motor neurons and interneurons of muscles on the
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contralateral side of the body (Chouinard and Paus, 2006(Dum and Strick, 2005)). The
corticospinal system is the principal motor system for controlling both gross and fine motor
movements and the main method of studying this pathway in humans is via non-invasive
stimulation with TMS (Perez et al., 2004a, Devanne et al., 1997).

1.2 TMS: a non-invasive method to study brain plasticity in humans
TMS is a non-invasive and non-painful form of brain stimulation that is widely used in
research to measure motor cortical activity and connectivity between different brain
regions. TMS can provide excellent temporal resolution of cortical processes and
moderately good spatial resolution, depending on the coil used (Bolognini and Ro, 2010). It
is also possible to evaluate specific excitatory and inhibitory processes in the motor cortex
using TMS (Thickbroom, 2007, Bolognini and Ro, 2010, Kujirai et al., 1993). First discovered
by Barker et al. (1985), TMS applies Faraday’s theory of electromagnetic stimulation, where
a stimulation coil placed over the cortex delivers a time-varying electromagnetic field that
passes through the skull without attenuation and induces electrical current flow in the
superficial brain tissue underneath the coil (Figure 1.3). This induced current stimulates the
nervous tissue and, if sufficiently intense, can induce action potentials.

Figure 1.3. Basic principles of TMS. A magnetic field is generated by the TMS coil. Through electromagnetic
induction, the magnetic field induces an electric current in the underlying cortex resulting in stimulation of
neurons.
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1.2.1 Single pulse TMS
During TMS, a single suprathreshold intensity TMS pulse is delivered over the motor cortex
(M1) to elicit a motor evoked potential (MEP) in muscle controlled by the cortical
representation over which the pulse was delivered. Direct recordings of descending cortical
volleys from the spinal cord in humans show that indirect waves (I-waves) are recruited by
TMS pulses at low stimulus intensities and direct waves (D-waves), or corticospinal volleys
are recruited at higher stimulus intensities (Di Lazzaro, 2008). TMS permits indirect
assessment of the human motor cortex by measuring transsynaptic transmission of
pyramidal neurons (Bestmann and Krakauer, 2015). Descending corticospinal volleys are
influenced by activation of different intracortical excitatory and inhibitory neurons of
varying size, location, cortical orientation and functional properties. The MEP amplitude
from the electromyogram (EMG) of the target muscle provides a measure of this
corticospinal excitability (Rossini et al., 2015). The contribution of these neurons to M1
output and MEP amplitude will depend on the specific TMS protocol used and experimental
intervention or training. MEP amplitude is also influence by input from spinal motoneurons
(Groppa et al., 2013, Groppa et al., 2012). Finally, changes to MEP amplitude can
demonstrate altered contributions from areas outside of the M1, such as PMC and SMA,
meaning activity of non-primary motor areas influences M1 output and MEP amplitude
reflects changes in activity from trans-cortical projections to the M1 (Hanakawa et al., 2009,
Petrichella et al., 2017). MEPs reflect changes in the functional state of the motor system
and a change in MEP peak-to-peak amplitude after training is interpreted as evidence of
use-dependent plasticity (Raffin and Siebner, 2019). It is important to note that although
MEPs provide insights into physiological changes in the motor system that occur with simple
and complex motor behaviours and training, the multiple inputs that contribute to MEPs
can make interpretation of changes in MEP amplitude challenging (Bestmann and Krakauer,
2015)

1.2.2 Motor threshold
Motor threshold is defined as the minimum stimulus intensity required to elicit an MEP in
the target muscle in 50% of TMS trials (Kobayashi and Pascual-Leone, 2003). The majority of
current studies use 50μV as the minimum MEP amplitude. Motor thresholds can be
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measured when muscles are at rest, termed resting motor threshold (RMT), or when
muscles are slightly contracted, termed active motor threshold (AMT) (Ferreri et al., 2011).
The motor threshold is thought to reflect the combined excitability of the corticospinal
neurons and the interneurons projecting onto these neurons in the motor cortex. However,
motor threshold also encompasses the excitability of intracortical synapses, motor neurons
in the spinal cord and neuromuscular junctions, the site of synapses between spinal motor
neurons and muscles (Kujirai et al., 1993, Chen et al., 1998).
Motor thresholds are subject to intra- (repeated measures in the same participant) and
inter-individual (between participants) variability (Rosso and Lamy, 2018, Herbsman et al.,
2009). Variability within an individual corresponds to the intrinsic fluctuations in excitability
of cortical and spinal neurons, leading to MEP amplitude variability between trials. While
some physiological noise cannot be eliminated, keeping different technical and physiological
factors constant during motor threshold measurement can reduce variability (Rossini et al.,
2015). Factors include the level of physiological arousal of a participant and time of day of
measures. Of course, type of coil, coil orientation and stimulators must all be kept constant.
When these factors are controlled effectively, reliability of motor threshold is high and intraindividual variability can be reduced (Forster et al., 2013).

1.2.3 MEP amplitude
Peak-to-peak MEP amplitude is the most commonly used TMS measure. MEP amplitude
indirectly reflects the excitability of the motor cortex and the number of corticospinal
neurons activated with TMS. MEP amplitude is influenced by stimulus intensity, TMS pulse
shape, and placement and direction of the TMS coil on the scalp (Pascual-Leone et al., 1995,
Brasil-Neto et al., 1992). Muscle activation of the target and surrounding muscles will also
affect the size of the MEP (Rösler, 2001, Kesar et al., 2019). A change in MEP amplitude
elicited at single stimulus intensity (often a stimulus that evokes peak-to-peak amplitude of
1mV at baseline) can be used as a marker of plasticity following training or interventions
(Stefan et al., 2000). The amplitude of the MEP also reflects corticospinal tract integrity and
the balance between excitatory and inhibitory processes in M1. Patients with any
dysfunction along the corticospinal tract (e.g., stroke) may show abnormal MEPs, while
absence of an MEP usually indicates poor outcome in stroke patients (Escudero et al., 1998).
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In addition to single MEP amplitude measures elicited by a single TMS intensity, cortical
excitability can be assessed using input-output (IO) curves.

1.2.4 Input-Output curves
IO curves are a well-established and widely used method to assess cortical excitability
(Devanne et al., 1997, Houdayer et al., 2008). They are constructed by varying the stimulus
intensity of the single TMS pulse (as a percentage of RMT) at an optimal site on the scalp
and measuring the corresponding MEP in the target muscle. IO curves reflect the balance
between the inhibitory and excitatory inputs to the corticospinal pathway as well as the
spatial distribution of excitable components in the motor cortex under the TMS coil (Siebner
and Rothwell, 2003). For hand muscles, the relationship between MEP amplitude and TMS
intensity is typically sigmoidal, with a steep increase at intensities just above motor
threshold and a plateau at higher intensities that elicit maximum MEP amplitude. The slope
of an IO curve reflects the distribution of excitability in the motor cortex. A change in the
slope of the IO curve is used as a marker of plasticity (Delvendahl et al., 2012). For example,
motor learning modulates IO curves, by shifting the curve left (i.e., smaller intensities elicit
greater MEPs) and increasing the slope of the curve (Rosenkranz et al., 2007a).

1.2.5 Paired pulse TMS
All TMS measures discussed so far are used to assess global excitability of the motor cortex
and the corticospinal pathway. However, different TMS protocols can also be used to assess
specific inhibitory and excitatory cortical circuitry (Ilic et al., 2002). Paired pulse stimulation
involves two successive TMS pulses through the same coil, with a short interstimulus
interval (ISI) of a few milliseconds (ms), or longer interval up to 200ms, between pulses.
Both pulses are applied over the same areas of the hemisphere over the M1. Either
inhibitory or excitatory circuits can be assessed depending on the intensity of the intensities
of the two pulses and the ISI used (Hanajima et al., 2002). Two common paired pulse
measures are: short interval intracortical inhibition (SICI), which provides a measure of
cortical inhibition, while short interval intracortical facilitation (SICF) measures excitatory
cortical circuits in humans (Hanajima et al., 2002, Hasegawa et al., 2001, Ilic et al., 2002,
Peurala et al., 2008). For this thesis, I will focus on SICI as this is the main measure obtained
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by the paired pulse TMS technique used in my studies. In practice, during SICI, the first TMS
pulse (conditioning stimulus) is delivered at sub-threshold (below resting motor threshold)
while the second pulse is delivered at or above threshold (test stimulus). The effect of the
conditioning stimulus on the test stimulus is quantified by expressing the resulting MEP
amplitude from the paired pulse stimulation as a ratio of single pulse TMS at the same
intensity as the test stimulus.

1.2.6 SICI /GABA-ergic inhibition
Motor cortical inhibition is the physiological process that suppresses motor cortical
excitatory activity and primarily involves release of γ-Aminobutyric acid (GABA), the
dominant inhibitory neurotransmitter in the brain (Sampaio-Baptista et al., 2015).
Pharmacological evidence suggests SICI is a measure of the activation of GABAA receptor
mediated inhibitory circuits in the cortex (Ferreri et al., 2012, Mooney et al., 2017, Ilic et al.,
2002). Motor cortical inhibition is relevant to understanding and harnessing use-dependent
plasticity because the induction of plasticity in humans is substantially reduced when motor
cortical inhibition is pharmacologically enhanced with lorazepam, a GABA type A (GABAA)
receptor positive allosteric modulator (Bütefisch et al., 2000, Stagg et al., 2011a).
Application of anodal transcranial direct current stimulation (tDCS), a non-invasive brain
stimulation known to decrease GABAA activity (Stagg et al., 2011a, Stagg et al., 2009), is also
associated with significant improvements in motor learning on a variety of motor tasks in
humans such as a serial reaction time task (Nitsche et al., 2003) and a visuomotor sequence
task (Stagg et al., 2011b). This evidence suggests a decrease in GABA and cortical inhibition
may be necessary for use-dependent plasticity.
In summary, TMS is a useful measure as this technique can assess different aspects of
cortical excitability. TMS has also been instrumental in understanding the mechanisms of
plasticity, which I will cover in the next section.

1.3 Mechanisms of use-dependent plasticity
As mentioned, the motor cortex possesses the remarkable ability to alter its structure and
function. Motor learning and skill acquisition induce reorganisation of neural circuitry within
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the motor cortex (Sanes and Donoghue, 2000, Hikosaka et al., 2002). This reorganisation is
mediated through the process of use-dependent plasticity (Mawase et al., 2017, Nudo,
2006). Evidence from animal and human studies shows use-dependent plasticity and motor
learning occurs due to alterations of synaptic transmission strength and efficacy at preexisting synapses, termed long-term potentiation (LTP) and long-term depression (LTD)
(Hess et al., 1998, Mengia et al., 2000, Rioult-Pedotti et al., 2007), unmasking of silent
connections (Kleim et al., 2002, Kleim et al., 2004), synaptogenesis (formation of new
synapses) (DeAnna et al., 2006, Jones et al., 1999, Kleim et al., 1996) and morphological
changes to dendrites, all of which precede the reorganisation and expansion of motor
representations in the motor cortex (Henry et al., 1997, Hofer et al., 2009, Xu et al., 2009).
At the synaptic level, changes in neural activity can generate persistent forms of synaptic
plasticity through mechanisms such as LTP and LTD. LTP is a long-lasting and activitydependent increase in synaptic transmission strength and efficacy (Stanton, 1996) while LTD
is a long-lasting and activity-dependent reduction of synaptic strength; however, both rely
on precise timing of neuronal firing and the number of co-incidental inputs arriving at
presynaptic level (Bliss and LÃ¸mo, 1973, Henry et al., 1997, Feldman, 2000, Sjöström et al.,
2001, Bear and Abraham, 1996). Evidence from animal studies shows that motor training
changes synaptic efficacy of both excitatory and inhibitory synapses in the M1 via LTP and
LTD-like plasticity, and also induces changes to neural properties such as resting membrane
potential and firing threshold of motor neurons (Kida and Mitsushima, 2018, Hess et al.,
1998, Mengia et al., 2000). Rioult-Pedotti (1998) demonstrated 3-5 days of skilled learning
of a reaching task induced prolonged LTP in the trained motor cortex, which correlated with
improved motor performance on the task.
Many other morphological and functional changes associated with LTP have been shown to
accompany motor training. For example, LTP can cause silent or latent synapses to become
‘unsilenced’ and converted to functional synapses (Citri and Malenka, 2008). Similarly,
unmasking of existing but silent horizontal connections in the M1 occurs with skilled motor
training and allows for rapid changes to motor map representations (Butler and Wolf, 2007).
Motor skill acquisition can also cause synaptogenesis, the formation and maintenance of
new synapses (Kleim and Jones, 2008). One study found adult rats that trained on a complex
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task requiring precise limb placement and postural control demonstrated increases in
synapse number within the trained motor cortex after 7 and 10 days compared with control,
untrained animals (Kleim et al., 2002), but synaptogenesis only occurred during the later
stages of motor learning (Kleim et al., 2004). Furthermore, studies in rats indicate that the
increase in number of synapses per neuron within a trained limb area in the motor cortex is
associated with a parallel increased motor representation of that trained limb (DeAnna et
al., 2006, Jones et al., 1999, Kleim et al., 2002, Kleim et al., 2004). Early motor learning also
increases numbers of dendritic spines in pyramidal neurons in layer V of M1 (Harms et al.,
2008, Xu et al., 2009), and motor training leads to enlargement or hypertrophy of existing
spines (Park et al., 2014). New dendritic spines rapidly form during training and are then
stabilised by repeated training (Hofer et al., 2009). Increased dendritic spine density
accompanies expansion of motor representations and increased excitatory neuron activity
(Peters et al., 2014). Elimination of some dendritic spines occurs in the later stages of motor
learning, once a motor skill had been mastered (Peters, 2014).
Synaptic plasticity is also associated with reduced γ-Aminobutyric acid (GABA) receptor
mediated inhibition. Evidence indicates a decrease in GABA release into synapses in the
motor cortex after training-facilitated LTP-like use-dependent plasticity (Kida and
Mitsushima, 2018, Kolasinski et al., 2019). Evidence from animal studies shows motor
training on an accelerated rotarod task promotes changes in glutamatergic and GABAergic
properties in neurons in layer II/III of the M1 in rats (Kida and Mitsushima, 2018). One day of
skilled motor training in rats strengthened AMPA receptor-mediated excitatory synaptic
transmission and reduced presynaptic GABA release. The reduction in GABA was thought to
promote AMPA-mediated plasticity and enhance motor learning as motor performance
improved on the trained task (Kida and Mitsushima, 2018). Two days of training on the
same task strengthened the AMPA receptor-mediated excitatory synapses, increased Nmethyl-D-aspartate (NMDA) receptor-mediated transmission, increased presynaptic
glutamate release and restored presynaptic GABA release to baseline values, with all
changes associated with further motor performance improvement (Kida and Mitsushima,
2018). As mentioned previously, decreased GABAA-mediated inhibition is also associated
with motor learning in humans (Floyer-Lea et al., 2006, Sampaio-Baptista et al., 2015).
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The precise cellular mechanisms underlying use-dependent plasticity still require further
investigation, and it is important to understand how the different mechanisms interact
during motor learning to determine how we can harness or enhance these to optimise
motor learning in humans. In the next sections, I review briefly what is known about motor
learning and focus on understanding strategies to enhance motor learning and functional
recovery after CNS trauma.

1.4 Motor learning in humans
Researchers have proposed that motor learning is divided into different acquisition stages,
with a dynamic interplay of neural mechanisms and substrates that change according to
motor skill learning stage, as well as task-specific mechanisms that depend on the type of
motor skill being learned (Penhune and Steele, 2012, Schaefer et al., 2017, Karni et al.,
1998). An early ‘fast’ phase is characterised by rapid and substantial motor improvements
that can been seen within a single training session. It has been suggested the early
enhancement in task-performance during the first stage of learning may be due to
unmasking of pre-existing intracortical connections and increased efficacy of synaptic
transmission, consistent with animal studies (Karni et al., 1998). Evidence indicates this early
learning process is mediated by LTP-like mechanisms and reduction of GABA-ergic inhibition
(Rosenkranz et al., 2007a, Smyth et al., 2010). A second ‘slow’ stage follows where a plateau
of motor performance is reached and further improvements are gained slowly over several
sessions of practice (Dayan and Cohen, 2011). The continued improvement in performance
is thought to be the result of synaptogenesis, as seen in animal models (Rosenkranz et al.,
2007). It has been suggested that motor learning does not occur unless relatively permanent
changes and long-term improvement in the trained behaviour are established, as measured
by retention and transfer of the motor skill (Kantak and Winstein, 2012). Motor learning
therefore refers to the resilience of a motor behaviour that is developed with consistent
practice and is sustained over time without guidance from external factors i.e., physical
therapist assisting a stroke survivor. Retention and transfer tests assess skill performance
after the acquisition learning phase (Kantak and Winstein, 2012). Retention tests measure
the extent to which the skill has been retained and transfer test evaluate the generalisability
and transferability of the learned skill to other motor behaviours (Schmidt et al., 2018).
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Motor skill retention is observed after both single and multiple training sessions and both
stages of learning (Doyon and Benali, 2005).
There are many different models that attempt to explain how the brain areas interact
during different stages of motor learning in humans; however, it is agreed that motor
learning relies primarily on the M1, PMC, SMA, cerebellum, thalamus, basal ganglia and
striatal areas (Pi et al., 2019, Karni et al., 1998, Penhune and Steele, 2012). In addition,
neuroimaging studies show that interactions between cortico-thalamic-striatal networks,
cortico-thalamic-cerebellar networks and the limbic system are essential for mediating the
acquisition and execution of new motor skills (Doyon and Benali, 2005). These networks are
active during different stages of motor learning, and within each stage, associated premotor
and sensorimotor networks are also activated. Finally, research shows the prefrontal cortex
(PFC) is also engaged during motor learning and is involved in different aspects of cognitive
control of motor activities, such as decision making and planning of future movements,
attention to motor tasks and integrating sensory inputs (Ono et al., 2015, Lee et al., 2020,
Baltz et al., 2018, Rossi et al., 2009a, Mihara et al., 2008, Reddy et al., 2018). The PFC plays a
fundamental role in the early phase of motor learning, which is characterised by increased
cognitive load where learners incorporate sensory information and learn by trial and error.
(Halsband and Lange, 2006, Ono et al., 2015). Most studies have focussed on measuring
use-dependent plasticity in M1 and, in the next section, I review the studies that show
different mechanisms of plasticity in M1 after different learning tasks along with different
factors that can influence this plasticity.

1.5 Human use-dependent plasticity
TMS has been extensively employed to assess use-dependent plasticity following simple
motor training tasks (Mawase et al., 2017, Stefan et al., 2000, Muellbacher et al., 2001,
Muellbacher et al., 2002b, Muller-Dahlhaus et al., 2008). In humans, use-dependent
plasticity in the M1 is indicated by increased MEP amplitude and decreases in motor
threshold after training compared to baseline and decreases in motor threshold (Classen et
al., 1998, Perez et al., 2004a, Rosenkranz et al., 2007a). Substantial evidence shows a short
period (<60-min) of repetitive ballistic thumb abduction increases cortical excitability

15

(increased MEP amplitude) for an extended period (up to 60-min) after training, an
indication of use-dependent plasticity in humans (Ridding and Ziemann, 2010, Seidler, 2010,
Muellbacher et al., 2001, Muellbacher et al., 2002b, Rogasch et al., 2009). Similar results
have been found with short periods of training on different motor tasks. Short-term training
of a rapid, repetitive wrist extension elicits increased MEPs in the agonist muscle (extensor
carpi radialis), as demonstrated by an increased slope of an input-output (IO) curve, and a
shift to the left of the curve, which demonstrates an increase in excitability as lower
stimulus intensity is required to induce greater MEP amplitude (Suzuki et al., 2012). Further
evidence shows 32-min of ankle dorsi- and plantar flexion training improved motor
performance and increased MEP amplitude in the trained muscle (tibialis anterior) (Perez et
al., 2004a). Ankle training also led to a significant decrease in SICI, suggesting training
modulated local intracortical inhibitory circuits (Perez et al., 2004a). The changes in
corticospinal excitability are assumed to result from training induced synaptic plasticity
strengthening transmission in neural circuits (Rioult-Pedotti et al., 2007).
In addition to measures of corticospinal excitability, TMS can be used to obtain functional
maps of cortical representations of muscles in the M1 (Romero et al., 2011). Maps are
obtained by recording MEPs in response to TMS stimuli that are delivered at a constant
intensity and applied over different sites of M1 (Wassermann et al., 1993). Consistent with
changes in animals after periods of motor training, extended training on a skilled task
induces changes to motor representations and modulation of corticospinal excitability
(Pascual-Leone et al., 1994a, Park et al., 2014). Participants who trained on a one-handed
five-digit task on a piano showed an increase in the area of digit representation
corresponding to the trained hand and a decrease in MEP threshold after 5 days of training
for 2 hrs a day (Pascual-Leone et al., 1995). Also consistent with evidence from animal
studies, transient GABAergic disinhibition has been demonstrated in human studies (FloyerLea et al., 2006). Thirty minutes of training on a motor learning sequence task reduced
mean GABAA concentration in M1, as measured by magnetic resonance spectroscopy (MRS).
Reduced GABAA was associated with enhanced motor performance, suggesting rapid
reductions of GABAA-facilitated motor learning (Flyer-Lea et al., 2006). Additional studies
confirmed the role of GABAergic inhibition in motor learning and use-dependent plasticity in
humans (Kolasinski et al., 2019, Sampaio-Baptista et al., 2015). It is important to note,
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consistent with animal studies, excitability and morphological changes that occur in the M1
are as a result of motor learning and skill acquisition and not as a result of passive repeated
movement (Nudo, 2003b, Nudo, 2006, Plautz et al., 2000, Floyer-Lea et al., 2006). This is
essential for rehabilitation techniques, which need to be designed towards increasing motor
learning as repetitive movement alone without motor learning or improvement is unlikely to
induce long-lasting functional changes in motor networks.

1.5.1 Plasticity in ageing
Ageing is associated with atrophy of the motor cortical regions and corpus callosum, and
these structural changes may be associated with decline in motor function, such as balance
and gait, co-ordination difficulties and slowing of movement (Seidler et al., 2010).
Additionally, degeneration of neurotransmitter systems, like the dopaminergic system, may
contribute to the decline of gross and fine motor control that occurs in older age.
Neuroimaging evidence indicates older adults show less-focused and more wide-spread
cortical activation of brain regions during motor tasks compared to younger adults, such as
PFC and basal ganglia networks, possibly to compensate for age-related structural and
functional declines (Berghuis et al., 2017, Bhandari et al., 2016, Berghuis et al., 2019). These
physiological changes are likely to be compounded by pathologies that are common in
ageing and may be an underlying reason for reduced motor performance and decline in
plasticity mechanisms observed in some studies with older populations (Cirillo et al., 2010,
Rogasch et al., 2009). Older adults are more likely to experience stroke and other
neurological and neurodegenerative disorders that affect movements, and it is imperative
to understand use-dependent plasticity in this population.

1.5.2 Ageing and use-dependent plasticity
The ways in which ageing affects plasticity and motor learning are not completely
understood. It is well established that there are neurophysiological and functional changes
that occur with ageing; however, there is still no consensus on how these influence plasticity
mechanisms (Pauwels et al., 2018, Seidler et al., 2010). A number of studies demonstrate a
decline in the ability to induce plasticity in older adults compared to young using
interventions such as motor training and non-invasive brain stimulation (Berghuis et al.,
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2017, Fathi et al., 2010). For example, one study investigated how ageing affected
corticospinal excitability (MEP amplitude) after a session of continuous theta burst
stimulation (cTBS), a repetitive transcranial magnetic stimulation (rTMS) protocol (Freitas et
al., 2011). rTMS is used to modulate plasticity in humans and animal models (CardenasMorales et al., 2010). Specifically, cTBS can produce sustained effects on neural tissue (up to
60-min after stimulation), which can be measured using TMS (Huang et al., 2005). In the
study, a single 40-sec train of cTBS was applied to the motor cortex of individuals ranging
from 19-81yrs. Single pulse TMS measures were taken before and after the intervention.
The findings indicated a progressive linear decline in plasticity across the lifespan, as cTBSinduced inhibition gradually reduced with age. As cTBS is associated with LTD-like effects,
the results suggest the capacity for LTD-like plasticity of the motor cortex progressively
reduces with ageing (Freitas et al., 2011). As LTD-like mechanisms are associated with motor
learning, it was proposed the capacity for motor learning induced use-dependent plasticity
may reduce with age.
A reduction in experimentally induced plasticity in older adults compared to young adults
has been demonstrated in other brain stimulation studies using low frequency rTMS and
paired associative stimulation (PAS) (Todd et al., 2010, Fathi et al., 2010). PAS involves
pairing an electric stimulus to the peripheral median nerve with a TMS pulse over the
contralateral motor cortex (Stefan et al., 2000). PAS elicits a specific, spike timingdependent and LTP-like motor plasticity in humans and evidence shows an age-dependent
reduction of this plasticity after a single session (Fathi et al., 2010). There have also been
training-induced changes demonstrated in corticospinal excitability and plasticity between
young and old adults (Rogasch et al., 2009). A short period of training on a thumb-abduction
training task led to a significant increase in MEP amplitude immediately and 30-min after
training in young but not older adults (Rogasch et al., 2009). These findings were supported
in a study that found an age-related reduction in motor learning after training of the
dominant hand (Cirillo et al., 2010). In contrast, recent evidence shows physically active
older adults demonstrate greater responses to interventional cTBS (Smith et al., 2021).
Physically active older adults who engage in frequent light exercise showed significant shortterm reduction in MEP amplitude in response to cTBS compared to sedentary age-matched
adults. This research suggests increased levels of physical activity is associated with greater
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modulation of plasticity in older adults (Smith et al., 2021). The evidence reviewed above
suggests a reduction in use-dependent plasticity occurs with increasing age, which has
implications for interventions aimed at improving motor learning in older adults. However,
this reduction may be ameliorated by physical activity.

1.5.3 Stroke and plasticity
Extensive structural, morphological and physiological changes occur in the first weeks after
stroke, with evidence suggesting the brain is more susceptible to cortical reorganisation and
structural and cellular changes shortly after neurotrauma (Nudo and Milliken, 1996, Nudo,
2013, Krakauer, 2006, Takeuchi and Izumi, 2012a). For example, preclinical studies have
demonstrated that synaptogenesis significantly increases after experimental lesions in
rodent models of stroke. The number and shape of dendrites are also shown to be
substantially altered following stroke (Brown et al., 2009). These changes to synapses and
dendrites are associated with increases in motor cortical activity in the ipsilesional and
contralesional hemispheres (Jones et al., 1996). Furthermore, axonal remodelling has been
found immediately after initial lesions in animal models of stroke (Dancause et al., 2005,
Weidner et al., 2001). Human neuroimaging and electrophysiological studies show
ipslesional and contralesional primary motor cortices and dorsal premotor cortex undergo
considerable plasticity after stroke (Schaechter et al., 2008, Stinear et al., 2007, JohansenBerg, 2007). Although there are large overlaps with neurodevelopment and motor learning,
some aspects of cortical reorganisation and plasticity are likely to be unique to brain injury
(Kleim et al., 2004, Plautz et al., 2000). This spontaneous plasticity following brain injury may
underlie meaningful changes in motor rehabilitation after stroke, as motor training
protocols may capitalise on the increased plasticity, leading to enhanced function (Dimyan
and Cohen, 2011).
In summary, motor learning and use-dependent plasticity change during ageing, with
evidence suggesting older adults exhibit a reduced capacity for plasticity (Nudo, 2013).
Importantly, plasticity mechanisms and motor learning are also impacted by neurotrauma,
such as stroke. Reduced use-dependent plasticity in older adults may limit motor learning,
constrain improvements in motor performance, and impact spontaneous recovery of motor
function after neurotrauma (Erickson et al., 2005, Berghuis et al., 2016). Australia (and the
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world) has an ageing population. For instance, over the 20-year period from 1999 – 2019,
the proportion of Australia’s population aged 65years and over increased from 12.3% to
15.9%. Additionally, this group is projected to increase rapidly over the next decade as more
baby boomers’ (those born between 1946 and 1964) turn 65 (Australian Bureau of Statistics,
2019). Therefore, the need for interventions to improve motor learning and induce plasticity
is increasing, as older adults are more likely to suffer from neurotrauma or disorders that
affect motor function, such as stroke and Parkinson’s Disease (PD) (Birbeck et al., 2015).

1.6 New approaches to rehabilitation
Plasticity allows rapid adaptation in response to changes in our internal and external
environment. Evidence summarised above has established there are numerous mechanisms
of plasticity that enable motor learning in both animals and humans. Importantly, this raises
the possibility that these mechanisms could be harnessed to assist with functional recovery
after CNS damage using motor training. However, it is becoming clear that training must be
of appropriate intensity and targeted to each individual’s injury or specific damage so as to
avoid maladaptive plasticity (Nudo, 2013, Oberman and Pascual-Leone, 2013, Radley et al.,
2015, Ziemann et al., 1998). Ageing is a factor that must also be considered, as usedependent plasticity mechanisms have shown to decline with ageing, and therefore
methods that can enhance plasticity, such as music will be highly beneficial (Pauwels et al.,
2018, Pellicciari et al., 2009, Schaechter, 2004, Seidler et al., 2010). A number of different
approaches have been developed that show promise for enhancing plasticity induction and
assisting with motor functioning. These approaches include novel interventions such as
brain stimulation techniques like transcranial direct current stimulation (Kidgell et al., 2013,
Pell et al., 2011) and rTMS (Hoyer and Celnik, 2011), gaming and virtual reality (Crosbie et
al., 2007, Kühn et al., 2014), exercise (Cotman and Berchtold, 2002) or robotics (Steinisch et
al., 2009, Yue et al., 2017). However, all these interventions come with challenges, issues
and costs. It is also essential that interventions are engaging, intensive and tailored to
individual needs in order to be most effective. The addition of music to therapy is one
method that is cost-effective, engaging and shown to have a beneficial effect on motor
function in clinical and healthy populations (Jennifer et al., 2013, Jeong and Kim, 2007,
Thaut et al., 1997, Miller et al., 1996, Wittwer et al., 2012). However, a question that is still
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to be answered is whether we can use music combined with motor task training to facilitate
beneficial plasticity mechanisms in humans and support lasting functional recovery of
people who have experienced CNS trauma or are suffering from neurodegenerative
disorders.
In the next section of the review, I will explore how humans can synchronise their
movements to music, the phenomenon known as rhythmic entrainment, which is the basis
of the music-motor therapy, RAS. I will present evidence showing the neural correlates of
rhythmic entrainment and the multiple brain regions that are active when listening and
moving to music. Furthermore, I examine how these processes can potentially facilitate
motor learning and use-dependent plasticity in healthy and clinical populations. I will also
review the studies that demonstrate how musical rhythm combined with motor tasks can
enhance movement rehabilitation in clinical populations. I will review the benefits and
potential disadvantages of current models of RAS and assess the ways we can optimise RAS
therapy. I will also demonstrate how music can enhance motivation and influence emotional
regulation and discuss how this impacts the effects of RAS and assists with adherence to
therapy. Finally, I will discuss the implications of using technology in healthcare and consider
how to improve current therapies with the use of mobile technology, sensors and feedback.

1.7 Music and Rhythm
1.7.1 Music
Music is a uniquely human capability that involves an intricate and meaningful arrangement
of sounds organised across time (Peretz, 2006, Fitch and Martins, 2014). Music comprises
many components such as pitch, harmony, melody, loudness, intensity and timbre (Levitin
et al., 2018, Levitin and Menon, 2003) as well as rhythm, the regular pattern repeated
throughout a musical sequence (Mohammad Alipour et al., 2019). The many different
elements of music have been extensively studied in regard to their influence on brain
functions, including psychological, cognitive and physiological processes (Honing et al.,
2015, Patel and Peretz, 1997, McAuley et al., 2012, Zatorre and Zarate, 2012). However, for
the purpose of this thesis I will be focussing on one component of music that has been
definitively linked to movement: rhythm (Thaut et al., 2014a).
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1.7.2 Rhythm: beat, meter and tempo
Rhythm is music’s central organising structure. Rhythm is a composite term comprising
different timing components such as pulse or beat, meter and tempo (Grahn et al., 2011,
Grahn and Rowe, 2009). The perception of these different components in the brain activates
common and distinct neural networks (Grahn and Rowe, 2009). Rhythm can exist on its own
(without other elements of music such as melody and harmony), but melody and harmony
cannot exist without rhythm (Levitin et al., 2018). When listening to musical rhythms,
listeners will perceive an underlying temporal regularity or pulse, also known as the beat.
The beat is the series of regular occurring events that are felt while listening to a musical
rhythm and are the points at which a person would naturally tap their foot or nod their
head. Accented or stressed beats are more likely to elicit motor responses (Hamish and
Steven, 2005, Jan et al., 2016, Kornysheva et al., 2010, Kotz et al., 2018, Tierney and Kraus,
2013). At the same time, listeners will hear beats in recurring groups or patterns. The
recurring patterns of beats is the meter. Meter involves high-level groupings of beats where
some beats are stressed (stronger) or unstressed (weak). Common meters include triple
meter or 3/4 time, where every third beat is stressed or quadruple meter or 4/4 time,
where every fourth beat is stressed (Nozaradan et al., 2011, Okada et al., 2009, Large et al.,
2015). The interval between beats is the beat period and this corresponds to tempo, which
is the frequency or speed of the beat. Tempo is the natural rate at which a listener will tap
their foot or clap their hands to music (McAuley et al., 2012) and is most commonly
described in beats per minute (BPM). Beat perception is typically strongest in humans for
tempos between 100-120 beats per minute (Etani et al., 2018). Music can naturally induce
spontaneous movement in humans and does not rely on previous musical training (Burger
et al., 2014, Large, 2000). The temporal structure or the rhythm of music allows for
synchronised movement to the beat of the music (Grahn, 2009a). The ability of humans to
entrain to rhythm in music is the basis of the study of rhythmic entrainment and has led to
the development of music-motor therapies such as RAS.
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1.8 Rhythmic entrainment
RAS is a music motor therapy that uses auditory rhythm to enhance motor control and
facilitate the recovery of functional movements in people with motor function deficits
(Thaut et al., 2014). When discussing the therapeutic application of music and rhythm, we
must include the four pillars of RAS first proposed by Thaut et al. (1991, 1992, 1996a, 1997)
that are thought to underlie the beneficial effects of RAS: auditory-motor coupling, where
movements and rhythmic cues perceived in auditory stimuli interact with each other and
over time become locked together (rhythmic entrainment) (Repp and Su, 2013); activation
of reticulospinal tract and central pattern generators (Thaut, 2015); activation of auditory
neurons that entrain the firing rate of motor neurons (neural entrainment) (Rossignol and
Jones, 1976, Cameron et al., 2019); smoothing of the movement period and stepwise limit
cycle entrainment (SLICE). The following sections will review the key concepts and
mechanisms thought to underlie RAS.

1.8.1 Key concepts in rhythmic entrainment
Rhythmic entrainment is the process whereby motor networks and body movements ‘lock
in’ to an external auditory stimulus such as rhythm in music or simple rhythmic beats on
their own (Trost et al., 2014). A simple example of rhythmic entrainment is the ability of
people to spontaneously tap their feet in time to music. Humans have the distinct ability to
synchronise their movements with almost perfect accuracy to rhythmic stimuli via tempo
matching (matching the rate of movements with the beat) and phase locking (where the
movement occurs at consistent interval rate relative to beat onset) (Trost and Vuilleumier,
2013, Witek et al., 2014). Once the beat is found and rhythmic entrainment occurs,
movements will most likely stay locked into the auditory rhythm presented, even when
subtle tempo changes occur (Thaut et al., 2014, Large, 2002). Although this may seem like a
simple process, in order for rhythmic entrainment to occur, there must be an internal beat
representation for an individual to synchronise to, and move on, the beat instead of reacting
after each beat (Grahn and Rowe, 2009, Leow et al., 2014, Repp and Su, 2013). The neural
correlates of rhythmic perception and entrainment are discussed in the next section.
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Rhythmic entrainment has been comprehensively studied by using different finger tapping
paradigms, from simple tapping to metronomes to beat-detection in complex music
sequences (Styns et al., 2007, Large, 2008, Repp, 2005). Studies have demonstrated that
during finger tapping to auditory stimuli occurring at regular time intervals (called an
isochronous sequence), movements are immediately and accurately entrained from the
outset of the auditory stimuli and can be maintained over long periods of time (Repp, 2005,
Thaut et al., 1998, Large, 2008). Interestingly, studies have found that moving along to
rhythms assists with beat detection ability (Phillips-Silver and Trainor, 2005, Su and Pöppel,
2012). A beat-finding task was employed by using isochronous sequence of beats where
beats were removed at pseudorandom positions. Participants (one group of musicians
compared to non-musicians) had to identify the beat either using periodic body movements
(head nodding or foot tapping) or by listening alone. Beat detection ability was determined
measuring accuracy of finger tapping to a beat. Movement assisted beat finding for both
musicians and non-musicians (especially for non-musicians). Movements increased accuracy
and speed of beat detection (Su and Pöppel, 2012), demonstrating the link between rhythm
and movement. However, the underlying mechanisms of this rhythm and movement link
are still not completely understood. These mechanisms must be established so that they can
be harnessed to induce plasticity and enhance motor learning.

1.8.2 Neural basis and underlying mechanisms of rhythmic entrainment and RAS
1.8.2.1 Auditory-motor coupling
Early electrophysiological research showed evidence of the existence of auditory-motor
connections at the brainstem via the reticulospinal tract. Researchers used sound cues and
simple musical rhythms as an auditory priming stimulus and measured the excitability of
spinal motoneurons. They also timed corresponding motor responses in participants’
gastrocnemius using EMG while participants synchronised their movements to the auditory
stimulus by hopping (Rossignol and Jones, 1976, Paltsev, 1967). It was found that short
sound cues can modulate spinal excitability, which is possible as the auditory system has
richly distributed neural connections to the motor areas at the spinal, sub-cortical and
cortical levels. This auditory-dependent changes in excitability (audio-spinal excitability)
were associated with EMG events in the gastrocnemius that occurred during hopping to the
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musical stimulus (Rossignol and Jones, 1976). It was suggested that when movements are
synchronised to repetitive auditory stimuli, motor events are timed to best take advantage
of the audio-spinal facilitation.
Listening to music improves neural connectivity in specific brain regions and induces
widespread activation of various brain networks in healthy participants (Sihvonen et al.,
2017). Specifically, passively listening to music or rhythmic sequences in isolation
consistently activates auditory and motor areas, even when there is no movement.
Neuroimaging studies of subjects listening to music show bilateral activation in the primary
and secondary auditory areas, primary motor cortex (M1), premotor cortex (PMC) and
cerebellum (Chen et al., 2008, Chen et al., 2006, Gordon et al., 2018, Alluri et al., 2012, Kung
et al., 2012). In addition, a TMS study investigating the influence of preferred tempo on
corticospinal excitability found that just passively listening to rhythms can modulate
excitability of the motor cortex (Michaelis et al., 2014). This evidence demonstrates the link
between rhythm and movement in the brain and the strong link between auditory and
motor regions which is believed to drive rhythmic entrainment.
Compared to the patterns of brain activation observed during passive listening, additional
regions are recruited and stronger links between auditory and motor areas are evident
when participants are instructed to actively listen for rhythms as well as during rhythmic
entrainment tasks where participants must detect and synchronise their movement to
rhythmic sequences alone and in music (Jäncke et al., 2000, Grahn et al., 2011, Chen et al.,
2008). Functional magnetic resonance imaging (fMRI) studies indicate consistent activation
of key cortical areas during rhythmic entrainment including a network of regions that
subserve movement tasks including the pre-supplementary motor area (pre-SMA), SMA and
ventral and dorsal PMC (Grahn, 2009b, Grahn, 2009a). The superior temporal gyrus (STG auditory cortex) and anterior insula (associated with auditory memory) are also active in
conjunction with motor areas during rhythmic entrainment. Neurons fire in these areas in
synchrony with rhythm (Bengtsson et al., 2009, Chen et al., 2008). Increased functional
connectivity is evident between auditory and premotor cortices during tapping and beat
perception tasks (Chen 2006, Grahn and Rowe, 2009). Functional connectivity refers to the
correlation between concurrent activation of different brain regions, suggesting areas may
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either directly influence another or perhaps have a common input leading to correlated
activity (Grahn, 2009). A TMS study also demonstrated the importance of the dorsal
premotor cortex (dPMC) during rhythmic entrainment, where stimulating the dPMC with
inhibitory rTMS impaired motor synchronisation to rhythmic beat (Giovannelli et al., 2013).
Non-cortical regions including the inferior colliculus, cerebellum and basal ganglia are also
activated in response to rhythm perception (Grahn, 2009b, Thaut et al., 2008). In particular,
the basal ganglia perceive the underlying structure of rhythm (the regular beat) and are
important for voluntary motor control (Zatorre and Salimpoor, 2013).
Studies using electroencephalography (EEG) to measure neural oscillations during rhythmic
entrainment also show auditory-motor coupling (Crasta et al., 2018, Nozaradan et al., 2011,
Fujioka et al., 2009, Fujioka et al., 2012a). EEG evidence shows neural activity may rapidly
and precisely synchronise to an external rhythmic stimulus, supporting fMRI findings
(Nozaradan et al. 2011). Neural oscillations are the rhythmic frequency patterns that allow
coordinated and synchronised neural activity within and across brain regions (Grahn, 2009).
Neural oscillations are represented in terms of frequency and measured in cycles per second
(Hz). The neural clusters that generate these oscillations are characterised by the frequency
bands in which they occur (Grahn, 2009). One study used EEG to investigate the neural
oscillations underlying auditory-motor entrainment (Crasta et al., 2018). In the study,
participants were assigned to an auditory first condition (listening to auditory stimuli
presented every .8 secs) or motor first condition (tap rhythmically every .8 secs with no
external pacing) before undergoing a combined rhythmic auditory-motor synchronisation
condition (combined condition) where participants were required to tap in time with an
auditory stimulus. The results demonstrated the auditory-first group had less neural
synchronisation in delta, alpha and low beta frequencies (4-20Hz) (regions associated with
sensorimotor processing), reduced evoked power in the same frequency bands and reduced
total power in low beta bands (13-16Hz) (region associated with anticipation and predictive
timing) compared to the motor-first group. The researchers suggested the auditory-first
group primed the neural system so that fewer neural resources were required in the
combined auditory-motor condition compared to the motor-first group. These results
provide evidence that the auditory system can drive the motor system and brief priming
with rhythmic auditory stimuli facilitates the neural efficiency of the motor system during
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rhythmic entrainment (Crasta et al., 2018). An earlier study by Fujioka et al. (2012a) found
periodic modulation in neural oscillations in the beta frequency band (predictive timing
processes) was associated with rhythmic stimulus frequency in auditory areas, motor areas
(sensorimotor cortex, supplementary motor area), the inferior frontal gyrus and the
cerebellum, even though no movement was performed. These EEG findings indicate
presentation of rhythmic auditory stimuli before movement or just during passive listening
(without overt movement to rhythm) activates motor areas and facilitates neural efficiency
of the motor system during rhythmic entrainment and provides evidence of auditory-motor
coupling. Thus, priming of the motor system through the tightly linked auditory and motor
systems when listening to rhythm is an important mechanism that underlies rhythmic
entrainment (Thaut et al., 2014a).

1.8.2.2 Beat salience and rhythm complexity
The above evidence indicates that listening to rhythmic auditory stimuli and rhythmic
entrainment tasks consistently engage motor areas. Studies also show motor responses and
auditory-motor links are sensitive to changes in the rhythmic stimulus property, such as
metrical saliency, or the strength of the underlying beat (Kornysheva et al., 2010, Grahn and
Brett, 2007, Chen et al., 2006). Manipulating beat saliency allows researchers to show how
the strength of the beat in a rhythmic sequence can impact the functional connectivity
between auditory and motor regions. fMRI and TMS studies have identified the strength
and salience of underlying beat can drive increases in neural activation and excitability in
motor areas (Cameron et al., 2012, Chen et al., 2006). Chen et al. (2006) manipulated the
salience of rhythmic stimuli to determine if it would influence the ability of participants to
synchronise their finger tapping to the beat, and also to assess the impact these different
auditory cues would have on brain activity. Healthy participants were asked to tap in
synchrony to six different isochronous sequences. The rhythmic sequences were
manipulated so that the beat became increasingly more salient with more obvious accents
placed on the beat making them more pronounced to the listener. These were compared to
a control where there were no predictable accents on rhythm making it difficult to expect
when the next beat would occur. fMRI measures were performed to detect changes in
cortical activation during the tapping task by assessing hemodynamic responses. The
superior temporal gyrus (STG), M1, thalamus and cerebellum were identified as key regions
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involved in finger tapping to a rhythmic sequence, consistent with previous findings (Jäncke
et al., 2000, Rao et al., 1997). Most importantly, manipulation of rhythms modulated
connectivity between dPMC and auditory cortex (STG). When the perceived beat became
more prominent, neural activity in these two regions became increasingly functionally
coupled (Chen et al., 2006). The researchers suggest the STG may be important for encoding
rhythmic patterns, and the dPMC plays a role in sensorimotor integration. The increased
connectivity was also associated with a behavioural change in tapping duration: increased
beat saliency led to longer tap durations (increased time the finger is still). This finding could
inform selection of optimal music for rhythmic entrainment, with evidence indicating
rhythmic sequences with a strong beat will encourage increased connectivity between
auditory-motor networks.
One study further investigated the activation of motor regions during rhythm perception
alone, without any associated movement (Bengtsson et al., 2009). Healthy participants were
presented with three rhythmic sequences with differences in temporal predictability (the
regularity of time intervals separating beats), ranging from simple isochronous sequences to
perceptually complex ones. Unpredictable rhythmic sequences with completely randomly
timed intervals were also introduced. Participants did not make any movement during
listening, with EMG used to detect any muscle movement during the listening task. Using
fMRI, researchers discovered the dPMC, SMA and pre-SMA and cerebellum were highly
active when participants listened to rhythmic sequences compared to random sequences.
Furthermore, these areas modulated the strength of their response to stimuli predictability
(i.e., had stronger activation when the rhythmic stimuli were more easily predicted). The
pre-SMA and SMA showed greater activation for simple and predictable rhythmic sequences
and decreasing activity with presentation of more complex sequences (Bengtsson, 2009). In
contrast, the PFC became increasingly active with rhythm complexity. The researchers
suggested predictable and less complex rhythmic auditory stimuli may increase activation in
the motor cortex during listening, which lowers the threshold for movement, allowing for
quicker execution of actions (Bengtsson, 2009). In addition, increased pre-frontal cortex
activity with increasingly complex sequences suggests that more cognitive control is
required while listening to those rhythmic sequences. The implications for RAS are that
simple rhythms can activate motor areas, even without active cognitive attending. This is
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important for individuals who may have difficulty with concentration or have cognitive
deficits as a result of CNS injury.
The evidence presented in this section shows that there is consistent auditory and motor
area activation during passive listening to music that increases during rhythmic entrainment
tasks and becomes even more prominent when rhythmic sequences with strong and
predictable beats are presented (Chen et al., 2008, Chen et al., 2006). This tight coupling
between auditory-motor areas is hypothesised to be one of the main mechanisms
underlying rhythmic entrainment and is believed to mediate the beneficial effects of RAS on
movement in clinical populations. It is also possible this co-activation of auditory and motor
areas and priming of the motor system may enhance plasticity in the motor cortex because
increased input to the motor system during rhythm entrainment, combined with motor
tasks, may increase neural firing and lead to plastic changes (Bengtsson et al., 2009).
However, there is limited evidence that explicitly demonstrates this plasticity during
rhythmic entrainment. Among the many techniques used to study the link between rhythm
and movement, there are limited studies using TMS to assess the relationship between
rhythmic entrainment and plasticity in humans. TMS is an incredibly valuable technique for
measuring plasticity in the human motor system and is the main method used in my thesis
to investigate the neurophysiological effects of rhythmic entrainment.

1.9 Combining rhythm and motor training to boost plasticity
1.9.1 Addition of rhythm to facilitate plasticity and motor learning
The focus of the following section is to review the literature to determine if combining
rhythmic entrainment with motor training can further increase use-dependent plasticity
induced by training alone. Restoration of function following CNS damage relies on the ability
of spared neurons to compensate for lost function by growing axons and/or dendrites and
forming new synapses to reconstruct and remodel injured circuits. As seen in animal models
and healthy participants, motor learning alone can induce plasticity in the motor cortex via
LTP-like mechanisms, synaptogenesis and morphological changes to dendrites (Krakauer,
2006). It has also been established from neuroimaging evidence that listening to music can
increase overall brain activity and stimulate widespread activation of various brain networks
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in healthy participants (the same networks that are active during motor training), and
rhythmic entrainment can increase connectivity and functional coupling between auditory
and motor brain regions (Lezama-Espinosa and Hernandez-Montiel, 2020, Large, 2008,
Grahn, 2009a). Therefore, increased input to the motor cortex from rhythmic cues may
facilitate motor training induced plasticity by increasing neural firing in the motor cortical
regions and enhancing motor output. Finally, using rhythmic entrainment to assist with
movement is the basis of RAS, the music motor therapy shown to have beneficial effects on
motor function in different neurological disorders (Suh et al., 2014, Thaut et al., 2007,
Magee et al., 2018), which is discussed in depth in later sections. As RAS as a therapy can
have beneficial effects on motor function in clinical populations, it is reasonable to suggest
that training with RAS may enhance use-dependent plasticity. However, the evidence from
human studies is primarily from fMRI evidence, and the relation between fMRI activation
and neural firing still remains unclear (Ojemann et al., 2013). Further research is required to
determine if enhanced cortical activation with rhythmic entrainment does indeed enhance
use-dependent plasticity.

1.9.2 Structural plasticity
It has been suggested that the combination of music and motor interventions may induce
plasticity similar to the structural and functional plasticity observed in healthy individuals
who have undergone musical training (Schlaug, 2015, Wan and Schlaug, 2010, Herholz and
Zatorre, 2012). Evidence supporting the concept that rhythmically cued motor training can
induce structural plasticity comes from a study that compared a motor learning task with
and without musical cues using diffusion tensor imaging (DTI) to examine white matter
anatomical changes associated with rhythm perception (Moore et al., 2017). In DTI,
fractional anisotropy (FA) is a measure of the directionality of water diffusion and is an
indicator of coherence of aligned fibres in white matter tracts. Higher FA values correspond
with more aligned fibres in a specific direction (Beaulieu, 2002). Healthy participants
underwent a four-week period (20-min, 3 times per week) of left-hand motor sequence
training either with (music-cued group) or without musical cues (control group). The motor
sequence training involved learning four sequences of eight finger to thumb opposition
movements with the non-dominant hand. Training involved practicing the sequences three
times per week over a four-week period. The musical cues involved a soundtrack that
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provided temporal cues for each finger movement (rhythmic entrainment) and pitch cues
for correct finger movement. This established an auditory-motor link between musical cues
and finger movements. Only the music-cued training induced changes (higher FA values) to
the white matter of the right arcuate fasciculus compared to the control group, even though
there were no behavioural differences observed between the groups (Moore et al., 2017).
The arcuate fasciculus terminates in both the superior temporal gyrus (containing the
primary auditory cortex) and the inferior pre-central gyrus (primary and premotor regions),
indicating that long-term rhythmic-cued training increases structural connectivity of the
white matter tract linking auditory and motor regions (Moore et al., 2017). The researchers
proposed that music-motor training increased neural activity between auditory and motor
regions, resulting in activity-dependent myelination that was responsible for the changes to
white matter observed in the study. Further research is required to determine the exact
mechanisms mediating these changes. Although this evidence is promising for long-term
music-motor training, it is unknown whether short-term music-motor training can induce or
facilitate use-dependent plasticity.
Although human neuroimaging provides considerable evidence that auditory-motor
network activation may facilitate the induction of plasticity, the nature of this activation is
still unclear (e.g., whether activation is excitatory or inhibitory). Additionally, all the
available studies involved healthy adult participants. The patterns of cortical activation
observed in rhythmic entrainment and the plasticity observed during motor learning may
differ between healthy and clinical populations. Further research is required to determine if
rhythmic entrainment can modulate use-dependent plasticity, enhance motor learning and
restore motor function in those with motor deficits. In my study, I will specifically
investigate if rhythmic cues in music combined with motor tasks can enhance plasticity by
using TMS in both healthy young and older adults as well as stroke-affected populations.

1.10 Rhythmic auditory stimulation
People with CNS damage due to trauma or degeneration appear to retain the ability to
entrain to rhythmic stimuli. There is a strong clinical potential to use music-motor training
for rehabilitation of motor function in different patient populations, as evidence shows
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rhythmic cues can assist movement recovery in various clinical populations (Thaut et al.,
1992, Thaut et al., 1997, Thaut et al., 1996a). Beneficial effects of RAS on restoration of
motor function have been found in stroke survivors (Whitall et al., 2011, Wittwer et al.,
2013, Jeong and Kim, 2007), and people with PD (Braunlich et al., Arias and Cudeiro, 2008,
Dalla Bella et al., 2017), multiple sclerosis (MS) (Conklyn et al., 2010, Raglio et al., 2015,
Sihvonen et al., 2017) and traumatic brain injury (TBI) populations (Magee et al., 2018, Hurt
et al., 1998), which I will discuss individually below.

1.10.1 Application of RAS protocols in clinical populations
In a typical RAS protocol, rhythmic cues are matched to a patient’s baseline gait, or
comfortable movement frequency. Rhythmic cues are presented as live, improvised or prerecorded music, a simple metronome or beats emphasised by embedding a metronome into
music to encourage entrainment (Nombela et al., 2013, Thaut et al., 1992, Thaut et al.,
1997). After patients entrain their movements to the rhythmic cues at a certain tempo and
can comfortably move at the set pace, the tempo is increased to 5-10% above baseline or a
pace that is achievable for the patient through stepwise limit cycle entrainment (SLICE) (Suh
et al., 2014, Thaut, 2015). This stepwise increase enables patients to optimise their
movements at a comfortable pace before gradually practicing moving at a faster pace.
Rhythmic cues serve as a stable temporal template that guides movement (Thaut, 2003).
RAS has primarily been used for stroke and PD rehabilitation, although evidence indicates it
may be beneficial for other neurological disorders as well.

1.10.1.1 Parkinson’s Disease
Early evidence for the benefits of using RAS in clinical populations comes from research that
used RAS to assist Parkinson’s disease (PD) patients to initiate movement (Thaut et al.,
1996b, McIntosh et al., 1997). Parkinson’s disease is characterised by bradykinesia
(slowness of movement), rigidity, and postural instability, which all contribute to impaired
mobility (Kemoun and Defebvre, 2001). Basal ganglia degeneration occurs during PD and is
linked to the internal timing deficits associated with the disease (Nombela et al., 2013,
Turner and Desmurget, 2010). Despite degeneration of the specific motor network regions
responsible for rhythm processing, such as basal ganglia, cerebellum, PMC and SMA, people
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with PD are able to match their movement to external rhythmic cues (Kemount and
Defebvre, 2001; Nombela et al., 2013). For PD patients, gait training with RAS has shown to
significantly improve all major gait parameters, such as increases in gait velocity and step
cadence, and decrease stride time to levels close to healthy controls (de Bruin et al., 2010).
Most importantly, the benefits of training with rhythmic cues in PD have shown to
generalize to non-cued gait after an extended period of training. Freezing is another
symptom of PD, where patients are unable to move their feet when walking (Frazzitta et al.,
2009). RAS appears to be able to reduce the number of freezing episodes in PD patients with
more severe symptoms (Arias and Cudeiro, 2008).

1.10.1.2 Multiple Sclerosis and Traumatic Brain Injury
As stroke and PD have been the main target populations for RAS programs, there is limited
evidence for the effects of RAS in conditions such as MS and TBI. Pilot study results show
daily RAS gait training with MS patients leads to a significant decrease in double stance
support time (the proportion of time during which both feet are in contact with the ground)
compared to healthy controls after 2-weeks of training, reflecting improved balance during
walking (Conklyn et al., 2010). Recent work by Moumdjian et al. (2019) found walking to
music during a 12-min walking task, where participants used an interactive music player (DJogger) (Moens et al., 2014) that facilitated synchronisation, significantly reduced perceived
physical and cognitive fatigue and increased motivation in people with MS. For TBI, daily
RAS gait training for 5-weeks in a small sample (n=8) significantly improved gait velocity,
cadence and stride length (Hurt, 1998) in 5 out of the 8 patients.

1.10.1.3 Stroke
Stroke remains a leading cause of death and long-term disability globally (WHO, 2015).
When acute stroke is not fatal, they often result in serious physical, psychological and social
impairments. Hemiparesis is the most common impairment associated with stroke, affecting
approximately 70% of stroke-survivors (Stroke Association, 2018). Quality of life for stroke
survivors depends highly on the level of motor function regained after the stroke. Of the
major neurological disorders, the most robust evidence for efficacy of RAS on motor
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function has been reported for stroke (Cha et al., 2014, Schauer and Mauritz, 2003, Jeong
and Kim, 2007, Thaut et al., 2007, Thaut et al., 1997).
RAS for gait rehabilitation after stroke significantly improved gait parameters compared to
gait training without rhythmic cues. Significant improvements in gait velocity, stride length,
length of foot contact to floor, step cadence and stride symmetry were reported following
3-6 weeks of RAS compared to conventional training methods with rhythmic cueing (Cha et
al., 2014, Schauer and Mauritz, 2003, Jeong and Kim, 2007, Thaut et al., 2007, Thaut et al.,
1997, Melvyn et al., 2007). Evidence indicates RAS can also improve postural control and
gait performance in chronic stroke participants. A study comparing a 6-week RAS
intervention to conventional training found the RAS group significantly improved in
spatiotemporal parameters, such as balance, gait velocity, stride length and double support
time (Cha et al., 2014). The study also found RAS improved quality of life in stroke-survivors,
with greater improvements in satisfaction with energy, mobility, family and social roles and
self-care (Cha et al., 2014). Another study investigating the effect of an 8-week at-home RAS
protocol with stroke survivors found RAS improved shoulder flexibility and increased ankle
range of motion in the affected limbs compared to stroke survivors who underwent
conventional rehabilitation protocols (Jeong et al., 2007). The differences between groups
were not statistically significant, but those who were in the RAS group indicated a change in
behaviour that was indicative of motor improvement. The changes were also observed to be
potentially clinically significant, as the improvements in flexibility and range of motion
allowed for more functional movements demonstrated by improvements in a back-scratch
measurement (Rikli and Jones, 1999). The RAS group also demonstrated improvements in
mood state and increased interpersonal relations, showing music-motor interventions can
have additional positive influence on psychological and social outcomes (Jeong, 2007).
Although findings are promising, both studies were pilot studies with small sample sizes.
Further investigations with larger cohorts will enhance the understanding of the effects of
RAS on motor function and psychological and social outcomes.
Finally, a study investigating ‘Bilateral Arm Training with Rhythmic Auditory Cueing’
(BATRAC) (3 times per week for 6 weeks) compared to dose-match conventional upper limb
exercises without rhythmic stimulation in chronic stroke patients found no significant
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differences between the two groups (Whitall et al., 2011), with both groups improving in
upper extremity function to the same extent after the training period. Patient satisfaction
was reportedly higher in the RAS training group (Whitall et al., 2011). The evidence suggests
RAS may not be as effective for upper-limb rehabilitation. However, other factors may
impact results in these samples, as stroke survivors with upper-limb impairments may be a
more chronic population and therefore more resistant to treatment. An fMRI study that
involved a 6-week BATRAC protocol found BATRAC induced changes in movement-related
cortical activation patterns in chronic stroke survivors that were not observed in a dose
matched therapeutic training control group. Significantly increased activation was observed
in sensorimotor areas of the contralesional hemisphere including M1 and PMC and the
ipsilesional cerebellum in the BATRAC participants (Luft et al., 2004). When all patients were
included in analysis, no difference in functional outcome was found between groups.
Although, when only BATRAC participants with fMRI changes were included, BATRAC
significantly improved affected arm function compared to the dose-match exercises, as
measured by Fugl-Meyer upper limb assessment (Gladstone et al., 2002). These findings
suggest that BATRAC may induce cortical reorganization and lead to motor improvements,
but it is not beneficial for every patient (Luft et al., 2004). The results were also consistent
with previous work that found 6 weeks of BATRAC involving 20-min training sessions, 3
times per week, significantly improved functional motor performance, isometric strength
and range of motion of paretic upper extremities of stroke survivors that were maintained
for 2 months after training ended (Whitall et al., 2000). It is possible rhythmic cues may not
just affect plasticity but may also alter connectivity between brain regions that are not
affected by disease processes or assist with movement via compensation.
The studies mentioned demonstrate encouraging results for RAS on motor function in
stroke-survivors. However, these studies all differ in their RAS protocols, such as length of
training, type of rhythmic cue and unilateral or bilateral limb training. It is important to note
that the majority of studies discussed primarily investigate and measure gait, as the majority
of RAS research is focussed on gait rehabilitation. However, in the studies in this thesis, I
focus on upper-limb training. Further research is required to understand the most effective
RAS protocols for functional restoration of movement to optimize rehabilitation.
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Additionally, no neurophysiological measures were taken, so it is difficult to determine what
mechanisms were involved that may have triggered these functional changes.

1.11 RAS considerations and limitations
1.11.1 Beat perception abilities and cognitive function
Although beneficial effects of RAS on motor function have been demonstrated in stroke and
other clinical populations (Lim et al., 2005, Nombela et al., 2013, Spaulding et al., 2013), the
effects can be variable among patients. Beat perception abilities, previous musical training
and severity of movement dysfunction will influence how effective RAS is for the patients
(Cochen De Cock et al., 2018, Dalla Bella et al., 2017, Grahn and Rowe, 2009). Reduced beat
perception ability can impact the effect of RAS on movement in PD patients. Interestingly,
patients with the poorest beat perception abilities have been found most likely to benefit
from RAS protocols (Dalla Bella, 2017). However, other work suggests that increased beat
perception abilities as well as previous musical training are associated with positive
responses to RAS in PD (Cochen De Cock, 2018). Cognitive functioning will also influence RAS
effects. One study found rhythmic cues can impair movements in patients with cognitive or
attentional deficits (Wittwer et al., 2012, Wittwer et al., 2013). Non-individualised selection
of tempo of rhythmic cues during RAS (not based on a patient’s baseline cadence for gait
training) can also negatively impact motor performance (del Olmo and Cudeiro, 2005, del
Olmo et al., 2006). Finally, PD patients with more severe movement difficulties were found
to be more likely to respond to RAS in one study (Dalla Balla, 2017). However, this has yet to
be investigated in other clinical populations. Importantly, the evidence presented here
shows that although RAS facilitates motor function and assists with rehabilitation, effects
can be variable. Interventions need to be specific to the target population and the desired
outcome. Highly individualised protocols that account for different abilities and are
appropriately tailored to each patient’s needs can ensure RAS is effective as possible.

1.11.2 Music therapists
RAS is traditionally delivered by professional music therapists with specialised training in
music therapy, although trained health care professionals can also deliver music
interventions to patients. Music therapists have been shown to be highly effective, with
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studies demonstrating marked improvements in gait parameters in stroke patients when
music therapists deliver RAS compared to RAS delivered by a non-trained individual (Thaut
et al., 2007, Magee et al., 2018, Suh et al., 2014). Music therapists provide feedback,
evaluate progress of the patient and deliver tailored therapy for the individual (Thaut,
2015). The economic burden of acute neurotrauma and chronic neurological disorders has
increased over recent years with no indication of slowing, suggesting the need for costeffective, easy applicable rehabilitation strategies is growing (DiLuca and Olesen, 2014).
Employing music therapists in clinics or at home involves extra costs that patients or families
may not be able to afford. Development of RAS protocols that provide the benefits of a
music therapist (feedback and evaluation of progress) and that can be overseen by
healthcare professionals, or by the individual and their families could reduce costs and
ensure RAS is as accessible as possible.

1.11.3 Type of cue
Auditory cues have consistently shown to be superior for stimulation of movement
compared to other cues such as visual, tactile or combined auditory and visual cues (Lim,
2005). Reaction times for auditory cues are significantly shorter (20-50ms shorter)
compared to visual or tactile cues, and the auditory system’s bias to detect temporal
patterns of rhythm means it is a far better therapeutic target than other sensory systems
(Thaut, 1999). Auditory cueing is also far easier to integrate into home-based rehabilitation
programs, compared to visual or tactile cues (Ghai et al., 2018, Harrison et al., 2018, Ashoori
et al., 2015).
As mentioned, during clinical application of RAS, rhythmic cues can be presented as live,
improvised (with a music therapist) or pre-recorded music, or as simple beats via a
metronome. This is an issue for research as clinical studies are not consistent with their
definition of rhythmic cues. To determine the optimal cue type for movement, we must be
consistent with definitions of rhythmic cues (Whitall et al., 2011, Whitall et al., 2000, Thaut
et al., 2014b). As demonstrated in earlier sections, cue type can influence cortical activation,
with salient beats (i.e., as opposed to less obvious beats) found to be most effective at
activating motor areas in the brain (Chen et al., 2006, Chen et al., 2008). Rhythmic cue type
can also affect movement. For cued movement, metronomes deliver clear, defined pacing
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signals and provide the highest beat salience, as only the beat is present (Leow et al., 2014).
In contrast, music has more natural variations in rhythmic complexity, which can provide
timing cues additional to the beat. This is related to Thaut’s (2015) cueing of the movement
period, one of the pillars of RAS, where foreknowledge of the cueing period enables
successful movement anticipation and facilitates rhythmic entrainment. Metronomes also
do not modulate physiological arousal or regulate emotional or affective state as music
potentially can (Stupacher et al., 2013, Salimpoor et al., 2009, Jan et al., 2016, Benovoy et
al., 2011). Differences between cues may explain the gait improvements shown with music
compared to metronome in healthy people (Schaefer, 2014a). For example, one study
reported healthy younger adults increased their gait velocity when listening to music
compared to metronome (Styns et al., 2007). In a study with healthy older adults (65+yrs),
music and metronome cues both significantly enhanced step cadence, but only music
significantly increased stride length and gait velocity (Wittwer et al., 2013). In contrast, one
study reported enhanced gait synchronisation to metronome compared to music in healthy
young adults (Leow et al., 2014). Similar results were found in clinical populations (Oh et al.,
2015, de Dreu et al., 2012a). A study compared the effect of RAS with music to RAS with
metronome on gait in chronic stroke patients (Oh et al., 2015). Patients in the RAS with
music group showed greater improvement in gait parameters (velocity and cadence)
compared to RAS with metronome (Oh et al., 2015). De Drue et al. (2012) also found musical
cues to be more efficient than a metronome for enhancing motor function. The use of music
also allows for ‘cueing of the movement period’ (Thaut, 2013, Thaut, 2015). Music is
believed to be superior to metronome cues as music has more inter-beat information (i.e.,
phrasing) that provides further cueing information for movement. Prior knowledge of the
cue period contributes to successful movement anticipation (Thaut, 2013). Music also
consists of complex sound arrangements and natural frequencies (timbre, pitch, rhythm,
meter, expressive articulation and patterns) compared to the regular and repetitive stimuli
of a metronome. The additional features of music can appeal to the expressive and social
nature of humans, which can also facilitate auditory-motor processing, and assist with
motivation and learning (Moumdjian et al., 2019, Buhmann et al., 2018, Leman et al., 2013).
It is possible the combination of music and metronome (to emphasise beats) may overcome
the limitations of both cue types and strengthen the effects of rhythm on brain function and
movement. However, further experimentation of music combined with metronome is
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required to determine the if it is the optimal rhythmic cue type for performance
improvement.

1.11.4 Familiarity of music
The familiarity of music used with RAS will also impact how effective this therapy is for
movement rehabilitation (Leow et al., 2015, Crust, 2004). A study found RAS integrated with
music familiar to the listener increased gait velocity and reduced stride variability compared
to unfamiliar music in healthy adults. The effect of familiar music is believed to occur
because gait synchronization to familiar beats may require less cognitive demand (Leow et
al., 2015). Although this study was conducted in healthy adults, the same principles apply to
clinical populations and may be more important for those individuals who have cognitive
deficits. This finding is supported by work that demonstrates stride time increases and stride
variability is reduced when cognitive demands are low (Al-Yahya et al., 2011). Additionally,
music familiarity may enhance enjoyment of RAS by influencing reward mechanisms (Leow
et al., 2015). The reward elicited from familiar music may enhance walking compared to
unfamiliar music (Crust, 2004).
The studies discussed here highlight the multiple elements that must be considered and
controlled for when designing an RAS experiment. Beat salience, individual beat perception
abilities, and familiarity of songs can all impact how effective RAS is for movement recovery
(Chen et al., 2006, Leow et al., 2015, Wittwer et al., 2013, de Dreu et al., 2011, Dalla Balla et
al., 2017). These factors may also explain the variability of outcomes in RAS studies, as all
these factors differ across interventions (Lim et al., 2005, Nombela et al., 2013, Spaulding et
al., 2013). Additionally, rhythmic cues are rarely individualized (Leow et al., 2015). Further
investigations are required to determine the optimal parameters for RAS for different
populations.

1.12 Further considerations of music
Key factors when considering the effect of music on cortical activation, auditory motor
coupling and motor performance are the properties of the music itself. In addition to
rhythm, other aspects of music may assist with the effects observed with RAS, such as

39

musical groove, the aspect of music that induces movement in humans (Madison, 2006,
Janata et al., 2012). Additionally, individual preferences for music can also impact how
music influences the brain and movement. Finally, an important aspect to consider is the
emotional impact of music and how this can influence the induction of plasticity, enhance
motor learning and assist with restoration of motor function through increased motivation.
Increasing evidence indicates activation of reward centres occurs during music listening and
this may be an underlying mechanism of music-motor therapy and may assist with the
induction of plasticity (Valone et al., 2013). The emotional impact of music will be explored
in more depth in the next section.

1.12.1 Musical groove and individual preferences for music
Groove is a fundamental aspect of music appreciation (Madison, 2006, Madison and Sioros,
2014). It is the quality of music that makes people want to move (Janata et al., 2012).
Ratings of groove are highly consistent between listeners, even those with widely varying
musical training and when presented with unfamiliar music (Madison, 2006). Groove is
associated with a strong beat and induces pleasure and enjoyment in the listener (Witek et
al., 2014, Janata et al., 2012). It is also thought that groove and tempo are linked, with
researchers suggesting there may be an optimal tempo for groove (Etani et al., 2018). Janata
et al. (2012) found music with faster tempos elicited higher ratings for groove, where the
average tempo of the music earning higher groove ratings was 115.6BPM. A study by Etani
et al. (2018), showed evidence of an optimal tempo for groove was between 100-120BPM
for digitally created drumbeats. The results showed an inverted U-shaped relationship
between groove rating and tempo, with groove rating significantly lower for slower or faster
tempos. This finding is consistent with previous research on tempo and groove rating, which
found tempos between 115-144BPM most associated with groove (Kawase 2003). The
optimal tempo range for groove found above is close to preferred tempos for dance music
favoured by DJs (Moelants, 2002) and similar to the natural tempo of human locomotion
(Hamish and Steven, 2005, Styns et al., 2007). These findings suggest the optimal tempo for
groove may be related to the optimal tempo for movement.
Groove is particularly effective at activating the motor system through auditory-motor
coupling and has been shown to influence corticospinal excitability (Stupacher et al., 2013).
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A TMS study showed that high groove can increase corticospinal excitability compared to
low groove music (Stupacher et al., 2013). During this study, musicians and non-musicians
listened to high groove music, low groove music or control spectrally matched noise (no
beat structure or temporal modulation) while single pulse TMS was delivered over the handarea of the M1 either on or off the beat of the music. Only high-groove music modulated
MEP amplitude in the hand and forearm muscles of the participants, while there was no
difference in corticospinal excitability between low-groove and control noise condition
(Stupacher et al., 2013). In addition, high-groove music had different effects on the
corticospinal excitability of musicians and non-musicians. Musicians demonstrated greater
excitability for high-groove music. Specifically, MEPs were larger when musicians listened to
high-groove music compared to low-groove music. This effect on MEP amplitude was more
distinct when the TMS pulse was delivered ‘on-beat’. In contrast, non-musicians exhibited
reduced MEP amplitude (MEPs were smaller) when listening to high-groove music
compared to low-groove music, irrespective of whether the TMS pulse was delivered on or
off beat (Stupacher et al., 2013). Another study found that high groove music enhanced gait
synchronization and increased gait velocity compared to low groove music, meaning high
groove music enabled longer and faster steps in participants’ gait. Importantly, low groove
music had a negative effect on gait in people who had weak beat perception (Leow et al.,
2014).
Individual tempo preferences of music will also impact cortical responses. Listening to
rhythmic cues at preferred tempo can increase corticospinal excitability (Michaelis et al.,
2014). This was demonstrated in a study where participants listened to 11 musical
sequences of varying tempos and rated their preference of each. Results indicated
corticospinal excitability was modulated by rhythms played at participant’s preferred tempo
(Michaelis et al., 2014). The specific pattern of this cortical modulation differed across
individuals, some showing increased MEP amplitude when listening to their preferred
tempo and others exhibiting decreased MEP amplitude. Another study by Cameron et al.
(2012) used single pulse TMS to the M1 delivered on and off beat while participants listened
to metrically strong or weak tone sequences to determine the effect of rhythm on
movement. In the small sample (n= 4), MEPs were (mostly) increased when TMS pulses
were simultaneously delivered with beats during metrically strong sequences, compared to
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metrically weak sequences. Interestingly, individual differences in corticospinal excitability
were evident with some participants demonstrating increased MEP amplitude while
listening to strong beat sequences, while one participant showed increased excitability
during metrically weak sequences. Unfortunately, although interpretation and
generalisation of the findings of the study are difficult due to the small sample size, the
researchers suggest individual differences in attention may have driven individual
differences in corticospinal excitability. In summary, despite individual differences found in
the different studies of groove and tempo, high-groove music and music played at preferred
tempo is more likely to engage the motor system compared to low-groove music (Leow et
al., 2014, Stupacher et al., 2013, Michaelis et al., 2014). Nonetheless, the studies
summarised above show that it is essential to account for individual differences in preferred
tempo, attention and groove preferences when selecting rhythmic stimuli for RAS.

1.12.2 Motivation, psychological and emotional impact of music
It is axiomatic that music is a unique and powerful motivator. Music allows individuals to
express and regulate emotions. Music can evoke pleasure at an individual level, facilitate
group co-ordination and cohesion and even promote learning (Schulkin and Raglan, 2014).
Emotional effects induced by music listening engage reward-learning networks and
corresponding neurotransmitter systems, not only assisting with motor learning and
plasticity, but also increasing the reward experienced during therapy and increasing
adherence to therapy (Koelsch et al., 2006).
Salimpoor et al. (2009) demonstrated that listening to pleasurable music can induce
physiological responses such as increased heart rate, respiration rate and skin conductance,
with a strong correlation found between ratings of pleasure of music and emotional arousal.
Findings from neuroimaging studies show emotion and reward circuits, such as the
dopaminergic mesolimbic system are involved when listening to pleasurable music (Benovoy
et al., 2011). A study used ligand-based positron emission tomography (PET) with raclopride,
a radioligand that binds competitively with dopamine receptors, to compare dopamine
release in response to pleasurable vs. neutral music in healthy participants. Results
confirmed strong emotional responses to music (known as ‘the chills’) are associated with
dopamine release in the mesolimbic striatum. Increased dopamine secretion was directly
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proportional to the intensity of the emotional experience. fMRI evidence indicated the
nucleus accumbens (primary neural substrate for mediating reward) was involved during
experience of peak emotional response to music (Benovoy et al., 2011). As this region is
highly interconnected with other limbic regions that regulate emotional responses, such as
the amygdala, it is clear music can have a widely distributed effect on areas implicated with
emotion in the brain. Engaging these networks when listening to music may have a positive
impact on learning and motivation, while music’s ability to activate the emotion and reward
systems in the brain may facilitate physical therapeutic benefits during rehabilitation
(Altenmüller and Schlaug, 2015).
Another study used fMRI to examine neural activity of participants associated with the
reward value of music (Salimpoor et al., 2013). Participants were presented with music they
had never heard before and were required to place bids on the music using an auction
paradigm to assess the reward value of each musical piece. High money bids indicated
higher reward value (Becker et al., 1964). Increased activity in the mesolimbic striatal areas,
specifically the nucleus accumbens was associated with listening to music the participant’s
found more rewarding, measured by higher monetary bid (Zatorre and Salimpoor, 2013,
Salimpoor et al., 2013). Additionally, functional connectivity between the nucleus
accumbens and the auditory cortices in the STG and frontal areas of the cortex increased as
a function of increasing music reward (Benovoy et al., 2011, Salimpoor et al., 2013).
Music can regulate arousal, modulate mood and has shown to have an analgesic effect
during painful stimuli in healthy people (Choi et al., 2018, Mitchell, 2006). Music listening
also has benefits during exercise. Evidence indicates music reduces fatigue (lower ratings of
perceived exertion, heart rate and blood pressure) and improves work output in endurance
type exercise (Karageorghis, 2015, Karageorghis and Priest, 2012, Szmedra and Bacharach,
1998, Elliott et al., 2005, Elliott et al., 2004). Music has also been shown to reduce pain,
anxiety and stress in patient populations, with reductions in serum cortisol levels and
decreases in cardiovascular stress responses in heart disease and dementia patients
observed after music therapy (Hole et al., 2015). Listening to music also reduces perceived
psychosocial stress in post-operative patients (Hole et al., 2015, Mitchell, 2006). The strong
associations between music, reward and emotional regulation are hypothesised to have
43

important implications for motor learning, plasticity and rehabilitation. Stress can have a
negative impact on induction of plasticity and motor learning (Radley et al., 2015).
Reduction of stress with music during rehabilitation may lead to more beneficial effects on
plasticity and facilitate recovery.

1.13 Therapeutic considerations: ways to improve outcomes
1.13.1 Adherence to therapy
Adherence to treatment programs is a major issue in rehabilitation (Sánchez Rodríguez et
al., 2018). Effective therapy for recovery of motor function after stroke, and other
neurological disorders, requires intense, repetitive task-focussed practice of relevant
movements (Carmichael, 2006, Dancause and Nudo, 2011, Di Filippo et al., 2008, Fu et al.,
2015, Hosp and Luft, 2011). If music can increase motivation, reduce stress and evoke
positive emotional responses, patients may be more likely to maintain motivation to engage
in an intensive training program that involves music (Altenmüller and Schlaug, 2015,
Schaefer, 2014a). Resources for intensive training for all patients are also limited. Sources
show that stroke patients may receive only 60% of the recommended rehabilitation (Foley
et al., 2012). Additionally, patients undergoing rehabilitation will spend a large portion of
their day inactive with little opportunity to undergo directed or self-directed exercise
(Crosbie et al., 2007, Esmonde et al., 1997). Therefore, there is a need for interventions that
are widely available, accessible and that can be seamlessly implemented into rehabilitation
programs with little cost. An automated software-based system that integrates novel musicbased training tailored to motor rehabilitation requirements is an ideal solution.

1.13.2 Technology and software apps in healthcare
Remote healthcare monitoring via modern communication and information technologies
(e.g., smartphones) offers an efficient and cost-effective method to provide health
information and healthcare to patients. They can assist with remote assessment and
monitoring of physiological signs and psychological states and provide patients access to
one-on-one communication with healthcare providers that may be otherwise unavailable.
Smartphone applications (apps) are a promising platform for implementation of healthcare
programs and interventions (Patel et al., 2012). They are increasingly used to assist
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individuals and patients to manage their health in a number of different ways, such as text
messaging interventions to help people to quit smoking, provide education about chronic
illnesses, as well as encourage health care appointment attendance (Boulos et al., 2011,
Nussbaum et al., 2019, Sánchez Rodríguez et al., 2018, Bonato, 2010). People also regularly
use apps to monitor physiological markers of health, such as recording their diet, water
intake and physical activity (Jimoh et al., 2018, Lee et al., 2018a). Using smartphones and
apps also has tremendous potential to influence the way rehabilitation care is provided to
patients.
The constantly improving technical capabilities of smartphones allow people to easily access
sophisticated rehabilitation programs (Jack et al., 2010, Capela et al., 2016). A wide variety
of rehabilitation apps are available to assist patients with different aspects of motor
recovery after trauma. Some examples include: providing monitoring and feedback of
physical activity during stroke recovery (Picha and Howell, 2018); delivering gait training and
conducting gait analysis for PD patients (Casamassima et al., 2014); providing a full at-home
rehabilitation program with daily activities for people recovering from TBI (Argent et al.,
2018); and providing auditory cues for improving balance in older adults (Fleury et al.,
2013). Easy access to interventions may facilitate self-directed rehabilitation for patients
and increase compliance with both clinic and home-based therapies (Ginis et al., 2015).

1.13.3 Wearable sensors and augmented feedback
Smartphones can also be paired via Bluetooth with wireless wearable sensors that gather
additional health data from individuals for diagnostic and monitoring purposes (Bonato,
2010). The current capabilities (that will likely continue to increase as the technology
advances) include physiological, biochemical and motion/movement sensing (Patel et al.,
2012). Motion sensing is particularly important for rehabilitation as home-based motion
sensing assists with falls prevention, maximises patient independence and encourages
community participation (Capela et al., 2016, Casamassima et al., 2014, Edgar et al., 2010).
Sensors for movement data can capture information about the effectiveness of home-based
rehabilitation interventions and provide specific and relevant feedback to the wearer on
their movement abilities. Furthermore, wearable sensors paired with apps can provide
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patients with information and feedback on the quality of their movements (Patel et al.,
2012).
Wearable technologies have increasingly been used in biomedical research, providing
unobtrusive and minimally invasive methods of human movement assessment, and allowing
measurement and analysis of different movement parameters outside of laboratory-based
experimental measures (Majumder et al., 2017, Channa et al., 2020, Bonato, 2010). In
particular, inertial measurement units (IMUs) are sensors that have been used to assess and
monitor different movement parameters, such as balance and posture, various temporal
and spatial gait parameters, acceleration, joint angles, velocity and orientation of the body
parts to which they are attached in both healthy and clinical populations (Majumder et al.,
2017, Al-Naggar et al., 2019, Damm et al., 2020). Commercially available IMUs typically
consist of 3-axis accelerometers that measure linear acceleration and 3-axis gyroscopes that
measures angular velocity. Other IMUs also include a 3-axis magnetometer that estimates
drift obtained from the earth’s magnetic field (Bertoli et al., 2018, Al-Naggar et al., 2019). By
incorporating all of this information, the orientation, velocity and change in position or
displacement of the IMU may be estimated. IMUs provide continuous motion data from the
wearer and can be used for diagnosis, assessment of disease progression and monitoring
changes in therapy and exercise compliance in individual’s affected by different movement
disorders such as stroke, MS and PD (Channa et al., 2020, Majumder et al., 2017, Sánchez
Rodríguez et al., 2018).
Gait analysis has important diagnostic value and has many applications in healthcare,
rehabilitation, therapy and exercise (Farid et al., 2020, Stassi et al., 2013). Typically, gait
analysis must be performed in a laboratory, which limits accessibility to many people.
Laboratory measures also do not usually provide natural measures of gait as participants
can often feel uncomfortable during data collection in a gait laboratory environment
(Simon, 2004). Novel insole pressure sensors can overcome this issue and provide valid and
efficient gait monitoring in the real-world. These pressure sensors can measure plantar
pressure and inertial measures are provided by in-built accelerometers, gyroscopes and
magnetometer (Bertoli et al., 2018). Different spatial and temporal gait parameters, such as
stride length, stride time, foot clearance, stance time, speed and cadence can all be
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measured using connected insoles. Recent advances in technology means insoles are lightweight and comfortable to wear, which is essential for unobtrusive gait monitoring
(Sorrentino et al., 2020, Lin et al., 2016). The information provided from plantar pressure
data can assist with the detection of neurological disorders and can also be used to monitor
and manage the symptoms of different movement disorders or pathologies, such as
rheumatoid arthritis and diabetic neuropathy (Stassi et al., 2013, Bonato, 2010). Most
sensors that have developed are also cost-effective and easily accessible (Lin et al., 2016,
Bertoli et al., 2018). Research shows sensor based wearable devices, especially IMUs and
insoles have generated valuable insights into real-world gait and movement parameters in
different clinical populations and provided valid and reliable measures for large cohorts. The
integration of sensors into research and clinical application has had a positive impact on the
quality of life of patient populations (Channa et al., 2020, Al-Naggar et al., 2019, Majumder
et al., 2017, Farid et al., 2020).

1.13.4 Importance of feedback for motor learning
One important aspect for substantially improving performance during motor learning is the
role of feedback. Feedback is a general term that refers to information and instruction
people receive about their performance on a motor skill during or after performance
(Lauber and Keller, 2014, Magill, 2001, Weeks and Kordus, 1998, Sharma et al., 2016).
During motor skill performance, people have access to different forms of feedback and
performance related information. One form of feedback is intrinsic feedback, the inherent
feedback that comes from one’s own senses and the sensory perceptual or kinaesthetic
information that is a natural part of producing movement and an essential part of motor
skill performance. Intrinsic feedback can be provided by each of the sensory systems
(Lauber and Keller, 2014, Magill, 2001). The other form of feedback that supplements
intrinsic feedback is augmented feedback.
Augmented feedback is the addition of information from an external source, such as a
trainer, therapist or computer-based systems. Augmented feedback can be presented in a
number of different modalities such as visual, haptic or auditory (Sigrist et al., 2013).
Augmented feedback plays two roles during motor learning: augmented feedback assists
the learner by facilitating the goal achievement of the skill and also motivates the learner to
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continue achieving the goal (Sharma et al., 2016, Magill, 2001, Weeks and Kordus, 1998).
The main types of augmented feedback are knowledge of performance and knowledge of
results.
•

Knowledge of performance (KOP) is related to feedback about specific movement
characteristics and mechanistic actions of the task or exercise that led to
performance outcome. KOP can be delivered various ways: verbally or non-verbally,
real-time (during task) or after the task is complete (Sharma et al. 2016). One
example is showing a video replay of the person performing a skill (Magill, 2001).
KOP is useful when a skilled task has very specific movement characteristics
requiring complex co-ordination that must be corrected or improved. This is
important for re-learning everyday tasks and movements such as gait after a stroke,
when the learner should practise the optimal movement in order to not relearn
maladaptive movements that could interfere with the skill (van Dijk et al., 2005).

•

Knowledge of results (KOR) refers to externally presented information and feedback
about performance outcome and can be delivered in various ways (e.g., computer
tells a runner about running speed in real-time)(Sharma et al., 2016, Weeks and
Kordus, 1998). The learner can use this information to improve their performance on
the next execution of the task (Maulucci and Eckhouse, 2001). KOR is necessary and
important for motor learning as learners can compare this feedback to their own
assessment of task performance and reinforce their intrinsic feedback. Learners may
need to use KOR when they cannot determine the outcome of their motor
performance or if intrinsic feedback is insufficient or unavailable. This form of
augmented feedback is often an effective way to motivate learners to continue
practicing (Sharma et al, 2016).

•

Bandwidth feedback is a form of feedback that is based on a specific bandwidth or an
acceptable range of error (Sadowski et al., 2013). Bandwidth feedback is feedback
that is provided to a learner when their errors exceed a certain number or their
performance deviates from an acceptable range (Lai and Shea, 1999). It has been
established bandwidth feedback is highly effective for learning simple and complex
motor skills (Smith et al., 1997, Sherwood, 1988, Sadowski et al., 2013, Lee and
Maraj, 1994, Lai and Shea, 1999, Butler et al., 1996). Evidence shows many
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advantages of using bandwidth feedback during motor learning, with the main
benefit being that it promotes movement stability while practicing. Bandwidth
feedback also reduces the relative frequency of feedback and reduces the learner’s
dependence on external feedback (Lee and Maraj, 1994, Butler, 1996). Bandwidth
feedback also leads to more stable retention of motor skills compared to motor
learning without bandwidth feedback and increased movement consistency (van
Vliet and Wulf, 2006).

Augmented feedback can substantially improve motor learning in healthy participants and
patients recovering from neurotrauma or people with movement disorders (Sabari, 1991,
van Vliet and Wulf, 2006), because patients may rely on external feedback during motor
learning due to damage to intrinsic feedback mechanisms (van Vliet and Wulf, 2006). Motor
tasks can be learned without augmented feedback, however studies comparing augmented
feedback with no feedback show significantly improved retention with augmented feedback
(Thorpe and Valvano, 2002, Sharma et al., 2016). The incorporation of augmented feedback
into RAS is anticipated to be highly beneficial on motor learning and movement
performance.
Joint angles and range of motion, acceleration, foot pressure and weight distribution, major
gait parameters and many more aspects of movement can all be assessed using wearable
sensors and be used for feedback on motor performance (Espay et al., 2010, Ginis et al.,
2015, Patel et al., 2012). This information can be integrated into computerised systems by
providing real-time feedback about the target movement or be analysed offline. Providing
patients with this feedback will not only assist with movement rehabilitation, but it will also
give patients more control over their training. Patient empowerment is an essential
component for health promotion and appears to increase adherence to training (Sánchez
Rodríguez et al., 2018). In addition to providing patients with feedback on their movements,
sensors also allow for remote monitoring by clinicians. The combination of mobile apps and
remote monitoring by wearable technology will make health interventions increasingly
more accessible, especially to patients in rural areas (Lambert et al., 2017).
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1.14 Aims
Although it is established that using RAS in rehabilitation programs can lead to significant
improvements in motor function in patients with neurological disorders, the physiological
mechanisms by which rhythmic cues entrain motor responses are still not completely
understood. The goal of this thesis is to determine how rhythmic-cued training influences
human motor function and to give a deeper insight into the neurophysiological effects of
music and motor training on the human brain by investigating rhythmic entrainment in
younger, older and stroke-affected populations. Studies have evaluated RAS therapies in a
clinical setting and have investigated how music and rhythmic cues may influence the brain
(Thaut et al., 2010). However, no studies have examined whether RAS enhances
corticospinal excitability and facilitates the induction of use-dependent plasticity compared
to conventional motor tasks.
Using a novel music-motor therapy app, GotRhythm, and TMS to measure corticospinal
excitability, the following chapters describe experiments conducted to investigate how
rhythmic cues combined with motor tasks can influence motor cortex plasticity. Chapter 3
examines the acute effects of GotRhythm on human corticospinal excitability, cortical
inhibition and motor performance by comparing a single session of GotRhythm to a
conventional motor training task in a healthy young adult population. This chapter aimed to
determine if rhythmic cues and auditory feedback via metronome integrated within
GotRhythm can facilitate plasticity in young adults. The influence of age on rhythmic
entrainment and corticospinal excitability is assessed in Chapter 4. The acute effects of
GotRhythm on human corticospinal excitability, inhibition and motor performance were
examined in an older adult population by comparing a single session of GotRhythm to a
conventional training task in older versus younger adults. The goal of this chapter was to
determine if RAS via GotRhythm can facilitate corticospinal excitability in an older adult
population, who commonly exhibit decreased plasticity responses compared to younger
adults. This has important clinical implications, as older adults are the more susceptible to
neurotrauma and neurological disorders, such as PD and stroke, and reduced plasticity can
have ramifications for rehabilitation efficacy. Chapter 5 examines whether a functional wrist
extension task with GotRhythm compared to a control wrist extension task without
rhythmic cues can further increase corticospinal excitability and decrease cortical inhibition
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in a young adult population. The final, clinically focussed chapter is separated into two
studies: one study investigated the effects of a single GotRhythm session on corticospinal
excitability in four chronic stroke survivors and the second explores the benefits and
challenges of designing music-motor therapy app and implementing a 6-week GotRhythm
intervention for sub-acute stroke survivors recovering on an acute-stroke ward.
The overall aim of this thesis is to better understand the effects of RAS on human
corticospinal excitability and use-dependent plasticity in order to optimise music-motor
interventions and assist with motor function restoration for people following neurological
injury.
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2 Chapter 2: GotRhythm Methods
GotRhythm is the novel mobile phone software application (app) developed and optimised
by my supervisor Dr. Alex Shaykevich that is employed throughout the current thesis’
studies as a music-motor intervention. It is important to provide a detailed overview of the
GotRhythm app and system and the accompanying wearable sensors to demonstrate how
this software can assist with restoration of motor function in those who have suffered a
neurological injury.
GotRhythm uses the principles of RAS, combined with biofeedback from wearable sensor
technology and auditory feedback via metronome to deliver an individualised music-motor
intervention. The four RAS principles as stated by Thaut (2015) are: rhythmic entrainment,
auditory-motor coupling, cuing of the movement period and stepwise limit cycle
entrainment (SLICE), a stepwise increase in tempo to entrain stable temporal representation
of movement, which were described in detail in the introduction (Chapter 1, Section 1.10.1).
Previous studies have attempted to develop a portable music-motor therapy intervention
with movement or gait analysis technology (Muto et al., 2012, Miyake, 2009). However, the
devices and set-ups can be bulky, expensive and difficult to integrate into everyday life,
outside a research lab. Our GotRhythm app runs on Apple (Apple Inc., CA) iOS devices
(iPhone, iPad, iPod) (Figure 2.1).
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Figure 2.1. Main GotRhythm interface (A) and menu (B). Navigating the GotRhythm interface and system is
simple and intuitive.

2.1 Music and feedback
The primary aim of GotRhythm training is for users to achieve rhythmic entrainment by
moving in time to the beat of the selected music playing through the app. BPM is selected in
line with the user’s movement abilities and can be adjusted accordingly. Real-time auditory
feedback is provided by a metronome played at the target BPM. At the start of each
GotRhythm session, the user sets a target BPM and tolerance band. GotRhythm will
automatically adjust the tempo of the music to play at the target BPM, without sacrificing
quality or change in pitch (tempo shifting). The metronome feedback is embedded in the
music and plays only when the user’s movement deviates from the target training range.
The tolerance band defines the acceptable range of beats within which a user can move that
GotRhythm still counts as accurate. For example, a BPM of 120 with a tolerance of 3+/- BPM
means a user can move within a range of 117-123 BPM without metronome feedback.
When the user’s movement deviates from the target range, the music is attenuated and the
metronome plays, allowing the user to adjust their movement tempo back to the correct
BPM. The metronome provides 100% beat salience (high clarity of beat), which enhances
movement synchronisation and can modulate corticospinal excitability (Leow et al., 2014,
Chen et al., 2006). Once the user has corrected their movement tempo, the music will
return to normal volume and the metronome is silenced.
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GotRhythm allows individualisation not only for speed but also for choice of music. The
sliding BPM scale allows the users to adjust the tempo according to their needs. For
example, the user or therapist can adjust the BPM of their selected music each week or
session (e.g. −10%, −5%, 0%, +5%, and +10% change from baseline) as motor function
changes. Users are able to access their personal iTunes library when using GotRhythm,
allowing them to move to their own music.

2.1.1 GotRhythm, RAS and motor learning principles
GotRhythm addresses the key theoretical concepts of RAS. Evidence indicates that a
metronome embedded with music is the most effective rhythmic cue for rhythmic
entrainment (Nombela et al., 2013). Combining a metronome with music and implementing
a tolerance band also complies with the theoretical concept of bandwidth feedback
(Chapter 1, Section 1.13.4). The sliding BPM scale adheres to the SLICE principle of RAS. The
access to individual music libraries and automatic adjustment of selected music to the
desired tempo is an important factor for RAS and rehabilitation as evidence indicates
listening to familiar and high groove music leads to increased corticospinal excitability
compared to unfamiliar music (Leow et al., 2014, Crust, 2004, Stupacher et al., 2013).
Pleasant music, as rated by the listener, also enhances motor performance during rhythmic
entrainment tasks (Trost et al., 2014).

2.2 Sensors
Biomechanical biofeedback involves measurement of the body’s movements, postural and
balance control and forces produced by the body (Giggins et al., 2013). This form of
feedback has been used extensively to assist patients and therapists during rehabilitation
(Tate and Milner, 2010). However, it is difficult to provide specific biomechanical
biofeedback for physical rehabilitation in the community without a therapist present.
Inertial sensing technology such as inertial motion units (IMUs) can be used to provide this
specific feedback (Figure 2.2).
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Inertial sensing uses accelerometers, gyroscopes and magnetometers to estimate threedimensional (3D) kinematic information of body segments such as change of body position,
orientation or velocity. Accelerometers measure sensor acceleration and acceleration due
to gravity and gyroscopes measures angular velocity (Brodie et al., 2017). Three-axis
magnetometers in the IMUs provides an estimate of heading drift (drift around gravitation
axis) obtained from the earth’s magnetic field, which allows accurate measurement of 3D
angles without the need for other anatomical calibration techniques, such as external
cameras (Vargas-Valencia et al., 2016).
GotRhythm is compatible with five wireless sensors capable of measuring the rhythmic
movement of the human body. Sensors include wireless IMUs, stretch sensors, foot
pressure sensors and pedometers. GotRhythm can also detect and be used to train fine
motor movements by using the buttons on the GotRhythm interface (finger tapping).
Sensors used in the current thesis are 9-axis inertial motion units (IMU) (Mbientlab Inc., San
Francisco, CA). The IMU wirelessly transmits acceleration, gyroscope and magnetometer
data at a rate of 100Hz to GotRhythm to provide biofeedback to the user. The IMUs are
powered by a rechargeable battery with micro-USB or a rechargeable coin cell battery.

Figure 2.2. 9-Axis IMUs converts and transmits Euler angles and acceleration to GotRhythm with
specifications. MetaMotionC (A), MetaMotionR (B) and MetaMotionR casing (C). Images adapted from
MBIENTLAB INC.
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IMUs are small, non-intrusive and portable, making them suitable for use outside a research
lab. Importantly, sensors are inexpensive and readily available for use in clinics and at home.
In the following studies, IMU parameters are transmitted to the GotRhythm system and
provides the user feedback on their movement quality.

2.3 Wireless synchronisation
Wireless synchronisation of IMUs and GotRhythm is achieved using Bluetooth 4.0
connectivity. Non-intrusive sensors are attached to the affected body part that is being
trained and link to the GotRhythm app. For the studies in this thesis, sensors were securely
attached with tape. However, other methods such as specially made wrist bands, body
adhesives or Velcro sleeves are also available. Wireless transmission is essential for
rehabilitation, especially for those with gait or movement impairments, to avoid any
possibility of tripping or interferences from wired connections.

2.4 GotRhythm Measurement
All sessions are recorded, to be analysed offline, and to document the user’s progress,
which is essential for motivation and compliance to therapy (van Dijk et al., 2005, Giggins et
al., 2013). GotRhythm also records the amount of time each user engages with the app,
which is a useful measure of compliance to therapy (de Dreu et al., 2012a).

Figure 2.3. Sensor configuration screen with gyroscope (yaw, pitch, roll) and acceleration threshold. The blue
tick indicates the chosen parameter to define a movement and beat.
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The IMUs convert the raw sensor data into attitude angles (yaw, pitch, roll) in real-time and
broadcasts these Euler angles to GotRhythm (Figure 2.3). For example, for upper extremity
movement, GotRhythm can be configured to detect rhythmic upper arm movement
throughout a range of angles from 0 degrees – the starting angle (forearm parallel to the
ground and sensors attached to wrist) to 45 degrees – the ending angle. One complete cycle
through this range corresponds to a ‘beat’. The user then times each movement to the beat
of the music. Only movements that are detected within the correct range will be registered
as a beat. Additionally, user acceleration (defined in g) can be measured and used to define
a movement or beat. For foot tapping, an acceleration threshold is configured within the
app, and acceleration of downward foot movement must meet the threshold to register as a
beat. If the acceleration of the movement meets the threshold, the movement corresponds
to a beat and music continues to play without metronome feedback. Offline, the data can
be used to break down the session into minute blocks. This detailed data is useful for
analysis, to observe the differences in movement across each session and to look for any
effects of fatigue or boredom.

Figure 2.4. GotRhythm measurement screen. GotRhythm measures accuracy for moving in time to the set
tempo as Time in Zone.
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2.4.1 Time in Zone
The primary outcome measure of motor function from GotRhythm is the ‘music-motor
synchrony’. For the purpose of the current thesis, music-motor synchrony is a measure of
overall tempo of the user’s movement, rather than an exact beat synchronisation measure.
The reasoning of using overall tempo as an outcome measure is the therapeutic relevance.
In our studies, our goal is not to improve a patient’s ability to hit beats more accurately
(e.g., perfect beat alignment or exact synchronisation with music), but rather improving
their ability to move at a particular, therapeutically beneficial, tempo and using rhythmic
auditory stimuli to achieve this. There are natural variations in rhythm within music (phrase
boundaries, choruses, melodies and harmonies) (Levitin et al., 2018) and for this thesis, we
are not concerned with users (patients or clinicians) tracking these subtleties of music.
Instead, our aim is to encourage patients and users to initiate movement and move to a
functionally relevant tempo to improve overall motor function through rhythmic
entrainment. Throughout this thesis, motor-music synchrony and beat alignment is
quantified by time in zone (TIZ) (Figure 2.4.). TIZ is the ratio of time spent within the target
BPM zone (without metronome feedback) to the overall duration of the session. A high TIZ
corresponds to high music-motor synchrony and improved movement at the target tempo.
The studies included in this thesis are the first test of GotRhythm as a music-motor
intervention and the future implications, directions and limitations are discussed in the
general discussion.
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3 Chapter 3: High motor performance scores with a novel musicmotor therapy app, GotRhythm, but no change to corticospinal
excitability in healthy young adults
We chose to first assess the effects of our novel intervention app, GotRhythm, on
neurophysiological measures and motor performance in a healthy young adult population.
This is due to the complications of assessing a novel intervention in a clinical population,
such as stroke survivors who, as a heterogenous population are known to respond
differently to interventions depending on: site of lesion, severity of impairment, age,
amount of time since recovery, amount of time spent sedentary, motivation to rehabilitate
and limited ability to recruit participants. It is also difficult to assess plasticity using
neurophysiological measures due to comorbidities and contraindications in a stroke survivor
population. Therefore, it was important to first undertake studies in healthy participants.
This was the first study using the GotRhythm app and we also believed it was important to
optimise our protocols in a healthy population before introducing an intervention to a
clinical population.

3.1 Introduction
Motor learning—the process whereby movements are executed more efficiently and
accurately with training—is essential for our independence. Plasticity of the human motor
cortex occurs following motor practice (Ljubisavljevic, 2006); plasticity is the ability of the
brain to modify its structure and function based on experiences and environmental inputs.
Strong evidence shows that training a simple movement for a single, relatively short period
(30-min) can improve performance and increase corticospinal excitability, which is a marker
of use-dependent plasticity (Classen et al., 1998, Muellbacher et al., 2002a, Ziemann et al.,
2001). In a seminal study, Classen et al. (1998) used single pulse transcranial magnetic
stimulation (TMS) to elicit thumb movements and then had participants train thumb
movements in the opposite direction to the TMS-elicited movements. After 30-min of
training, single pulse TMS elicited thumb movements in the trained direction for 20-min
before returning to the baseline direction. The authors concluded short-term potentiation
and short-term depression contributed to the changes in thumb movements after training
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and suggested that these plasticity mechanisms may underlie the initial stages of motor skill
acquisition. Exploration of training-induced plasticity has important implications for
rehabilitation after neurotrauma, such as stroke.
In humans, TMS can be used to measure use-dependent plasticity following motor training
(Hallett, 2000). A single suprathreshold intensity TMS pulse delivered to the motor cortex
(M1) elicits a motor evoked potential (MEP) in the muscle(s) controlled by the cortical
representation(s) over which the pulse was delivered. The MEP amplitude from the
electromyogram (EMG) of the target muscle(s) provides a measure of corticospinal
excitability. Changes in MEP amplitude after training reflect activity-driven changes in
corticospinal excitability and provide a measure of use-dependent plasticity.
Many studies have used TMS to examine use-dependent plasticity following ballistic motor
training of the thumb, wrist and leg (Muellbacher et al., 2002b, Ziemann et al., 2001,
Muellbacher et al., 2001, Bütefisch et al., 2000, Sale et al., 2013, Tinazzi et al., 2003,
Rosenkranz and Rothwell, 2006, Ackerley et al., 2011, Suzuki et al., 2012, Perez et al.,
2004a). For example, 60-min of ballistic thumb abduction training led to increased
acceleration of the movement and increased MEP amplitude in the thumb, which lasted for
up to 15-min after training (Muellbacher, 2001). This finding has been replicated numerous
times with ballistic thumb abduction training (Ziemann et al., 2004, Muellbacher et al.,
2002b, Bütefisch et al., 2000, Krutky and Perreault, 2007, Tinazzi et al., 2003, Sale et al.,
2013, Rosenkranz and Rothwell, 2006, Rogasch et al., 2009), ballistic wrist extension
(Ackerley et al., 2011, Suzuki et al., 2012), and ankle dorsi- and plantar-flexion (Perez et al.,
2004a). Importantly, ballistic but not slow (ramp) thumb abduction training increase motor
performance and facilitates MEP amplitude (Muellbacher et al., 2001). Similarly, repetition
of ballistic movements (thumb abduction, wrist extension, and ankle flexion-extension)
significantly improves performance and increases MEP amplitude compared to repetition of
passive movements (Lotze et al., 2003, Kaelin-Lang et al., 2005, Perez et al., 2004a). This
research demonstrates M1 is engaged during motor learning and further supports the idea
that a single session of motor training can rapidly induce plasticity in M1.
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An important mechanism involved in improved motor performance is cortical inhibition.
Pharmacological studies suggest N-methyl-D-aspartate (NMDA)-receptor activation and (gaminobutyric acid) GABAergic inhibition mediates use-dependent plasticity following motor
training of a thumb abduction task (Bütefisch et al., 2000). Researchers tested the effects of
an NMDA-receptor blocker (which prevents the excitatory neurotransmitter glutamate
binding to NMDA-receptors) and a GABAA agonist (which enhances GABAA receptor
mediated inhibition) on use-dependent plasticity. Administration of both NMDA receptor
blockers and GABAA receptor agonists prior to 30-min of ballistic thumb abduction training
blocked the training-induced increase in motor performance and increase in MEP amplitude
evident when no drug was administered (Bütefisch et al., 2000). These findings highlight the
importance of both GABAergic and glutamatergic activity for the induction of usedependent plasticity after a single motor training session.
Inhibitory GABAergic circuits can be measured in humans by using paired pulse TMS (Kujirai
et al., 1993). Specifically, short-interval intracortical inhibition (SICI) can be measured when
a subthreshold conditioning TMS pulse (which is not sufficient to elicit an MEP) is delivered
1 – 6 ms before a suprathreshold TMS pulse (which is sufficient to elicit an MEP). The MEP
elicited by paired pulse TMS is reduced compared to an MEP elicited by single pulse TMS
due to the activation (by the conditioning stimulus) of intracortical inhibitory circuits. A
reduction in SICI is associated with the induction of use-dependent plasticity in the adult M1
(Floyer-Lea et al., 2006), including plasticity induced following ballistic motor training
(Rogasch et al., 2009).
Although motor training has been shown to induce changes in corticospinal excitability and
induce plasticity, optimal parameters to induce prolonged changes in the M1 are not
known. Task-specific motor training is also a core part of rehabilitation of movement
following neurotrauma. However, motor outcomes for neurotrauma survivors are not
consistent. Finally, motivation during motor training can have a major impact on learning
and motor performance. Therefore, methods to enhance motor outcomes and increase
motivation during motor learning would be beneficial. In addition to motor training, music
and rhythmic stimuli that engage the motor system have been shown to improve motor
performance, in part, via regulation of movement timing (Thaut, 2015, Chen et al., 2006).
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Music is suggested to improve motor performance through rhythmic cueing, which leads to
auditory-motor entrainment (Chen et al., 2006, Thaut, 2015). Evidence supporting this
suggestion comes from neuroimaging studies showing motor network activation (including
M1 activation) during passive music listening (Michaelis et al., 2014) and when tapping to
the rhythmic cues in music (Repp and Su, 2013, Wilson and Davey, 2002, Moore et al.,
2017). This evidence is the basis of the development of rhythmic auditory stimulation (RAS),
a form of music-motor therapy that integrates elements of motor training timed to a
rhythmic stimulus, which is an effective method for enhancing functional movements in
clinical populations (Thaut et al., 1996b, Malcolm et al., 2009, Shahraki et al., 2017, de Dreu
et al., 2012a). Current RAS interventions, however, are limited by lack of real-time and
quantifiable feedback about movement during therapy (Thaut and Abiru, 2010, Malcolm et
al., 2009). To address these limitations and increase patient motivation and compliance, we
developed an inexpensive, portable and intuitive music-motor therapy protocol delivered
via a mobile software application (app). GotRhythm combines existing features of RAS
protocols, incorporating individualised music and auditory feedback via metronome, to
deliver a tailored music-motor training program.
The first aim of this study was to determine the usability of the GotRhythm music-motor
training protocol in a controlled experimental setting. It was hypothesized that healthy
young adult participants would be able to complete our GotRhythm training protocol with
little difficulty. Ability to complete training was measured by music-motor synchrony, the
ability to accurately tap in time to the beat throughout the training period. The second aim
of this study was to determine whether GotRhythm music-motor training can induce usedependent plasticity in healthy humans. It was hypothesized that GotRhythm training would
lead to a greater increase in corticospinal excitability of the trained muscle than control
motor training to a metronome and a no-training control condition.

3.2 Methods
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3.2.1 Participants
Twenty adults participated in the current study (seven men, M=25.3yrs; SEM = 1.05yrs;
Range = 19-36yrs). Sample size was chosen based on previous studies that used TMS to
measure changes in corticospinal excitability after a behavioural intervention in healthy and
clinical populations(Chang et al., 2015, Chang, 2014, Singer et al., 2013, Kwon et al., 2016,
Madhavan et al., 2016). All participants were right-handed according to the Edinburgh
Handedness Inventory (median: 69; range: 33.3-100) (Oldfield, 1970). In the sample,
thirteen participants had previous musical training (M = 4.2yrs; SEM = 1.03yrs; Range = 115yrs). Participants were recruited from the student population at the University of Western
Australia. The research was approved by the University of Western Australia’s Human
Research Ethics Committee (RA/4/1/8565). All participants provided informed written
consent after receiving written and verbal explanation about the experimental protocol. All
participants were screened for any contraindications to TMS (Rossi et al., 2009b).

3.2.2 Training

3.2.2.1 Music selection.
Participants completed a musical engagement survey, the Brunel Music Rating Inventory-2
(BMRI-2), before their first experimental session (Karageorghis, 2016). The 6 most neutral
songs were selected from a list of 20 songs based on their responses to the musical
engagement survey to reduce the effect of over- or under-engagement with the music. For
more information on music selection, refer to Appendix (section 9.1.1.1).

3.2.2.2 GotRhythm
Our custom software application, GotRhythm, was administered on an iOS device (iPhone 5,
Apple Inc., CA). The 6 user-selected tracks were pre-loaded into GotRhythm, individualised
for each participant as described above. The app can change the tempo of music through a
sliding scale to any defined target BPM without any accompanying change in pitch (tempo
shifting). The target bpm for all participants was 120 BPM and a pre-defined tolerance of ± 3
BPM was used to create an acceptable range from 117-123 BPM.
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During each session, participants were instructed to ‘move to the beat of the music’. The
movement involved tapping two buttons on the GotRhythm interface with both thumbs in
an alternating fashion in time to the music tempo, i.e., 120bpm. Bimanual training was
chosen in the current study as this training has shown to be an effective strategy for
stimulating plasticity in stroke populations and is important in recovery of neural injuries
that lead to hemiparesis (Toyokura et al., 1999). When the participant’s thumb tapping
speed deviated from the selected beat range, the music was silenced and replaced with a
metronome corresponding to the target tempo of 120 bpm. The metronome provides realtime auditory feedback until the participant’s tapping once again matched the appropriate
tempo. The incorporation of the metronome is a form of bandwidth feedback (Butler et al.,
1996). Each GotRhythm session involved two 15-min training blocks, separated by 5 minutes
(totalling approximately 3600 taps).

3.2.2.3 Control Motor Training
The control motor task was an adapted ballistic thumb abduction task (Ziemann et al.,
2004). Participants were seated comfortably with their right arm placed in a custom-made
plastic arm brace secured to a board positioned on a desk. The right elbow was flexed at 90
degrees with the forearm in a semi-pronated position and fixed with Velcro straps. The
control motor training task was delivered via a separate custom-made app, Metarecorder.
The participant was fitted with a 9-axis inertial motion unit (IMU) (Metawear Inc., San
Francisco, CA) securely attached with Velcro to the right thumbnail. The IMU wirelessly
transmitted acceleration data to the Metarecorder app at a rate of 100Hz. Metarecorder
provided participants with real-time visual feedback on their thumb abduction movements
to ensure movements were kept in the abduction-adduction plane, and to reduce flexionextension of the thumb. Ratio of movement in the vertical plane was also analysed offline to
confirm that majority of thumb movements were in abduction-adduction plane. The task
consisted of two blocks of 450 thumb abduction movements (15-min to complete),
separated by 5 minutes (totalling 900 trials). Movements were paced by a metronome via
an app at a rate of 30 BPM (0.5Hz). Subjects were instructed to abduct their thumb as
quickly as possible at each metronome tone and return their thumb to the starting position
at a comfortable pace. Metarecorder displayed the peak thumb acceleration for each trial.
Participants were instructed to increase their max acceleration over the two training blocks.
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The investigator provided verbal feedback to encourage optimal performance from the
participant.

3.2.3 Transcranial Magnetic Stimulation
Electromyographic (EMG) was recorded from the relaxed right abductor pollicis brevis (APB)
using Ag/Ag-Cl coated disc surface electrodes (belly-tendon configuration) (Caldwell, USA).
EMG signals were amplified (1000x, AC-coupled) with a DAM50 Amplifier (World Precision
Instruments, USA), bandpass filtered (10-1000Hz) and digitised using 16-bit resolution at a
sampling rate of 4000Hz (National Instruments Data Acquisition USB-6009, Texas, USA)
controlled with customised Lab VIEW 2010 software (National Instruments, Texas, USA).
Single, monophasic pulses were delivered via a Magstim 200 stimulator (Magstim Co.,
Whitland, Dyfedd, UK) connected to a 90mm figure-of-eight coil. The coil was placed
tangentially to the scalp with the handle pointed backward and orientated at a 45-degree
angle from the midline. Suprathreshold pulses were systematically delivered over the left
primary motor cortex to identify the optimal site for eliciting responses in the right APB. The
optimal site was defined as the site that produced that largest and most consistent motor
evoked potentials (above 1000µV) in the APB. The optimal site was marked on the scalp to
allow accurate and consistent coil placement throughout the experiment.
Resting motor threshold (RMT) was determined at the beginning of each session during the
baseline measurements. RMT was defined as the minimum intensity (as a percentage of
maximal stimulator output) required to elicit MEPs (>50 µV) in the relaxed APB in at least
5/10 consecutive trials (Cirillo et al., 2009). To obtain TMS input-output curves, single pulse
TMS was delivered at five stimulus intensities: 110, 120, 130, 140 and 150% RMT. Paired
pulse TMS was delivered to measure short-interval intracortical inhibition (SICI): the
conditioning stimulus (CS) intensity was set at 70% RMT and the test stimulus intensity was
set at 120% RMT, and the inter-stimulus interval (ISI) was 2.5ms (Stagg et al., 2011a, Peurala
et al., 2008, Di Lazzaro et al., 2000, Ilić et al., 2002). We used low CS to avoid contamination
of short interval intracortical facilitation (Vucic et al., 2009, Peurala et al., 2008). A maximum
of 72 TMS pulses were delivered: TMS pulses were delivered in blocks that included 12
single pulse TMS trials for the five different intensities and 12 paired pulse trials to measure
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SICI, with inter-trial intervals of 5, 6, 7, 8s (randomised). TMS blocks were delivered at
baseline, and 0-, 15- and 30-min post intervention. Participants were instructed to refrain
from drinking caffeine, intense exercise, or listening to music at least two hours before the
start of each experimental session.

3.2.4 Procedure
In the current study, we employed a within-subject, repeated measures design where
participants completed three experimental conditions with a minimum of one week
between sessions: GotRhythm, control motor task and a no training control condition. The
no training control condition involved the participant sitting comfortably for 30-min. The
order of conditions was counterbalanced using a Latin square design. Within each session,
baseline IO curves and SICI measure were performed. Participants completed two 15-min
blocks of training, separated by a 5-min break. Three post intervention IO curves and SICI
measures were performed at post 0-min, 15-min and 30-min.

3.2.5 Questionnaires
Upon completion of the final session, participants were asked to complete self-report
lifestyle questionnaires to determine the effect of different extrinsic and intrinsic factors
known to influence corticospinal excitability. Physical activity of participants was quantified
by tallying Metabolic Equivalent Task (MET) minutes from the International Physical Activity
Questionnaire (IPAQ), estimated from the number of hours each participant engaged in
vigorous and moderate exercise and number of hours spent walking per week (Craig et al.,
2003). A perceived stress scale (PSS) score was calculated from 10 items related to each
person’s perceived stress and their self-rated ability to handle life’s demands (Cohen et al.,
1994). Total number of years of musical training and everyday musical use was determined
by the Music Use (MUSE) questionnaire (Chin and Rickard, 2012). Participant engagement
and compliance with GotRhythm was determined using the Post Study System Usability
Questionnaire (PSSUQ) (Lewis, 2002). The PSSUQ is a 19-item instrument with 3 subscales
(system usefulness, information quality, and interface quality) used to assess user-perceived
satisfaction with computer systems using a 7-point Likert scale (1=strongly disagree; 7=
strongly agree).
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3.2.6 Data analysis
For all analyses, the significance threshold was set to .05 and all group data are reported as
mean ± SEM. Data were checked for normality and sphericity, with appropriate
transformations performed where required to correct for any violations. Transformations
were selected based on type of data, the strength and direction of violation as observed
from visual inspection of histograms (details of transformations in sub-sections below).

3.2.6.1 GotRhythm training
GotRhythm collected data on a participant’s ability to accurately tap in time to the beat.
Motor learning for GotRhythm was quantified by Time in Zone (TIZ), defined as the
percentage of time spent within the acceptable tempo range (120bpm ± 3) without
feedback in each 15-min block. For analysis TIZ was calculated as 30 x 1-min sub-blocks (15
sub-blocks for each 15-min training block). A ratio of TIZ for the two training blocks was
determined by expressing the last (1-min) sub-block of the two training blocks as a ratio of
the first (1-min) sub-block of the first training block to determine if learning occurred across
the 30-min training session. TIZ scores were transformed with arcsine transformation to
overcome violation of normality (Sun et al., 2007). An arcsine transformation is used for
percentages and proportions(Field, 2013). All participants were included in TIZ analysis
(n=20). A repeated measures ANOVA was performed to assess changes in TIZ across training
(start, middle and end). The first minute of training (sub-block 1; start), the first minute of
block 2 (sub-block 16; middle) and the final minute of training (sub-block 30, end) were used
for detailed analysis of task performance. Significant main effects were further analysed
with paired samples t-tests (comparing start-middle and middle-end).

3.2.6.2 Control motor task training
Peak thumb acceleration was obtained from the Metarecorder app for each trial, and
analysed offline with MATLAB (version 9.3 Natick, Massachusetts: The MathWorks Inc.,
2017). The maximum positive peak was obtained from each trial (total number of peaks
ranging from 904-1121 per training session). Totals differ due to specificity of peak
detection and extraction algorithm for each individual. The MATLAB algorithm detected and
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extracted peaks based on a minimum threshold. If a thumb movement exceeded this
threshold, then it was included in the data set. However, if a participant’s return movement
(thumb adduction back to the starting point) exceeded this threshold, then it may have
been included. These movements varied across participants and it was difficult to exclude
these movements completely. The peaks were grouped into 20 sub-blocks (10 per training
block) of approximately 50 trials (ranging between 45-56). A repeated measures ANOVA was
performed to assess changes in mean peak acceleration over the 20 sub-blocks (30-min) of
training, analysed as 3 sub-blocks (start, middle and end). The first ~ 50 trials of training
(sub-block 1; start) of training, the first 50 trials of block 2 (sub-block 11; middle) and final
50 trials of training (sub-block 20; end) were used for detailed analysis of task. Analysis of
motor performance was based on previous motor training literature (Rogasch et al., 2009,
Cirillo et al., 2010). A violation of normality was detected in peak acceleration data (ShapiroWilk) and data were log transformed as data were strongly and positively skewed (Field,
2013). Significant main effects were further analysed with paired sample t-tests (startmiddle; middle-end). A ratio of peak acceleration of the two blocks of control motor training
was determined by dividing the last sub-block of trials of each 15-min training block by the
first sub-block of trials. This learning ratio was used to evaluate change in performance
across the training blocks.

3.2.6.3 TMS Single Intensity Measures
Individual MEP trials were excluded if EMG activity >40 µV was present in the 100ms before
the TMS pulse in the target muscle. MEPs elicited by the stimulus intensity 120% RMT were
taken between the two 15-min training blocks to assess specific temporal changes in
corticospinal excitability. All participants were included in TMS measures. Data were logtransformed to correct for violation of normality and a Greenhouse-Geisser correction
applied when necessary (Field, 2005). All other assumptions were met. A two-way ANOVA
was used to assess differences in MEP amplitude elicited at 120% RMT between the two
training conditions, CONDITION (GotRhythm, control motor task), and TIME (baseline, mid
15-min, post 0, post 15 and post 30-min). Single intensity measures were only taken at midpoints of training to assess for shorter training induced measures (e.g., investigate dose of
training). As the no training control condition did not include a task, no mid-point measures
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were taken. The baseline, post 0, post 15 and post 30-min data were taken from the IO
curves (below).

3.2.6.4 TMS Input-Output Curves
Individual MEP trials were excluded if EMG activity >40 µV was present in the 100ms before
the TMS pulse (average of 8.21% removed). The peak-to-peak MEP amplitude (in mV) was
measured within a 40ms window after the TMS pulse for each trial. Input-output curves
were constructed for each condition at baseline and the three time points post-training.
Where required, log-transformations were performed to correct for violations of normality
and Greenhouse-Geisser corrections were applied for violations of sphericity (Wassermann,
2002, Berghuis et al., 2016). A repeated measures ANCOVA was used to test for differences
in mean MEP amplitude across CONDITION (GotRhythm, control motor task, no training
control), TIME (baseline, post 0, post 15, post 30-min) and STIMULUS INTENSITY (110, 120,
130, 140, 150% RMT) controlling for number of years of musical training and perceived
stress. Log ratios were analysed, and back-transformed ratios are presented for ease of
interpretation.

3.2.6.5 TMS SICI
SICI was measured at pre- and the three post-time points (post 0-min, post 15-min and post
30-min). The mean amplitude from paired pulse trials was expressed as a ratio of the mean
MEP amplitude elicited from single pulse at test stimulus intensity (120% RMT). To
overcome a violation of normality (Shapiro-Wilk, data were transformed using a square-root
transformation as data were moderately and positively skewed determined by observing
histograms (Field, 2013). A repeated-measures ANOVA (CONDITION) was used to test for
differences in baseline SICI ratio between sessions. A two-way repeated measures ANOVA
was used to test for differences in SICI ratios between CONDITION (no training, GotRhythm,
control motor task) and TIME (pre, post 0, post 15, post 30-min).

3.2.6.6 Associations between change in corticospinal excitability and motor performance
MEP amplitude was averaged between post 0, post 15, and post 30-min time-points and
across stimulus intensities; the average MEP amplitudes were then normalised to baseline
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to quantify changes in MEP amplitude following the three conditions (GotRhythm, control
motor task, and no training). Correlation analyses were performed to test for relationships
between normalised MEP amplitude and (i) change in performance with GotRhythm and the
control motor task training and (ii) lifestyle factors (years of musical training and perceived
stress score). One participant was excluded from the perceived stress correlation analysis
for incorrectly filling out the questionnaire. For GotRhythm, performance was quantified as
the TIZ ratio score from sub-block 1 (first minute of first 15-min training block) to sub-block
30 (last minute of second training block) and for the control motor task, performance was
quantified as the motor learning ratio from sub-block 1 to sub-block 20.

3.3 Results
3.3.1 Participant compliance
High PSSUQ scores for system usefulness: M = 5.99 (SEM = 0.79); information quality: M =
6.31 (SEM = 0.59); interface quality: M = 6.22 (SEM = 0.89) and overall satisfaction of M =
5.91(SEM = 1.22). The questionnaire was a Likert 7-point scale with 7 signifying ‘strongly
agree’. Results indicate that GotRhythm was easy to use and engaging.

3.3.2 GotRhythm
Average TIZ scores across the 30-min training period, comprising two, 15-min training
blocks, analysed in 1-min sub-blocks is presented in Figure 3.1 (A, B). The average TIZ scores
for training Block 1 and Block 2 were 85.6% (SEM = 12.9%) and 84.6% (SEM = 12.5%),
respectively. The high mean TIZ scores for both blocks demonstrate all participants
performed well on this task across the training session. Figure 3.1 (A, B) shows, on average,
TIZ scores were lowest in the first minute of training before increasing in the second minute
in both 15-min training blocks. TIZ scores plateaued but remained above 75% for the rest of
the training block. The repeated measures ANOVA revealed a significant main effect of
GOTRHYTHM TRAINING (F2, 38= 3.66, p= .035, ηp²= .162). Post-hoc paired-samples t-tests
show TIZ did not significantly change from sub-block 1 (start of training) (M = 69.92%, SEM =
5.69%) to sub-block 16 (middle) (M = 74.88%, SEM = 4.29%), t(19) = -.468, p=.645. TIZ
significantly increased from sub-block 16 to sub-block 30 (end) (M = 82.83%, SEM = 4.95%),
t(19) = -2.19, p=.041 (Fig. 3.1).
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Figure 3.1 (C, D) shows the individual spread of TIZ ratios in training Block 1 and 2.
Improvement in performance was quantified by expressing the last sub-block of trials of
each 15-min block as a ratio of the first 1-min sub-block, with a TIZ ratio >1.0 indicating
improvement. The spread of scores indicates the majority of participants improved their TIZ
from minute 1 to the last minute of training. One participant demonstrated a ratio of 7.6, as
they scored poorly in the first sub-block (10%) and improved their performance with scores
similar to the group by the middle and end of training. Five participants presented with ratio
<1.0, signifying a decline in performance.
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Figure 3.1. Time in Zone (%) of participants in two 15-min blocks of training. Arrows indicate sub-blocks used
for detailed analysis of task (start, middle, end). TIZ significantly increased from the start of block 1 (A) to the
end of 30-min training session in block 2 (B). The spread of individual TIZ ratios show the majority of
participants improve their TIZ by the end of training block 1 (C) and block 2 (D). TIZ ratios >1 indicate motor
performance improvement.

3.3.3 Control motor task
Figure 3.2 (A, B) shows mean peak acceleration of thumb abduction movements over the
30-min training session (divided into 20 sub-blocks of trials). Peak acceleration data are
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presented in g. A repeated measures ANOVA showed a significant main effect of TRAINING
(F2,38 = 18.82, p= .000, ηp² = .498), demonstrating a significant increase in peak thumb
acceleration across the 30-min training. Post-hoc paired-samples t-tests show a significant
increase in peak thumb acceleration from sub-block 1 (M = 2.57, SEM = .326) to sub-block
11 (M = 3.39, SEM =.384), t(19) = -2.38, p=.028. Peak thumb acceleration increased further
from sub-block 11 to sub-block 20 (M = 4.45, SEM = .447), t(19) = -3.65, p=.002 (Fig. 3.2).
Motor learning ratios (Figure 3.2) indicate the majority of participants improved their peak
thumb abduction acceleration by the end of training block 1 (C), after 15min of training with
further improvements for all participants demonstrated in motor performance by the end of
training (D).
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Figure 3.2. Thumb abduction peak acceleration across 30-min of training. Participants learned to optimise
their acceleration as demonstrated by the increased acceleration from sub-block 1 (A) to sub-block 20 (B).
Motor learning ratios show the majority of participants effectively learned the task by the end of training block
1 (C) and block 2 (D). Ratios >1 indicate improvement in motor performance.

3.3.4 Single intensity TMS: 120% RMT measures
Figure 3.3 shows MEPs elicited at stimulus intensity 120% RMT at baseline, mid-point
measured after the first 15-min training block, post 0, post 15 and post 30-min. The
repeated measures ANOVA performed on baseline MEP amplitude at 120% RMT to test for
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any differences in baseline corticospinal excitability between sessions showed no main
effect of CONDITION (F1,19 = .202, p=.659, ηp² = .010).
MEP amplitude elicited from single-intensity TMS at 120% RMT was not different between
the GotRhythm and control motor task training at the time-points measured. A two-way
repeated measures ANOVA revealed no main effect of CONDITION (F1, 19 = .067, p= .798,
ηp²= .004) and a significant main effect of TIME, (F2.74, 51.97 = 2.96, p= .045, ηp²= .135). There
was no CONDITION*TIME interaction.
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Figure 3.3. MEP amplitude elicited by TMS at intensity 120% RMT before, during and after GotRhythm (solid)
and control motor task (open) training. No significant difference in corticospinal excitability was
demonstrated between conditions at any of the time points measured.

3.3.5 TMS Input-Output Curves
Figure 3.4 shows Input-Output (IO) curves for GotRhythm, the control motor task, and the
no training control condition. No significant change in MEP amplitude was evident from
baseline to any time point post-training for either GotRhythm training, control motor
training or no training control, suggesting the training paradigms did not induce lasting
changes in corticospinal excitability when factoring in number of years musical training and
perceived stress score. The repeated-measures ANCOVA assessing CONDITION, TIME and
STIMULUS INTENSITY showed no main effect of CONDITION (F2, 32 = .47, p= .63, ηp² =.028), a
significant main effect of TIME (F3, 48 = 4.39, p= .008, ηp² =.216) and a significant main effect
of STIMULUS INTENSITY (F1.15, 18.38 = 22.35, p= .000, ηp² = .583) when controlling for musical
training and perceived stress score. There were no significant interactions between factors.
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Figure 3.4. Input-Output Curves constructed for (A) GotRhythm, (B) control motor task, (C) no training
condition. No significant difference in corticospinal excitability was demonstrated between conditions or over
time when controlling for number of years of musical training and perceived stress score.

3.3.6 TMS SICI
Figure 3.5 show SICI for no training condition, GotRhythm and control motor task at
baseline, post 0, post 15 and post 30-min time points. The repeated measures ANOVA
performed on baseline SICI measures showed baseline inhibition was not significantly
different between sessions (F2,38 = .261, p=.772, ηp² = .014). It is clear that SICI was similar
before and at all timepoints after all conditions. The two-way repeated measures ANOVA
revealed no significant main effect of CONDITION (F2, 38 = .095, p = .910, ηp²= .005) or TIME
(F3, 57 = .555, p= .647, ηp²= .028). There was no significant interaction between
CONDITION*TIME.
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Figure 3.5. SICI obtained before, immediately, 15-min and 30-min after the three conditions. Values below
1.0 indicate inhibition. SICI did not change from baseline for no training condition, GotRhythm training or
control motor task in young adults.
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3.3.7 Associations between change in corticospinal excitability and motor performance
Correlations between GotRhythm training scores and GotRhythm excitability measures are
shown in Figure 3.6 (A). A Pearson’s correlation found a weak positive correlation between
TIZ ratio and change in MEP excitability from baseline after GotRhythm training indicating a
weak association between higher TIZ scores and greater change in excitability from baseline,
r(18) = 0.31, p= .203. Correlations between control motor task motor learning scores and
corticospinal excitability measures are shown in Figure 3. 6 (B). A Spearman’s rank
correlation found no significant correlation between motor learning ratio and change in
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MEP excitability from baseline to after training for control motor task rs(18) = .014, p= .954.
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Figure 3.6. No significant correlation found between normalised MEP amplitude and change in performance
for GotRhythm (A) or control motor task (B). Performance on GotRhythm was weakly positively association
with change in corticospinal excitability from baseline. Performance on control motor task was not significantly
correlated to changes in corticospinal excitability from baseline.

A Spearman’s rank correlation found no significant correlation between GotRhythm
normalised MEP amplitude and years of musical training, demonstrating previous musical
training was not associated with the change in corticospinal excitability after GotRhythm
training, rs(18) = .005, p= .982 (Fig. 3.7(A)). Similar results were found for control motor task
MEP amplitude and years of musical training, rs(18) = .217, p= .359 (Fig. 3.7(B)). A Pearson’s
correlation found no significant correlation between normalised MEP amplitude for
GotRhythm training and control motor task to perceived stress scores, showing perceived
stress was not associated with change in corticospinal excitability after GotRhythm training
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(r (17) = -.114, p= .643) (Fig. 3.7(C)) or control motor task training (r(17) = -.096, p= .695) (Fig
3.7(D)).
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Figure 3.7. No correlation between MEP amplitude for GotRhythm and control motor task and lifestyle
factors. Number of years of musical training had no effect on cortical excitability differences on either
GotRhythm (A) or control motor task (B). No association was found between cortical excitability and stress
scores in the GotRhythm (C) or control motor task (D) conditions.

3.4 Discussion
The current study demonstrated three main findings. A single 30-min session of training on
GotRhythm and a control motor training task led to increased motor performance from
baseline on both tasks. This increase in motor performance was not associated with
corticospinal excitability changes, with no increases in MEP amplitude found after
GotRhythm or control motor training. Finally, the healthy young adult participants
responded positively to the GotRhythm system, as indicated by high system usability scores
with the PSSUQ.
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3.4.1 Behavioural results: GotRhythm
Motor performance on the GotRhythm task increased from the start to the end of training
for the majority of participants. Based on the behavioural results of GotRhythm training, it is
possible that young, unimpaired participants reached a ceiling effect during training, as
demonstrated by the higher level of accuracy achieved by the majority of participants early
in the training that was maintained throughout the session. Although it is important that
participants can adapt quickly to a rhythmic tapping task during GotRhythm training, this
ceiling effect could explain the absence of a change in corticospinal excitability. Indeed,
previous research has shown that rapid improvements in performance are associated with
increases in corticospinal excitability (Muellbacher et al., 2002b, Karni et al., 1995).
However, MEP amplitude does not change and M1 activation is reduced when the task is
overlearned and performance plateaus (Muellbacher et al., 2002b, Karni et al., 1995, Furuya
et al., 2014, Puttemans et al., 2005). After 30-min of GotRhythm use, training performance
plateaued (that is to say, it became motor repetition), which could explain the absence of a
change in corticospinal excitability in the current study. Previous findings suggest simple
repetition, without motor learning does not facilitate corticospinal excitability (Nudo, 2003a,
McDonnell et al., 2015). Future research will need to test this task in individuals with a
motor impairment and test a more challenging motor task in unimpaired individuals.

3.4.2 Behavioural results: control motor training
In the current study, there were no associations between performance on the motor tasks
and change in MEP amplitude following training. This is consistent with previous literature:
even though some studies show an increase in MEP amplitude following training, there is no
association between the magnitude of motor learning and the magnitude of change in MEP
amplitude (Rogasch et al., 2009, Vallence et al., 2013, McDonnell and Ridding, 2006). Taken
together with the current results, this research shows modulations in corticospinal
excitability associated with motor learning may not be as simple as thought and influenced
by different factors other than training, such as attention and motivation.
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3.4.3 Corticospinal excitability results: GotRhythm
The current results show that 30-min of GotRhythm music-motor training did not
significantly change corticospinal excitability in healthy young adult participants. Previous
findings from fMRI studies have reported passive listening to music activates wide-ranging
cortical networks, such as basal ganglia, premotor cortex, supplementary motor area, and
cerebellum (Chen et al., 2006, Chen et al., 2008, Bengtsson et al., 2009, Zatorre et al., 2007,
Schaefer, 2014a, Grahn and Brett, 2007). As these motor areas are connected to M1, it was
plausible that their activation during GotRhythm training would increase M1 excitability,
which would be reflected by a change in MEP amplitude (Hanakawa et al., 2009). However,
our results do not support this supposition. TMS studies have also demonstrated an increase
in MEP amplitude when participants listened to high groove music (i.e., music that makes
you want to move to the beat) and music close to their preferred tempo (Stupacher et al.,
2013, Michaelis et al., 2014). In the current study, there were no changes in MEP amplitude
following GotRhythm training: it is possible that the network of motor areas that has
previous shown to be active during listening were not engaged during GotRhythm training,
or that the engagement of these motor areas during GotRhythm was not sufficient to
induce a change in M1 excitability that outlasts the training period (Chen et al., 2006, Thaut
et al., 2008). Methods such as EEG, TMS-EEG or fMRI could potentially be used investigate
auditory-motor network activation during GotRhythm training (Moore et al., 2017, Ferreri et
al., 2012).

3.4.4 Corticospinal excitability: control motor training
Similar to the GotRhythm results, the control ballistic motor training (for 30-min) did not
significantly change corticospinal excitability in healthy young adult participants. Whilst
several studies testing the effects of ballistic training on corticospinal excitability report an
increase in corticospinal excitability after training (Ziemann et al., 2001, Muellbacher et al.,
2001, Sale et al., 2013) there are inconsistent results in the literature, with some studies
reporting no change in corticospinal excitability after ballistic motor training (Rogasch et al.,
2009, Vallence et al., 2013). Inter-individual variability may contribute to these inconsistent
findings, with genetic factors, age, attention to the task, and prior training shown to
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contribute to inter-individual variability in changes in corticospinal excitability (Schlaug,
2001, Stefan et al., 2006, Cirillo et al., 2011).

3.4.5 Compliance
The current study shows high compliance and usability of GotRhythm in healthy young
adults with a single session of training. The quick adaptation to the task and high TIZ scores
in the first 15-min of training showed that all participants learnt to tap in time to rhythm
easily, despite differences in previous musical training. The ability of all participants to
synchronise to the beat demonstrates that healthy adults are able to apply their beat
perception ability to GotRhythm training (Thaut, 2015). The PSSUQ showed high scores in
the healthy young adult sample tested here, suggesting that the GotRhythm app is
accessible, adaptable, and suitable to their needs (Lewis, 2002). Our future research will test
GotRhythm in older adults with and without motor impairments to determine whether the
high compliance and usability will extend to these populations who might not be as familiar
with this technology.

3.4.6 Limitations
It is important to note some limitations of the current study. First, corticospinal excitability
was measured at rest: measures of corticospinal excitability may be more sensitive and
functionally relevant if obtained during voluntary muscle activation (Siebner and Rothwell,
2003). Second, the music used for GotRhythm training consisted of recent pop songs (<5
years since release) that were rated as neutral by participants prior to training. Evidence
shows corticospinal excitability increases when participants listen to high ‘groove’ music
compared to ‘low-groove’ music (Stupacher et al., 2013). This can be overcome in future
research by selecting engaging and personalised music for GotRhythm training. Third, the
movement performed during GotRhythm training was bimanual and involved tactile
stimulation from tapping the iPhone: this can be overcome in future studies by using
wireless sensors in GotRhythm training.
The majority of evidence from RAS studies involves rhythmic stimulation with a metronome
only (Shahraki et al., 2017, Benoit et al., 2014, Elston et al., 2010, Thaut et al., 1996b, Aluru
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et al., 2014, Amengual et al., 2013, Ashoori et al., 2015, Chen et al., 2007, Chen et al., 2008,
Dalla Bella et al., 2017). Music activates limbic structures involved in emotion and reward
processing, which suggests using music rather than a metronome alone may have more
beneficial effects on motor performance (Salimpoor et al., 2011). In the current study, we
chose popular songs from the previous five years. Participants were required to rate the
songs according to how motivating for exercise and movement they were. It is important to
note that we did not assess the ‘groove’ of the music here. We chose the most neutral songs
for each participant to reduce the impact of engagement and to help ensure participants
stayed at the 120BPM target tempo, however this could have influenced our excitability
results. Additionally, the study’s music was primarily pop, and we did not cater for
participant’s specific musical genre preferences. It will be important to consider in future
work whether the task might have a stronger impact on corticospinal excitability if it were
more tailored to the individual preferences.

3.4.7 Clinical implications
GotRhythm was developed as an achievable training program for patients recovering from
neurotrauma. Spontaneous recovery and extensive cortical reorganisation occur following
brain injury (Wieloch and Nikolich, 2006), and GotRhythm was hypothesised to be able to
capitalise on the plastic state of the brain, promoting increased corticospinal excitability and
improved movement control in people recovering from brain injury (Lawrence et al., 2001,
Krakauer, 2006). Although we did not detect any changes in corticospinal excitability in this
initial test using young healthy participants, the favourable participant compliance that we
observed is promising because induction of plasticity is enhanced when patients are
engaged with the therapy (Jack et al., 2010, Salimpoor et al., 2011, Schaefer, 2014a,
Krakauer, 2006). Thus, GotRhythm may overcome some of the limitations with current
therapeutic protocols that are time-consuming and costly, and which can increase the
difficulty of completing training and lead to poor patient engagement and compliance with
therapy (Floel and Cohen, 2010). Furthermore, GotRhythm accurately measures and records
data about a participant’s movements to provide augmented feedback about their motor
and rhythmic accuracy, which has been shown to be useful for motor skill acquisition
(Sunaryadi, 2017) and in overcoming somatosensory and motor deficits associated with
neurological impairment, such as in stroke and Parkinson’s Disease (Molier et al., 2010).
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3.4.8 Conclusions
We have demonstrated the usability and versatility of our novel music therapy app for
healthy participants, which will assist with development and optimization of GotRhythm.
The current study demonstrates 30-min of simple music-motor training using a tailored app
did not modulate corticospinal excitability in healthy adults compared to a control motor
training task. Reasons for this include sensitivity of measures, task complexity and individual
factors. Future research will focus on further exploring whether GotRhythm can enhance
cortical activity in healthy older samples and clinical populations.
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4 Chapter 4: GotRhythm facilitates motor performance but does not

change corticospinal excitability in healthy young and older adults.
The results of Chapter 3 showed that a single 30-min session of GotRhythm (with a bimanual
tapping task) and control motor task did not modulate corticospinal excitability in a healthy
young adult population. We proposed that young adults may have learned both the
GotRhythm and control motor task very quickly with the current parameters, and the time
we probed excitability did not align with the time of improvements in performance.
Therefore, we reduced the training time to a more clinically relevant rehabilitation time and
recruited an older adult population, as ageing is a primary risk for factor for neurological
disorders, such as stroke. We changed the task in this study from bimanual to unimanual
task to more closely resemble previous motor training literature and reduced GotRhythm
BPM to suit an older population’s abilities. The primary aim of this chapter was to
investigate age- and task-related differences in motor performance and use-dependent
cortical plasticity after a single session of music-motor training using GotRhythm, and a
control motor task. Task-related differences refer to differences between GotRhythm and
control motor task. We also aimed to assess the usability of our GotRhythm app in an older
adult population.

4.1 Introduction
It is well established that there is an age-related decline in motor function and motor
learning, with neurodegenerative and neurochemical changes thought to underlie this
decline(Seidler et al., 2010). Age-related decline in motor function is characterised by coordination deficits, increased variability of movement, and balance difficulties, which can
negatively affect activities of daily living and increase falls risk in older adults (Seidler et al.,
2010, Levin et al., 2014). Ageing is also associated with a decrease in motor learning, which
presents as a reduced ability for skill acquisition and limited capacity to improve motor
performance with training (Voelcker-Rehage, 2008). There are several factors that may be
responsible for the decline in motor function and motor learning during ageing, such as agerelated atrophy or reduced neurotransmitter systems (Salat et al., 2004, Raz et al., 2005,
Cham et al., 2008, van Dyck et al., 2008). Age-related changes in the capacity of the brain to
undergo plasticity may also be an important contributing factor to the decline in motor
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function (Oberman and Pascual-Leone, 2013, Michels et al., 2018, Ward and Frackowiak,
2003). Plasticity, brain’s ability to alter its structure and function in response to changes in
the environment, is an important process underlying learning and memory across the
lifespan (Rioult-Pedotti et al., 2007, Rioult-Pedotti et al., 2000a).
Repeated motor training can lead to changes in the motor cortex, termed use-dependent
plasticity (Mawase et al., 2017). Use-dependent plasticity is thought to be mediated by
activity-dependent changes in synaptic efficacy, known as long-term potentiation (LTP) and
long-term depression (LTD) (Bliss and Gardner-Medwin, 1973, Bütefisch et al., 2000).
Plasticity can be measured in humans using the non-invasive brain stimulation technique,
transcranial magnetic stimulation (TMS) (Rossini et al., 2015, Hallett, 2000, Kobayashi and
Pascual-Leone, 2003). A single, suprathreshold TMS pulse delivered to the motor cortex
(M1) produces a motor evoked potential (MEP) in the target muscle controlled by the
cortical representation over which the pulse was delivered. Peak-to-peak MEP amplitude
from the electromyogram (EMG) of the target muscle provides a measure of corticospinal
excitability. A change in MEP amplitude after motor training reflects activity-driven changes
in corticospinal excitability and provides a measure of use-dependent plasticity. Evidence
suggests LTP and LTD-like mechanisms contribute to use-dependent plasticity measured by
TMS (Bliss and Gardner-Medwin, 1973, Bütefisch et al., 2000, Butler and Wolf, 2007).
Cortical inhibition, mediated by γ-aminobutyric acid (GABA)-ergic circuits, has been shown
to play a role in use-dependent plasticity, with studies showing use-dependent plasticity and
performance on motor tasks after training is reduced in humans when cortical inhibition is
pharmacologically enhanced (Bütefisch et al., 2000). Furthermore, motor learning is
improved when cortical inhibition is reduced using transcranial direct current stimulation
(tDCS) (Stagg et al., 2011a). Paired pulse TMS can be used to measure the excitability of
short-interval intracortical inhibitory (SICI) circuits (Kujirai et al., 1993). SICI is measured
using a subthreshold conditioning TMS pulse (below threshold for eliciting an MEP)
delivered 1-6ms before a suprathreshold TMS pulse (sufficient to elicit an MEP). The MEP
elicited by paired pulse TMS is reduced compared to the MEP elicited by single pulse TMS,
due to activation of SICI circuits by the conditioning pulse. Pharmacological evidence
indicates SICI is mediated by GABAA receptor activity (Bütefisch et al., 2000, Di Lazzaro et al.,
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2000). Therefore, paired pulse TMS can be used to determine whether training related
changes in excitability are due (in part) to changes in the excitability of SICI circuits (Ilic et
al., 2002, Tinazzi et al., 2003).
Consistent evidence demonstrates that short periods (<60-min) of repetitive motor training
increases MEP amplitude elicited by single pulse TMS in young adults (Classen et al., 1998,
Muellbacher et al., 2001, Rogasch et al., 2009). This increase in MEP amplitude in the
trained muscle following short periods of repetitive motor training has been replicated
numerous times with ballistic thumb abduction tasks in young adults (Muellbacher et al.,
2001, Bütefisch et al., 2000, Krutky and Perreault, 2007) and has been shown to last up to
60 min following motor training (Muellbacher et al., 2002b, Muellbacher et al., 2001).
Together, these studies provide evidence of use-dependent plasticity following motor
training. To understand the mechanisms of the use-dependent plasticity, several studies
have used paired pulse TMS to measure changes in SICI following motor training; these
studies show reduced SICI (disinhibition) after simple motor training in young adults (Liepert
et al., 1998, Rosenkranz et al., 2007a, Coxon et al., 2014, Gallasch et al., 2009). However,
results are inconsistent, with some studies reporting an increase in MEP amplitude, but no
changes in SICI following motor training (Rogasch et al., 2009, Cirillo et al., 2010). It is
important to note that the previous study in this thesis showed no change in corticospinal
excitability or SICI following control motor training. Although there is still sufficient evidence
to suggest a role for SICI in use-dependent plasticity.
It has been hypothesised that the age-related decline in motor learning might be due (in
part) to an age-related reduction in use-dependent plasticity (Sawaki et al., 2003, Tecchio et
al., 2008, Rogasch et al., 2009). However, there is contradictory evidence in the ageing
literature with studies investigating use-dependent plasticity induced by motor training in
older adults showing inconsistent results. Several studies have shown reduced usedependent plasticity in older adults following motor training compared to younger adults
(Rogasch et al., 2009, Sawaki et al., 2003, Cirillo et al., 2011). For example, whereas young
adults showed a significantly greater increase in peak acceleration following 10-min of
ballistic thumb abduction training and a significant increase in MEP amplitude (but no
change in SICI) post training, older adults improved in thumb acceleration (not to the same
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magnitude as young adults) but did not show any change in MEP amplitude after training
(Rogasch et al., 2009). Similarly, after 30-min of thumb abduction training, young adults
showed a significantly larger magnitude of TMS-evoked thumb movements in the trained
direction, a marker of use-dependent plasticity, compared to older adults (Sawaki et al.,
2003). Together, these findings provide evidence of an age-related decline in use-dependent
plasticity. In contrast, some studies have shown no difference in changes in MEP amplitude
following motor training between younger and older adults (Hinder et al., 2011, Cirillo et al.,
2010). For example, following 10-min of ballistic index finger abduction training, MEP
amplitude and finger abduction acceleration significantly increased in both young and older
adults (and SICI decreased in both young and older adults) (Hinder et al., 2011). Another
study found 10-min of ballistic thumb abduction training significantly increased MEP
amplitude (but no change in SICI) in both young and older adults with no differences found
between the age groups, despite only the young adults demonstrating increased peak
thumb acceleration (Cirillo et al., 2010). These findings provide some evidence to suggest
that there is no decline in use-dependent plasticity in older compared to younger adults and
highlight the inconsistent results in the literature. Differences in motor task protocols, such
as muscles targeted, and training ‘dose’ may explain the different results between studies.
Training times and tasks may need to be tailored specifically to age-groups to observe
changes in use-dependent plasticity.
Motor task complexity and variation in motor network engagement may contribute to the
inconsistent age-related differences in use-dependent plasticity. Previous studies show both
young and older adults are capable of optimising task performance quickly in simple motor
tasks (Voelcker-Rehage, 2008), which may explain why there are no group differences in
the training-induced MEP amplitude observed in some studies (Cirillo et al., 2011, Hinder et
al., 2011). Although it is clear a simple task can induce plasticity in M1, these tasks may not
be suitable to elicit age-related differences in use-dependent plasticity, as older adults
perform as well as young adults and have comparable changes in MEP amplitude posttraining. Findings show that differences in motor learning between young and older adults
are more obvious with increased task complexity, and motor performance has been shown
to decline with increased task complexity in older adults (Smith et al., 1999, Cirillo et al.,
2011). Increases in MEP amplitude following training are also greater for complex tasks
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compared to simple tasks in young healthy participants (Tinazzi et al., 2003, Flament et al.,
1993). Evidence suggests a complex task may engage and increase processing in M1 circuits
more than a simple task (Flament et al., 1993), which may enhance use-dependent
plasticity. Another approach to engage motor networks and study the differences in usedependent plasticity between age groups includes the addition of rhythmic cues to motor
tasks.
Music and rhythmic cues can engage the motor system and, when combined with
movement, can enhance motor performance after a single session (Thaut, 2015, Chen et al.,
2006). Motor networks synchronise to external auditory rhythm leading to auditory-motor
entrainment (Trost and Vuilleumier, 2013, Thaut, 2003, Chen et al., 2008), with areas such
as basal ganglia, cerebellum, pre-motor cortex, supplementary motor area, and M1 shown
to be active during rhythm perception (Zatorre and Zarate, 2012, Grahn and Brett, 2007).
Discovery of this phenomenon led to the development of rhythmic auditory stimulation
(RAS), a music-motor therapy that uses auditory rhythm to retrain motor control and
enhance motor function in people with movement disorders (Thaut et al., 1996a). RAS is an
effective method for enhancing upper extremity movement in a number of clinical
populations, such as stroke and Parkinson’s Disease (Whitall et al., 2011, Luft et al., 2004,
Thaut et al., 1996b). The addition of rhythmic cues to motor training may allow older adults
to overcome any motor performance deficits and may have the potential to facilitate
corticospinal excitability after training. Currently, RAS literature with healthy older adults
has focussed on gait training with rhythmic cues (Wittwer et al., 2012, Braunlich et al.,
2018), while research focusing on upper limb RAS training in healthy older adults is limited.
Furthermore, no studies have investigated the effect of rhythmic cueing on corticospinal
excitability and rhythmic entrainment performance in healthy older adults compared to
younger adults. This is important, as older adults are at the most risk of developing
neurological disorders or suffering from neurotrauma, such as stroke and therefore will
have much to benefit from improved therapies.
To determine the effects of RAS on corticospinal excitability and motor learning in young
and older adults, we used a novel music-motor therapy app, GotRhythm. GotRhythm is a
software application (app) that integrates RAS with additional features, including
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individualised music, real-time auditory feedback via metronome, and adjustable tempo, to
deliver a tailored music-motor training program. The aim of the current study was to
determine if one 20-min session of music-motor training with GotRhythm increases
corticospinal excitability in healthy younger and older adults compared to a control motor
task. We assessed the compliance and engagement of older adults using GotRhythm and
their ability to complete the training. We also used a user-satisfaction questionnaire to
evaluate participants’ satisfaction with the software. We compared task performance
between young and older adults following GotRhythm training and a control motor task in
young and older adults. We also measured corticospinal excitability (MEP amplitude) in
young and older adults before and after GotRhythm and a control motor task. It was
hypothesised younger adults would show a larger increase in corticospinal excitability
compared to older adults following GotRhythm and control motor training. It was predicted
GotRhythm would further facilitate corticospinal excitability immediately after training
compared to control motor training in both populations.

4.2 Methods
4.2.1 Participants
Twenty younger (four men, M = 23.9yrs; SEM = 1.54yrs; Median = 22yrs) and twenty older
adults participated in the current experiment (four men, M = 69.6yrs; SEM = 2.24yrs;
Median = 71yrs). Participants were recruited from the student population at Murdoch
University and the wider community. The research was approved by Murdoch University’s
Human Research Ethics Committee (2017/025). All participants provided informed written
consent after receiving written and verbal explanations about the experimental protocol. All
participants were screened for any contraindications to TMS (Rossi et al., 2009). All
participants were right-handed. In the younger sample, eight participants had previous
musical training (M = 7yrs; SEM = 2.99yrs; Median = 7yrs) compared to eleven participants
in the older sample (M = 17.64; SEM = 3.87yrs; Median = 12yrs).
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4.2.2 Training
A mixed measures design was employed in the current study where two groups of
participants (young vs older) completed two experimental conditions (GotRhythm and
control motor task) with a minimum of one week between sessions (M = 7.43 days, SEM=
0.18, Range = 7-12 days). We did not include a no training condition in the study as evidence
suggest extended periods of inactivity (20-min), such as with a rest control condition, can
modulate corticospinal excitability (Todd et al., 2006). The order of conditions was
counterbalanced within each group using a Latin square design (Fisher, 1956).

4.2.2.1 Music Selection
Information on music selection is outlined in detail in Appendix (section 9.2.1.1). Briefly,
participants completed a musical engagement survey, in which they rated 20 songs that had
been pre-selected by experimenters on how motivating they found the music according to
the Brunel Music Rating Inventory 2 (BMRI-2). All songs ranged in tempo from 115-125BPM.
According to the individual responses, 6 songs with the most neutral ratings (BMRI-2 score
18-36) were selected for each participant. It was noted in previous chapters that music
selection may have played a role in the absence of changes in corticospinal excitability. As
we had changed the task parameters (reduced time and dose), introduced more breaks and
included an additional sample (older adults), it was necessary to keep all other experimental
and methodological factors consistent.

4.2.2.2 GotRhythm
GotRhythm was run on an iOS device (iPad Air 5, 9.7” display, Apple Inc., CA). Participants
were seated comfortably with their right arm placed on a desk in front of them. The right
elbow was flexed at 90 degrees with the forearm in a semi-pronated position. The 6
individually selected songs were loaded into GotRhythm and the target BPM was set to 60
BPM with a set pre-defined tolerance of ± 5 BPM: therefore, the acceptable tempo range
defined as time in zone (described in further detail in data analysis below) was from 55-65
BPM. During each session, participants were instructed to hold the iPad with their left hand
and tap the GotRhythm interface on the iPad screen with their right thumb in time to the
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tempo of the music. When the participant’s thumb tapping deviated from the acceptable
tempo range, the music was muted and replaced with a metronome at the target tempo of
60 BPM. The metronome provided auditory feedback until the participant tapped their
thumb on the interface at the required tempo. The GotRhythm session involved four, 5-min
training blocks (300 movements in a block), with a 2-min break in between training blocks.
Single-intensity TMS was delivered during the breaks to measure corticospinal excitability
(described below).

4.2.2.3 Control Motor Training
The control motor task was a ballistic thumb abduction task (Carroll et al., 2008,
Muellbacher et al., 2002b, Rogasch et al., 2009). Participants were seated comfortably with
their right arm placed in a custom-made plastic arm brace secured to a board positioned on
a desk in front of them. The right elbow was flexed at 90 degrees with the forearm in a
semi-pronated position and fixed with Velcro straps. The control motor training task was
delivered via a separate custom-made app, Metarecorder. The participant was fitted with a
9-axis inertial motion unit (IMU) (Metawear Inc., San Francisco, CA) securely attached with
tape to the right thumbnail. The IMU wirelessly transmitted acceleration data to the
Metarecorder app at a rate of 100Hz. Metarecorder provided participants with real-time
visual feedback on their peak thumb acceleration data (x-axis acceleration represented by a
red line peak) to ensure movements were kept in the abduction-adduction plane and to
reduce flexion-extension of the thumb (z-axis movement represented by a blue line peak).
Ratio of movement in the vertical plane was also analysed offline to confirm that majority of
thumb movements were in abduction-adduction plane.
The task consisted of four, 5-min blocks (150 thumb abduction movements per block), with
a 2-min break in between each block to reduce fatigue and to be able to track changes in
corticospinal excitability across training (Rogasch et al., 2009, Muellbacher et al., 2001).
Previous research has shown 600 trials of the thumb abduction task led to increase MEP
amplitude after training (Muellbacher et al., 2002b, Muellbacher et al., 2001). Movements
were paced by a metronome via an app at a rate of 30BPM (0.5Hz). The rate of thumb
abductions was matched to previous ballistic thumb abduction tasks (Rogasch et al., 2009,
Ziemann et al., 2001). Participants were instructed to abduct their thumb as quickly as
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possible at each metronome tone and return their thumb to the starting position at a
comfortable pace. Metarecorder displayed the peak thumb acceleration for each trial.
Participants were instructed to increase their peak acceleration during training. The
investigator provided verbal feedback to encourage optimal performance from the
participant.

4.2.3 TMS
Electromyography (EMG) was recorded from the relaxed right abductor pollicis brevis (APB)
using Ag/Ag-Cl coated disc surface electrodes (belly-tendon configuration). EMG signals
were amplified (1000x, AC-coupled) with a bandpass filtered (10-1000Hz) and digitised using
16-bit resolution at a sampling rate of 4kHz (Cambridge Electronic Design 1902 amplifier and
Micro 1401 analogue-digital-converter, UK) controlled with Signal data-acquisition software
(Cambridge Electronic Design Software, Cambridge, England).
Single, monophasic pulses were delivered via two Magstim 200 stimulators connected via a
BiStim module (Magstim Co., Whitland, Dyfedd, UK) connected to a 90mm figure-of-eight
coil. The coil was placed tangentially to the scalp with the handle pointed backward and
orientated at a 45-degree angle from the midline to induce a posterior-anterior current in
the cortex (Brasil-Neto et al., 1992). Suprathreshold pulses were systematically delivered
over the left primary motor cortex to identify the optimal site for eliciting responses in the
right APB. The optimal site was defined as the site that produced that largest and most
consistent motor evoked potentials in the APB. The optimal site was marked on the scalp to
allow accurate and consistent coil placement throughout the experiment. Resting motor
threshold (RMT) was determined at the beginning of each session prior to baseline
measurements. RMT was defined as the minimum intensity (as a percentage of maximal
stimulator output) required to elicit MEPs (>50 µV) in the relaxed APB in at least 5/10
consecutive trials (Temesi et al., 2014).
To obtain TMS Input-Output (IO) curves, single pulse TMS was delivered at five stimulus
intensities: 110, 120, 130, 140 and 150% RMT. Participants with a high RMT (>66%) only had
a subset of these stimulus intensities, as the higher intensities (e.g., 150% RMT) exceeded
maximum stimulator output (n= 7 participants, full details in data analysis). Paired pulse
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TMS was delivered to measure SICI: the conditioning stimulus (CS) intensity was set at 70%
RMT, the test stimulus intensity was set at 120% RMT, and the inter-stimulus interval (ISI)
was 2.5ms (Stagg et al., 2011a, Peurala et al., 2008). A maximum of 72 TMS pulses were
delivered per block: 12 single pulse trials at each of the five different stimulus intensities,
and 12 paired pulse trials. Inter-trial intervals were pseudo-randomised at 5sec +/- 10%.
TMS blocks were delivered at baseline, and 0 and 15-min post training. In addition, three
blocks of 12 single pulse trials (at the stimulus intensity of 120% RMT) were delivered in the
2-min breaks between training.

4.2.4 Questionnaires
Young and older adult participant engagement with GotRhythm and software app usability
was measured using the Post Study System Usability Questionnaire (PSSUQ) (refer to
Chapter 3, section 3.2.5 )(Lewis, 2002).

4.2.5 Data analysis
For all analyses, the significance threshold was set to .05 and all group data are reported as
mean ± SEM. Data were checked for normality and sphericity, with appropriate
transformations performed where required to correct for any violations. Transformations
were selected based on type of data, the strength and direction of violation as observed
from visual inspection of histograms (details of transformations in sub-sections below).

4.2.5.1 GotRhythm
GotRhythm collected data on a participant’s ability to accurately tap in time to the beat.
Motor learning for GotRhythm was quantified by Time in Zone (TIZ), defined as the
percentage of time participants tapped their thumb at the acceptable tempo range (60bpm
± 5) without feedback in each 5-min block. A total of 39 participants were included in TIZ
analysis (18 younger; 20 older). Data from two young adult participants could not be
analysed due to technical error. For analysis, TIZ was calculated as 20 x 1-min blocks: these
1-min blocks were considered sub-blocks within each of the four 5-min training blocks. A
ratio of TIZ for each of the four blocks of GotRhythm was determined by expressing the last
(1-min) sub-block of each 5-min block as a ratio of the first (1-min) sub-block of the first 5-
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min block to determine if learning occurred across the 20-min training. Non-parametric
statistics were performed on the TIZ data due to severe violation of normality that could not
be corrected with transformation. An exact sign test was conducted to examine if the
difference in medians between TIZ scores in sub-block 1 and sub-block 20 was significantly
different to zero. The sign test determines whether the medians of paired differences
between two groups is statistically significantly different to zero, not whether the medians
of the values at two timepoints are statistically significantly different (Gibbons and
Chakraborti, 2014).

4.2.5.2 Control motor task training
Motor learning data for a total of 38 participants were included in analysis (19 younger; 19
older adults). Data from one young adult and one older adult could not be analysed due to
technical error. Peak acceleration data is presented in units of g. Peak thumb acceleration
was obtained from Metarecorder for each trial and analysed offline with MATLAB (version
9.3 Natick, Massachusetts: The MathWorks Inc., 2017). The maximum positive peak was
obtained from each trial with totals ranging from 600-682 (M = 632.79 trials) as totals differ
due to specificity of peak detection and extraction algorithm for each individual. Peaks were
then grouped into blocks of approximately 30 trials (ranging between 30-44trials) with 20
sub-blocks overall. A mixed-measures analysis of variance (ANOVA) was performed to assess
the effect of age (AGE) and training, analysed as 3 sub-blocks (start, middle, end) (MOTOR
TRAINING), on changes in mean peak abduction acceleration. The first ~ 30 trials of training
(sub-block 1; start) of training, the first 30 trials of block 2 (sub-block 11; middle) and final
30 trials of training (sub-block 20; end) were used for detailed analysis of task. Analysis of
motor performance was based on previous motor training literature (Rogasch et al., 2009,
Cirillo et al., 2010). A violation of normality was detected in peak acceleration data (ShapiroWilk) and data were log transformed (Field, 2005). Significant main effects were further
analysed with a Fisher’s paired least significant differences post hoc test. A ratio of peak
acceleration for each of the four blocks of control motor task training was determined by
expressing the last sub-block of trials of each 5-min block as a ratio of the first sub-block to
determine if learning occurred across the 20-min training period.
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4.2.5.3 Single intensity TMS: 120% RMT measures
Individual MEP trials were excluded if EMG activity >40 µV was present in the 100ms before
the TMS pulse. An average of 9.5% trials were excluded from the young adult analysis and
15.9% trials from the older adult analysis based on this criterion. MEPs elicited by the
stimulus intensity of 120% RMT were taken after each 5-min training block to assess specific
temporal changes in corticospinal excitability. Data were log transformed to correct for
violation of normality (Field, 2005). Levene’s test showed no violation of homogeneity of
variance. Greenhouse-Geisser correction was applied when violation of sphericity occurred
(Field, 2005). A three-way mixed ANOVA was used to assess differences in MEP amplitude
elicited at 120% RMT between AGE (young, older), CONDITION (GotRhythm, control motor
task) and TIME (baseline, mid 5-min, mid 10-min, mid 15-min, post 0, post 15-min). The
baseline, post and post-15 measures data were from the IO curves (below).

4.2.5.4 TMS Input-Output Curves
A total of 31 participants were included in IO curve analysis at the three time points (16
young adults; 15 older adults). Participants were excluded from this analysis if they did not
have the full IO curve (e.g., their IO results only included 110-130% or less) due to high RMT
(YA = 3; OA = 4), or over 50% of trials from any stimulus intensity were excluded at any time
point due to muscle activity detected in the EMG 100ms before the TMS pulse (YA = 1; OA =
1). Peak-to-peak MEP amplitude (in mV) was measured for each trial. IO curves were
measured for each condition at pre- and the two post-time points (post training 0-min and
post 15-min). Data were log transformed to correct for violation of normality and a
Greenhouse-Geisser correction was applied when violation of sphericity occurred (Field,
2005). Levene’s test showed no violation of homogeneity of variance and all other
assumptions were met. A three-way mixed ANOVA (CONDITION, STIMULUS INTENSITY, AGE)
was used to test for differences in the baseline mean MEP amplitude between condition and
age groups. A four-way mixed measures ANOVA was used to test for differences in mean
MEP amplitude across age (AGE: young, older), condition (CONDITION: GotRhythm, control
motor task), time (TIME: baseline, post 0-min, post 15-min) and stimulus intensity
(STIMULUS INTENSITY: 110, 120, 130, 140% RMT). The data analysis and results of the
sample of participants with the IO Curve with all intensities included (110-150% RMT; n=21)
data analysis and results are in the Appendix section 9.2.2.1 and 9.2.3.1, respectively.
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Participants with the full IO curve (110-150%) were still included in other analyses (e.g.,
single intensity measures, behavioural measures).

4.2.5.5 TMS SICI
SICI was measured at pre- and the two post-time points (post 0-min and post 15-min). The
mean MEP amplitude from the paired pulse trials was expressed as a ratio of the mean MEP
amplitude elicited from single pulse TMS at test stimulus intensity (120% RMT). Data were
transformed using a square-root transformation as data were positively and moderately
skewed (McDonald, 2009). All other assumptions were met. Data from two older adults
could not be analysed due to excessive muscle activity at post 15. A two-way mixed ANOVA
(CONDITION, AGE) was used to test for differences in the baseline SICI ratio between
condition and age groups. A three-way mixed measures ANOVA was used to test for
differences in SICI ratios across age (AGE: young, older), condition (CONDITION: GotRhythm,
control motor task) and time (TIME: pre, post 0, post 15).

4.2.5.6 Associations between change in corticospinal excitability and motor performance for
control motor task and GotRhythm
MEP amplitude elicited at 120% RMT at post 0-min were normalised to baseline, to quantify
changes in MEP amplitude following the two conditions (GotRhythm and control motor
task). Correlation analyses were performed to test for relationships between MEP amplitude
normalised to baseline at 120% RMT and change in performance following GotRhythm and
the control motor task. For the control motor task, performance was quantified as the ratio
change from sub-block 1 to sub-block 20. For GotRhythm, performance was quantified as
the TIZ ratio score from sub-block 1 to sub-block 20.

4.3 Results
4.3.1 Usability
The young adult PSSUQ scores show consistently high scores for system usefulness: M =
6.42 (SEM = 0.13), information quality: M = 6.44 (SEM = 0.13), interface quality: M = 6.55
(SEM = 0.17), and overall satisfaction: M = 6.43 (SEM = 0.11). These scores closely resemble
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the high PSSUQ scores from young adults in Study 1. The older adult PSSUQ scores reveal
high scores for system usefulness: M = 6.65 (SEM = 0.08); information quality: M = 6.67
(SEM = 0.09); interface quality: M = 6.45 (SEM = 0.20) and overall satisfaction: M = 6.56
(SEM = 0.12), which indicates the older adults found GotRhythm to be an engaging software
app. Young adult and older adults satisfaction scores were very similar.

4.3.2 GotRhythm
The average TIZ scores for young and older adults across the 20-min training period
comprising four, 5-min blocks (Block 1-4), analysed in 1-min sub-blocks is presented in
Figure 4.1(A-D). Figure 4.1(E-H) shows the individual spread of TIZ ratio scores in Block 1-4.
Young and older adults, on average, showed consistently high TIZ scores (averaging above
80%) across the 20-min training period. The breakdown of TIZ into 1-min blocks showed
both young and older adults increased TIZ scores within the first minute of each five-minute
training block, suggesting both age groups can quickly adapt to using GotRhythm.
An exact sign test was conducted to determine if TIZ scores significantly increased from subblock 1 to sub-block 20 in the young and older adult groups. For young adults, TIZ median
values were on average higher in sub-block 20 (last minute of training) (98.3%) compared to
sub-block 1 (first minute of training) (86.7%); a median difference of (8.3%). Of the 19
participants, 12 participants improved their TIZ in sub-block 20 compared to TIZ sub-block 1,
whereas five participants did not, and two participants showed no change from sub-block 1
to sub-block 20. For young adults, TIZ median values in sub-block 20 were not significantly
increased compared to TIZ sub-block 1, p= .143. For older adults, TIZ median values were on
average higher in sub-block 20 (last minute of training) (98.3%) compared to sub-block 1
(first minute of training) (88.3%); a median difference of (8.3%). Of the 20 participants, 16
participants improved their TIZ in sub-block 20 compared to TIZ sub-block 1, whereas four
participants did not. For older adults, TIZ median values in sub-block 20 were significantly
increased compared to TIZ sub-block 1, p= .012.
Improvement in performance was quantified by expressing the last sub-block of trials of
each 5-min block as a ratio of the first 1-min sub-block with a ratio of >1.0 indicating
improvement. The spread of individual scores in Figure 4.1 (E-H) shows the majority of
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participants demonstrated improvement in TIZ from minute 1 to the last minute of each of
the four blocks for both young and older adults. However, four young adults presented with
ratios <1.0, indicating a decline in performance from minute 1 to minute 20 (M = 1.10; SEM
=.064; Range = 0.58 – 1.86). Four older adults also demonstrated ratios <1.0 for in the last
block, indicating a decline in performance from the first minute of training to the last
minute. It is worth noting that one older participant performed poorly throughout the entire
training session (ratios close to 0) (M = 1.11; SEM = .061; Range = 0.31 – 1.64).
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Figure 4.1. Time in zone (%) of young (solid symbols; n= 18) and older participants (open symbols; n=20)
across the 20-min training period (4x 5-min blocks). Arrows indicated sub-blocks used for detailed analysis of
task (start, middle, end). Individual TIZ ratios in Block 1 to Block 4 of young and older adults show majority of
participants numerically improved in performance (E-H).

4.3.3 Control motor training
Figure 4.2. shows mean peak acceleration of thumb abduction movements over the 20-min
training period comprising four, 5-min blocks (divided in 20 sub-blocks of 30 trials with 5
sub-blocks per 5-min block) for young and older adults. Young adults show an increase in
peak acceleration across the 20-min training period, with the greatest increase in
acceleration occurring within the first 5-min block. Older adults showed little increase in
acceleration across the 20-min training period (Fig 4.2. A-D). A two-way mixed ANOVA
revealed a significant main effect of MOTOR TRAINING, (F2, 72= 8.134, p= .001, ηp² = .184)
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and a significant main effect of AGE, (F1,36 = 7.227, p= .011, ηp² = .167), with Fig 4.2 showing,
at group level, young adults demonstrate faster peak acceleration than older adults over the
training period. No MOTOR TRAINING x AGE interaction was evident, (F2, 72= 2.165, p= .122,
ηp² = .057). Further analysis revealed no difference in peak abduction acceleration between
young adults and older adults at the start of training (p= .192). Young adults demonstrated
significantly faster peak abduction acceleration in the middle (p= .008) and end (p= .018) of
training compared to older adults. In young adults, there was a 72% increase in peak
acceleration from the start to the middle of training (p= .006) and a 101% increase from
start to the end of training (p= .001). There was no significant increase in peak thumb
acceleration for older adults across training with an 18% increase from start to middle and a
47% increase from start to end of training.
Motor learning ratios were calculated to examine the individual differences in motor
learning of young and older adults with a ratio >1.0 indicating improvement in motor
performance (Fig. 4.2 E-H). The motor learning ratios of young adults show that by the final
sub-block of training 16/19 participants demonstrated ratios >1.0, indicating improvement
in peak acceleration (M = 2.01; SEM =.269; Range = 0.392 – 4.74). Motor learning ratios of
older adults show 14/19 participants demonstrated ratios >1.0, with an improvement in
peak acceleration in the final block of training compared to the first block (M= 1.48; SEM
=.206; Range = 0.532 – 3.45).
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Figure 4.2. Thumb abduction peak acceleration across 20-min training in young (solid symbols, n=19) and
older adults (open symbols, n=19). Arrows indicate the sub-blocks used for detailed analysis of task (start,
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middle, end). Young adult participants demonstrated an increase in peak thumb acceleration across 20-min at
a group level and are consistently faster than older adults (A-D). Motor learning ratios show majority of young
and older adults demonstrated a numerical increase in peak thumb acceleration from Block 1 to Block 4 (E-H).

4.3.4 Single pulse TMS
4.3.4.1 120% RMT measures
Figure 4.3 shows MEPs elicited at the stimulus intensity of 120% RMT data at baseline, the
three mid-points measured between training blocks, post and post-15-min. The two-way
ANOVA performed on the baseline MEP amplitude at 120% RMT to test for any differences
in baseline corticospinal excitability between age groups or conditions showed baseline
corticospinal excitability was not significantly different between sessions or age groups, with
no main effect of AGE (F1,38= .918, p=.344, ηp² = .024) or CONDITION (F1,38 = .065, p=.801,
ηp² = .002).
MEP amplitude from single-intensity TMS at 120% RMT was similar across the GotRhythm
and the control motor task training period in both young and older adults at the time-points
measured. The three-way mixed ANOVA revealed no main effect of CONDITION, (F1, 38 =
.506, p= .481, ηp²= .013), a significant main effect of TIME, (F3.95, 150.232 = 4.14, p= .003, ηp²=
.098) and no main effect of AGE (F1, 38 = 1.17 p=.286, ηp²= .030). There were no
CONDITION*AGE (F1, 38 = .753, p= .393, ηp²= .026) or CONDITION*TIME (F5, 190 = 1.26, p=
.282, ηp²= .032) interactions.
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Figure 4.3. MEP amplitude elicited by TMS at intensity 120% RMT for young (solid symbols, n=20) and older
adults (open symbols, n=20) before, during and after GotRhythm (A) and control motor task (B). The pre,
post and post 15-min data are MEP data from 120% RMT of the IO curve measures. No change occurred in
peak-to-peak MEP amplitude from baseline to any point during or after training in young or older adults
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4.3.4.2 TMS Input-Output Curves
Figure 4.4 shows IO curves for GotRhythm and control motor task for young (A, B) and older
adults (C, D). The three-way ANOVA performed on the baseline IO curves to test for any
differences in baseline corticospinal excitability between age groups or separate sessions
showed baseline corticospinal excitability was not significantly different between sessions or
age groups, with a main effect of STIMULUS INTENSITY (F1.96, 56.77 = 150.92, p= .000,
ηp²=.839), no significant main effect of AGE (F1,29 = 1.70, p=.202, ηp² = .055) or CONDITION
(F1,29 = .2.93, p=.592, ηp² = .010) and no significant interactions.
MEP amplitude increased with increasing stimulus intensity, as expected, but IO curves were
similar across training session compared to baseline for both GotRhythm and control motor
training in young and older adults. There was no significant difference in MEP amplitude
between GotRhythm and control motor task training. The four-way mixed ANOVA
performed on IO curves at baseline and after training showed a significant main effect of
STIMULUS INTENSITY, (F1.51, 43.82 = 182.43, p= .000, ηp²=.863), no main effect of AGE (F1,29 =
.209, p=.159, ηp² = .067), and no main effect of CONDITION (F1, 29 .440, p=.512, ηp²= .015). A
significant main effect of TIME (F2, 58 = 4.41, p= .016, ηp²= .132) was evident but the
CONDITION*TIME interaction did not reach significance (F 2, 58 = 2.29, p= .110, ηp²= .073). As
direct comparison between condition and age-groups did not reveal any differences, results
suggest change in MEP amplitude may reflect non-specific factors related to time with no
further comparison required.
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Figure 4.4. Input-output curves constructed for GotRhythm and control motor task for young (solid symbols,
n=16) and older adults (open symbols, n=15). No significant difference in corticospinal excitability was
demonstrated for either condition or age-group at any time-point.

4.3.5 SICI
Figure 4.5 demonstrates SICI for GotRhythm and control motor task of young and older
adults at baseline, post 0 and post 15-min time points. The two-way mixed ANOVA
performed on the baseline SICI measures to test for any differences in baseline inhibition
between age groups or separate sessions showed baseline inhibition was not significantly
different between sessions or age groups, with no significant main effect of AGE (F1,37 =.133,
p=.718, ηp² = .004) or CONDITION (F1,37 = .005, p=.943, ηp² = .000) and no significant
interactions.
It is clear from Figure 4.5 that SICI was similar before and after both GotRhythm and control
motor training in young and older adults. The three-way mixed ANOVA revealed no
significant main effect of AGE, (F1, 36 = .416, p= .523, ηp²= .011), no significant main effect
CONDITION, (F1, 36 = .929, P = .482, ηp²= .014) and no main effect of TIME, (F2, 72 =. 449, p=
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.640, ηp²= .012). There was no CONDITION*AGE (F1, 38 = .753, p= .393, ηp²= .026) or
CONDITION*TIME (F2, 72 = .909, p= .407, ηp²= .025) interaction.
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Figure 4.5. SICI ratio obtained before, immediately and 15-min after GotRhythm and control motor task
training in young (solid symbols, n=20) and older (open symbols, n=18) adults. Values below 1.0 indicate
inhibition. SICI did not change from before to after training for GotRhythm or control motor task in young and
older adults.

4.3.6 Correlations between corticospinal excitability and motor performance
Correlations between GotRhythm TIZ ratio and GotRhythm excitability measures are shown
in Figure 4.6(A). No significant correlation was found between change in TIZ and change in
MEP excitability from baseline at 120% RMT at post 0-min after GotRhythm training in
young adults rs (16) = -.038, p= .880 or older adults rs (18) =.171, p= .470, suggesting
GotRhythm performance was not correlated to changes in corticospinal excitability in young
or older adults.
Correlations between control motor task motor learning ratio and corticospinal excitability
measures in young and older adults are shown in Figure 4.6(B). A Spearman’s rank-order
correlation found no significant correlation between control motor task performance and
change in MEP amplitude from baseline at 120%R MT at post 0-min in young adults rs (17) =
-.067, p=.783). A significant, moderate negative correlation was found between control
motor task performance and change in MEP amplitude from baseline at 120% RMT in older
adults rs (17) = -0.479, p= .038, demonstrating poorer motor performance on control motor
task was associated with a larger change in corticospinal excitability from baseline in older
adults.
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Figure 4.6. Relationship between motor performance and normalised MEP amplitude at 120% RMT from
baseline for GotRhythm (A) and control motor task (B) for young and older adults. No significant correlation
was found between normalised MEP amplitude and TIZ ratio young and older adults. Performance on
GotRhythm was not correlated with corticospinal excitability change from baseline for both young and older
adults. No correlation was found between normalised MEP amplitude and control motor task ratio for young
adults. A significant correlation was found for older adults between corticospinal excitability change and motor
learning ratio, with larger change in corticospinal excitability from baseline associated with poorer
performance on control motor task.

4.4 Discussion
The primary aim of this study was to investigate age- and task-related differences in motor
performance and use-dependent cortical plasticity after a single session of music-motor
training using GotRhythm compared to a control motor task. We also aimed to assess the
usability of our GotRhythm app in an older adult population. Visual inspection of descriptive
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results of the behavioural data indicated no differences between young and older adults for
rhythmic entrainment, with both populations demonstrating high TIZ overall during the
GotRhythm task. However, it is important to note that this was not statistically evaluated
due to non-normal data. For the control motor task, a significant difference between age
groups was found as peak thumb acceleration significantly improved in young but not older
adults. Neurophysiological results demonstrated that neither a single session of GotRhythm,
nor control motor task training significantly increased corticospinal excitability in healthy
young or older adults. Finally, our study found encouraging results on system usability of
GotRhythm in both young and older adults, with both populations scoring GotRhythm highly
on usability.

4.4.1 GotRhythm behavioural results in young and older adults
Behavioural results of the current study show high TIZ scores for the majority of young and
older adult sample, with participants able to tap to the correct tempo across the full 20-min
training session. TIZ was high for both young and older adults across the four training blocks,
with no differences between young and older adult rhythmic entrainment abilities.
Additionally, TIZ increased from minute 1 to minute 2 and remained high from minute 2 to
minute 5 in all training blocks for both young and older adults, indicating fast adaptation to
the task for both age groups. These results are consistent with previous literature that
demonstrates healthy adults are able to coordinate with and entrain their movement to an
external rhythm (Thaut et al., 1996a, Thaut et al., 2009, Grahn and McAuley, 2009, Repp and
Su, 2013, Large et al., 2015). These findings are encouraging for therapeutic application of
the GotRhythm app as these results show GotRhythm is a successful method of inducing
rhythmic entrainment in healthy young and older adults.
An important finding in the current study was that there was no difference in TIZ scores
between young and older adults, with both age groups scoring highly. Our results do not
support previous research that found rhythmic entrainment in older adults (51-80yrs) was
reduced and more variable compared to younger adults when undergoing a tapping to beat
task (Thompson et al., 2015). Our results are also inconsistent with previous studies that
show age-related decline in rhythmic entrainment ability (McAuley et al., 2006, Drewing et
al., 2006, Drake et al., 2000). It is possible the addition of real-time auditory feedback with
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GotRhythm by embedding a metronome (simple beat) into music also with strong beat
reduced variability in rhythmic entrainment found in older adults. However, previous
research uses precise synchrony of tapping as an outcome measure. Further research is
required to determine if a measuring beat alignment with TIZ is consistent with synchrony
as an outcome measure used in the tapping literature (Repp and Su, 2013).
Although the group average shows high TIZ across the four blocks of training for both age
groups, individual scores show four younger and one older participant scored below 70% in
the final block of training. Although music is also known to regulate arousal and attention in
both healthy and clinical populations (Bharathi et al., 2019), one explanation for this may be
a decrease in concentration after 20-min of training. Additionally, the choice of music in the
neutral zone of personal preference may have impacted enjoyment of task and reduced
motivation. We did not assess boredom or concentration loss/distraction in our study.
However, a previous study that investigated the influence of attention on motor skills in
music found boredom was a factor that contributed to reduced motor skill performance:
participants who reported difficulty in maintaining concentration at the end of the
experiment showed a decline in motor performance in their final trials (Duke et al., 2011). It
is unlikely that the decline in performance in the current study can be explained by muscle
fatigue as participants were given frequent breaks throughout the session. However, muscle
fatigue (measure of a muscle’s maximal force and power) was not measured in the session
and may have contributed to the reduced TIZ in the final block.
Finally, one older adult participant consistently scored poorly on TIZ in each of the four
training blocks and did not improve across the session. This may be explained by individual
differences in beat perception abilities, which influence rhythm entrainment (Leow et al.,
2014, Ready et al., 2019). Beat perception abilities vary across individuals and will affect
how well participants perform tasks that require tempo matching (Grahn and Brett, 2007).
Poor beat perceivers may have difficulty with GotRhythm, however individual beat
perception abilities were not measured in the current study. One way to ameliorate this in
future research would be to use the Beat Alignment Test (BAT) to categorise participants
based on their beat perception abilities (Müllensiefen et al., 2014).
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4.4.2 Control motor task behavioural results in young and older adults
Peak acceleration significantly improved in young but not older adults, with a significant
difference found in peak acceleration between age groups. Older adults demonstrated
significantly lower peak acceleration at all points during training and, as a group, did not
improve peak acceleration overall. The major improvements in motor performance in young
adults appear to occur in the first 5-min block of training, with smaller improvements in the
subsequent blocks, consistent with previous literature (Rogasch et al., 2009, Fujiyama et al.,
2012, Carroll et al., 2008, Muellbacher et al., 2001). Results from the current study are
similar to a previous study that found older adults did not improve their peak thumb
acceleration in a ballistic thumb abduction task compared to young (Rogasch et al., 2009).
Rogasch (2009) found the difference between task performances was related to differences
in thumb kinematics: increases in hand muscle EMG prior to a thumb abduction were
related to peak acceleration improvements in young but not older adults (Rogasch et al.,
2009). These results demonstrate older adults may employ different strategies to accelerate
their thumb during abduction that may not be as efficient as younger adults, meaning they
are not able to improve their motor performance as quickly on a novel thumb abduction
task. Some older adults also exhibit motor slowing, deterioration in co-ordination and
muscle weakening, which may explain reduced motor performance on the ballistic thumb
abduction task (Levin et al., 2014). In general motor control research, older adults do appear
to retain the capacity to improve on a variety of motor tasks or require more training to
reach a performance level comparable to that of young adults (Voelcker-Rehage, 2008,
Rodrigue et al., 2005). Although 20-min of training may have been sufficient for the majority
of young adults to improve their peak acceleration in the ballistic thumb abduction task, this
may not have been an adequate amount of time for older adults to make similar
improvements. Further research is required to determine if additional training on a novel
motor skill can improve motor performance in older adults.

4.4.3 No change in corticospinal excitability measures in young and older adults
One main aim of the current study was to compare age- and task-related differences in usedependent plasticity induced by GotRhythm and a control motor task. The current results
demonstrate that 20-min of GotRhythm training or control motor task training did not
significantly change corticospinal excitability in healthy young or older adult participants.
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Although this is not consistent with previous findings that show corticospinal excitability
increases in both young and older adults after a short period of motor training (Hinder et al.,
2011, Cirillo et al., 2010), other research does report variable results with young adult
participants showing no increase in corticospinal excitability in some studies (Vallence et al.,
2013), and older adults showing reduced corticospinal changes compared to young adults
(Rogasch et al., 2009, Sawaki et al., 2003). The results of the current study were also
consistent with our previous findings that GotRhythm or control motor task training does
not induce changes in corticospinal excitability in young adults.
There were no changes in SICI for both young and older adults in the current study,
consistent with previous research in young (Rosenkranz and Rothwell, 2006) and older
adults (Rogasch et al., 2009). These results suggest changes in M1 inhibition as measured by
SICI is not a main factor responsible for learning a ballistic thumb abduction task in young
adults or contributes to learning a music-motor task in young and older adults.
A common issue with TMS research and limitation of the technique is the inherent
variability in individual humans, which can lead to inter-individual variability in results
(Latorre et al., 2019). Inter-individual variability may explain the absence of change in
corticospinal excitability in both conditions and the inconsistencies with previous studies.
Genetics, sex, history of physical activity (Cirillo et al., 2009), the stress-hormone cortisol
(Sale et al., 2013), skilled hand use (Rosenkranz et al., 2007a) and attention to the task
(McNevin et al., 2000) have been shown to influence corticospinal excitability and usedependent plasticity (Tecchio et al., 2008, Ljubisavljevic, 2006, Ridding and Ziemann, 2010).
Finally, methodological differences between studies, such as the muscles (hand, wrist or leg)
selected for investigation and the limb assessed (testing on dominant vs non-dominant) can
also contribute to differences in corticospinal excitability and inconsistencies in findings
between studies (Rogasch et al., 2009, Cirillo et al., 2010, Perez et al., 2004a).
The lack of change in corticospinal excitability after training in both GotRhythm and the
control motor task could also be due to overlearning the tasks, as has been reported for
young adults (Ziemann et al., 2001, Muellbacher et al., 2002a, Karni et al., 1998).
Behavioural results in the current study demonstrate young adults were able to quickly
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adapt and learn the task, similar to our previous study findings, which demonstrated young
adults performed highly on both GotRhythm and control motor task. The stage of motor
learning reached during training will impact cortical excitability results, as the timing of usedependent plasticity induction is dependent on different motor learning stages (fast and
slow). Animal studies indicate fast motor skill learning is associated with considerable
recruitment of M1 neurons during initial stages of motor learning (Rioult-Pedotti et al.,
1998, Rioult-Pedotti et al., 2000b). Additionally, rapid improvement in motor learning is
linked to increases in corticospinal excitability and increases in BOLD activity in the M1 in
humans (Muellbacher et al., 2001, Rosenkranz et al., 2007a). However, M1 activation has
shown to decrease as motor learning develops over a single training session (Karni et al.,
1998). Additionally, MEP amplitude does not increase once a task is overlearned/over
practiced and motor performance plateaus (Karni et al., 1995, Rosenkranz et al., 2007a,
Pascual-Leone et al., 1994b). Simple motor repetition (without motor learning) does not
change corticospinal excitability (Nudo, 2006). As suggested previously, our young and
neurologically healthy participants may have reached a ceiling effect during training. The
fast improvement and plateau in performance across the 10-min of GotRhythm training in
both young and older adults and control motor task in young adults in the current study
could explain the lack of changes in corticospinal excitability.

4.4.4 Training dose and TMS measure specificity
Dose (the number of thumb movements) is a key consideration in experimental design and
differences in dose between studies may explain some of the inconsistencies in the
literature (Rogasch et al., 2009, Cirillo et al., 2010, Muellbacher et al., 2001, Rosenkranz et
al., 2007a). For example, the studies that found increased MEP amplitude in younger and
older participants used fewer thumb abduction movements than the current protocol for
the control motor task (Rogasch et al., 2009, Hinder et al., 2011, Carroll et al., 2008). The
previous studies may have selected the precise dose to show changes in corticospinal
excitability corresponding with the fast stage of motor learning, where participants have not
overlearned the task or reached a ceiling effect. However, even though we may not have
used the optimal dose required to induce plasticity in healthy and unimpaired adults, using
single pulse TMS between each 5-min training block, should have been able to assess any
effects that may occur after shorter periods of training. Therefore, in addition to dose,
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another explanation for the overall lack of change detected in MEP amplitude across our
experiment may be that the stimulus intensity selected (120% RMT) was not sufficient to
detect any changes in corticospinal excitability for the specific tasks we employed. The
intensity selected may not have measured the affected neuron populations, some of which
are only recruited at higher stimulus intensities (Devanne et al., 1997, Vallence et al., 2015).
Finally, we used a standard TMS stimulus intensity (120%RMT) to measure corticospinal
excitability across training. Using the method may have meant we missed subtle training
effects. Adjusting the stimulus intensity to evoke a given MEP amplitude (e.g., 1mV) may
have reduced variability of measures and allowed us to detect subtle effect induced by age
or training.
Dissociation between a significant increase in motor performance after training and
corticospinal excitability and plasticity measures has been reported in previous studies on a
variety of motor tasks in both young and older participants, such as visuomotor tasks (Coxon
et al., 2014, Cirillo et al., 2011) and ballistic thumb abduction tasks (Rogasch et al., 2009).
One study also found motor learning outcomes were not associated with changes in MEP
amplitude after training on an index finger task in both young and older adults (Cirillo et al.,
2011). Additionally, increases in motor learning outcomes were not associated with any
MEP amplitude changes after visuomotor training of the ankle and elbow in young
participants (Perez et al., 2004a, Jensen et al., 2005). It was proposed the selected TMS
measures in each study accessed populations of neurons within the corticospinal pathway
that are different to the populations that were active during learning on the respective tasks
(Berghuis et al., 2016). Increasing the specificity of TMS measures by measuring target
muscles during muscle activation compared to rest may overcome this issue.
Although most studies of use-dependent plasticity induced by motor learning investigate
MEPs at rest, there is evidence that measuring active muscles (during contraction) may
provide a more sensitive measure, especially as regions involved in activation of the target
muscles are implicated in motor learning (Seidler, 2010). In the current study, corticospinal
excitability measures were taken at rest (with muscle relaxed and in a resting state). It has
been suggested that indices of corticospinal excitability measures taken at rest can be
poorly defined and may depend on spinal excitability and overall excitability of synaptic
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relays in the M1 (Siebner and Rothwell, 2003, Ljubisavljevic, 2006). All measures of the
mixed results previously reported concerning changes in corticospinal excitability in both
young and older adults after training on a motor task were taken at rest (Rogasch et al.,
2009, Cirillo et al., 2010, Hinder et al., 2011). TMS measures taken when the target muscle is
active (during task or during muscle contraction) may be more specific to motor learning
compared to the same measures taken at rest. This idea was supported in a study that only
found changes in corticospinal excitability measures in older adults after a single 20-min
session of training on a visuomotor task when taken during muscle contraction (20%
maximal voluntary contraction) compared to no changes detected when taken at rest
(Berghuis et al., 2015). The researchers suggested the corticospinal measures of neuronal
populations in M1 in an active state are more sensitive to motor learning. Additionally,
corticospinal excitability measures during contraction may also more strongly represent
activity of secondary motor areas linked with M1, such as premotor and supplementary
motor areas, which both increase in activity during motor learning (Dayan and Cohen,
2011). In future studies, it would be interesting to obtain different measures of cortical
excitability during voluntary contraction of the target muscle after GotRhythm and control
motor task training.

4.4.5 Cortical activation differences between young and older adults
Although no differences were found between young and older adults in the current study
after control motor training, neuroimaging studies have shown differences in motor
network activation between younger and older adults after motor task training (Ward, 2006,
Mattay et al., 2002, Boyke et al., 2008). Older adults demonstrate more widespread
activation during motor tasks compared to young adults, with older adults exhibiting
additional activation in prefrontal and sensorimotor cortical areas, reflecting more
dependence on cognitive control and less reliance on M1 alone to complete motor tasks
(Seidler et al., 2010, Ward, 2006). More wide-spread activation to other non-motor cortical
areas may be one contributing factor to the absence of changes in MEP amplitude in older
adults following motor training, as we only measured directly from M1. Older adults also
demonstrate reduced use-dependent plasticity after learning a novel motor task (Boyke et
al., 2008), which may be one explanation for the lack of corticospinal excitability changes in
the older adults following our tasks in the current study. However, this does not explain the
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lack of change in young adults. The addition of music to a motor task may also influence
motor network activation differently in different age groups, however this has not been
explored. Different measures, such as functional magnetic resonance imaging (fMRI) or
electroencephalography (EEG), are required to test for changes in motor network
connectivity after a music-motor task that the current TMS techniques cannot detect.

4.4.6 Music selection
A very important consideration for rhythmic auditory stimulation and rhythmic entrainment
research in general is that music should be pleasurable and/or familiar to the listener (Crust,
2004, Trost et al., 2014, Salimpoor et al., 2009, Witek et al., 2014). However, consistent with
the previous study, we only selected the most neutrally rated songs for each GotRhythm
session to control for differences in engagement and emotional attachment with the music.
Once again, this may not be the most effective method to increase corticospinal excitability
using music-motor training, as more engaging music has been shown to enhance
corticospinal excitability compared to less engaging music (Stupacher et al., 2013). The
primary genre of music used for the current study was pop and disco, while the participants’
preferred genre of music for exercise varied widely, and included classical, folk, rock, pop,
jazz and rap. Future research should determine whether more engaging and individualised
music combined with a novel motor training task can facilitate corticospinal excitability.

4.4.7 Usability
GotRhythm usability was assessed using the PSSUQ. The PSSUQ is a widely used measure to
assess users’ satisfaction with and usability of software (Lewis, 2002). In our study, PSSUQ
was used to determine participants’ satisfaction with GotRhythm system. Our results
demonstrate high scores on all measures of usability, such as system usefulness,
information quality, interface quality and overall satisfaction of GotRhythm from both young
and older adults. These results indicate both young and older adults were satisfied with the
GotRhythm app and system overall after a single session. The high usability score from older
adult participants is promising, as it demonstrated our target population of older adults who
may not be as familiar with both the technology of smartphones or tablets and software
apps appear to be open to using our app. However, it is important to note that researchers
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assisted with set-up, music selection and app navigation during the session and additional
research is required to determine system usability in older adult populations without
researcher input.

4.4.8 Future research
In therapeutic context, patient compliance or adherence is the degree to which a patient
correctly follows medical and health advice. The ultimate aim of any prescribed therapy is to
achieve desired outcomes in patients (Jin et al., 2008). Improving patient compliance to
prescribed therapy remains a major challenge in modern healthcare. Non-compliance can
have major individual, health care and economic consequences. Fortunately, the
introduction of therapeutic apps appears to have positive impact on patient compliance to
therapy and improves patient outcomes (Mittermayer and Tilscher, 2019, Sarkar et al.,
2016, Stawarz et al., 2018, Vaish et al., 2016). In the future, to fully examine compliance to
GotRhythm, we will need to investigate the use of GotRhythm in a community setting with a
patient population without research input by testing the actual amount of time patients
spend using GotRhythm for rehabilitation at home.

4.4.9 Conclusions
An important focus of current research is to better understand age-related decline in motor
learning and develop novel approaches to reduce these deficits. With older adult
populations susceptible to neurological disease and movement disorders, it is imperative to
develop new ways to enhance motor learning, which may assist with recovery from
neurological injury and neurodegeneration. A training program that is specifically designed
to facilitate motor learning and enhance use-dependent plasticity would be highly beneficial
for individuals who have suffered or are at risk from suffering neurological insult.
In the current study, we were not able to demonstrate any increases in corticospinal
excitability following 20-min of GotRhythm or control motor task training in young or older
adults. Future research will focus on investigating whether different training times or
different doses for GotRhythm, tailored to specific age groups, can influence corticospinal
excitability or whether more specific TMS measures or different methods overall, such as
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neuroimaging, are required to explore the effect of music-motor training on cortical
excitability. Additional measures may be used to determine if changes in network
connectivity occur with music-motor training to better understand the influence of rhythmic
entrainment on the ageing brain.
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5 Chapter 5: GotRhythm combined with wrist extension task
modulates corticospinal excitability in healthy young adults
compared to control motor task
The results of our previous studies show no change to corticospinal excitability in a healthy
young or older adult population after GotRhythm or control motor task training. To further
investigate if GotRhythm can modulate corticospinal excitability and induce use-dependent
plasticity, we examined if a more functionally- and clinically- relevant task would induce a
detectable change in our neurophysiological measures. We used a ballistic wrist-extension
task with GotRhythm and a ballistic wrist extension task with a shorter training time to
assess if we could induce a plasticity response in a larger sample of healthy young adults.

5.1 Introduction
Stroke is a serious condition associated with high mortality rates and lasting disability in
survivors (Donkor, 2018). Hemiparesis, weakness of one side of the body, is the most
common reason for stroke-related disability. Evidence shows stroke-survivors with
hemiparesis will often have persistent impairment of the wrist and hand, which can impact
activities of daily living and overall quality of life (Young and Forster, 2007). Following
stroke, substantial benefit may be gained by the functional reorganisation of spared cortical
circuits through the process of plasticity, the brain’s ability to modify its structure and
function through different experiences, such as learning (Bowden et al., 2013, Krakauer,
2006). Plasticity can be induced in the human primary motor cortex (M1) with task-specific
motor training, known as use-dependent plasticity.
Use-dependent plasticity is the change in the motor cortex, and non-primary motor regions,
that underpins improved performance on a skilled task. It plays an essential role in motor
learning in healthy participants and is vital for the recovery of motor function after
neurotrauma (Sanes and Donoghue, 2000, Dimyan and Cohen, 2011, Krakauer, 2006). Usedependent plasticity has been extensively studied in healthy young participants after motor
learning using Transcranial Magnetic Stimulation (TMS), a non-invasive brain stimulation
technique (Bütefisch et al., 2000, Tinazzi et al., 2003, Muellbacher et al., 2001, Ziemann et
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al., 2004, Rogasch et al., 2009). During TMS, a brief high intensity magnetic pulse is
delivered to the M1 to elicit a motor evoked potential (MEP) in the target muscle; the
amplitude of the MEP provides a measure of corticospinal excitability. Changes in
corticospinal excitability induced by motor skill training, as demonstrated by increased or
decreased MEP amplitudes, are indicative of use-dependent plasticity (Muellbacher et al.,
2001, Ziemann et al., 2001, Muellbacher et al., 2002b, Perez et al., 2004a). Evidence shows
short periods of training on a skilled task (<60-min) can rapidly improve motor performance
of the trained task and can lead to significant increases in corticospinal excitability that
persist after training. These changes have been shown in the trained muscles and following
different tasks, such as ballistic thumb abduction (Muellbacher et al., 2001, Ziemann et al.,
2001, Muellbacher et al., 2002b, Perez et al., 2004a, Ziemann et al., 2004, Classen et al.,
1998, Liepert et al., 1998, Bütefisch et al., 2000, Rosenkranz and Rothwell, 2006, Rogasch et
al., 2009), leg abduction (Perez et al., 2004a) and ballistic wrist extension tasks in healthy
(Ackerley et al., 2011, Suzuki et al., 2012, Krutky and Perreault, 2007, Renner et al., 2005)
and stroke-affected populations (Aluru et al., 2014, Renner et al., 2009).
Wrist extension tasks are particularly relevant for stroke rehabilitation, as voluntary wrist
extension is often compromised following stroke and impaired wrist extension will often
limit whole upper limb function after stroke, including use of the hand (Aluru et al., 2014).
Indeed, the ability for the wrist to actively extend during stroke recovery is predictive of
future hand function, as well as general motor function (Hatem et al., 2016, Rensink et al.,
2009). Evidence from healthy participants shows a short period of rapid wrist extension
(<30-min) timed to a metronome at a participant’s preferred tempo significantly increases
MEP amplitude in trained wrist extensor muscle, the extensor carpi radialis (ECR) (Ackerley
et al., 2011). Furthermore, these training-related increases in corticospinal excitability were
associated with enhanced motor performance, demonstrated by sustained increases in
velocity of TMS-evoked wrist movements towards the trained direction, suggesting usedependent plasticity (Ackerley et al., 2011). These results are consistent with a study that
found wrist extension training comprising 10 blocks of 10 movements elicited a significant
increase in corticospinal excitability, measured using an input-output curve, in the ECR
compared to baseline, and a significant decrease in the IO curve FCR, the antagonist muscle
(Suzuki et al., 2012). Similarly, another study demonstrated 5-min of brisk wrist extensions
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resulted in significantly larger MEPs in the agonist (ECR) muscle in healthy participants
compared to rest (Renner et al., 2005). These results suggest that a wrist-extension ballistic
task could be used to induce changes in M1 in healthy participants and, if successful, could
then be translated to stroke rehabilitation. However, the specific mechanisms involved in
the motor improvements and changes in corticospinal excitability after wrist extension
training require further investigation.
A key mechanism involved in improvement in motor performance and corresponding
increases in corticospinal excitability is thought to involve increased efficacy of synaptic
transmission and down-regulation of gamma-aminobutyric acid (GABA)-ergic inhibition
(Smyth et al., 2010, Rogasch et al., 2009, Bütefisch et al., 2000). GABA-ergic inhibition can be
measured in humans by paired pulse TMS to assess intracortical inhibition. During paired
pulse TMS, a sub-threshold conditioning stimulus (CS) precedes a supra-threshold test
stimulus (TS) at a short interstimulus interval of 1-5ms. The CS leads to inhibition of the test
MEP. The ratio of the MEP evoked by paired pulse TMS to the MEP evoked by single pulse
TMS is known as short interval intracortical inhibition (SICI) (Hanajima et al., 2002, Hanajima
et al., 1998, Ilic et al., 2002, Kujirai et al., 1993). Reduced SICI has been observed in
participants after ballistic motor tasks (Liepert et al., 1998, Rosenkranz and Rothwell, 2006,
Perez et al., 2004a) and complex sensorimotor tasks, such as isometric motor sequence
learning or sequential pinch tasks (Garry and Thomson, 2008, Smyth et al., 2010, Perez et
al., 2004a, Celnik and Cohen, 2004). Additionally, significantly reduced GABA concentration
has also been observed in the M1 using magnetic resonance spectroscopy (MRS) after a
single session of motor sequence learning (visually cued serial reaction time task) (Kolasinski
et al., 2019). Perhaps of relevance, a distal to proximal gradient of SICI has been observed in
the muscles of the arm, where inhibition is smaller for proximal muscles compared to distal,
which may impact corticospinal excitability measures (Abbruzzese et al., 2004). To date, the
role of inhibition during wrist-extension tasks with rhythmic cues compared to un-cued has
not been examined.
Although task-specific motor training is vital for rehabilitation of movement following brain
injury such as stroke, optimal parameters of training for best therapeutic outcomes are not
known (Young and Forster, 2007). In addition, reduced motivation and non-compliance to
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training during rehabilitation after stroke has been found to be a major barrier for recovery,
particularly for patients discharged into the community (Argent et al., 2018). Therefore,
methods to enhance the efficacy of training and increase patient motivation and
engagement are required. One possibility is to use the therapeutic benefits of music
combined with motor training to potentially boost use-dependent plasticity.
Music is an affordable, easily accessible, and universal experience that has powerful effects
on human emotional state, cognition, and movement (Altenmüller and Schlaug, 2015,
Schaefer, 2014a). Neuroimaging studies have demonstrated that rhythm and music
perception activate multiple cortical and subcortical auditory and motor regions, such as
superior temporal gyrus, cerebellum, basal ganglia, premotor cortex, and supplementary
motor areas (SMA) (Zatorre et al., 2007, Bengtsson et al., 2009, Grahn and Brett, 2007, Chen
et al., 2008, Thaut et al., 2014a). Music can also enhance enjoyment of exercise, reduce
perceived exertion, and maintain or increase people’s motivation, which has been
demonstrated in both healthy and clinical participants during training (Lim et al., 2011,
Crust, 2004). Music combined with motor training, in the form of rhythmic auditory
stimulation (RAS) is an effective technique for improving different gait parameters and
upper limb function in stroke patients (Thaut and Abiru, 2010, Mainka et al., 2018, Suh et
al., 2014, Wittwer et al., 2013, Lee et al., 2018b). Entrainment to external rhythmic cues is
one of the main driving mechanisms of RAS. Rhythmic entrainment may increase efficiency
of the neural networks that contribute to the trained movement (Thaut, 2015, Bengtsson et
al., 2009, Chen et al., 2007), although the specific mechanisms of RAS in healthy and clinical
populations must be better understood.
To further investigate RAS in healthy and clinical populations, we developed a novel musicmotor therapy app: GotRhythm. GotRhythm integrates RAS with additional features of
individualised music combined with auditory feedback via metronome and adjustable
tempo that can be tailored to each individual’s or research study’s needs. We tested the
effects of a single session of GotRhythm combined with a ballistic wrist extension task on
corticospinal excitability, measured by MEP amplitude, before and after GotRhythm training
and a control motor task. We also aimed to determine if GotRhythm could improve motor
performance after a short period of training compared to a control task. It was hypothesised
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GotRhythm would increase corticospinal excitability and motor performance, and reduce
motor cortical inhibition after a single training session.

5.2 Methods
5.2.1 Participants
Thirty-five adults participated in the current experiment (four men; M = 22.62yrs; SEM =
1.13yrs; Median = 20yrs). Participants were recruited from the student population at
Murdoch University and the wider community. The research was approved by Murdoch
University’s Human Research Ethics Committee (2017/025). All participants provided
informed written consent after receiving written and verbal explanations about the
experimental protocol. All participants were right-handed and screened for any
contraindications to TMS (Rossi et al., 2009). Out of the sample, 10 participants had
previous musical training (M = 6.27yrs; SEM = 1.51yrs; Range = 2- 14yrs). No participants
disclosed any medical conditions that would interfere with the chosen training movement
(i.e., arthritis, sprains, wrist injuries).

5.2.2 Training
A within-subject design was employed in the current study where participants completed
two experimental conditions: GotRhythm and control motor task. There was a minimum of
one week between sessions (M = 7.74 days, SEM= 0.28, Range = 7-14 days). Baseline
corticospinal excitability measures were assessed to determine if there were any significant
differences between sessions. The order of conditions was counterbalanced within each
group using a Latin square design (Fisher, 1956). For both sessions, participants were seated
comfortably with their right arm positioned on a desk in front of them. The right elbow was
flexed at 90 degrees with the forearm in a pronated position and wrist unrestrained and
resting off the edge of the desk to enable brisk, repetitive wrist extensions against gravity.
Participants were fitted with a 9-axis inertial motion unit (IMU) (Metawear Inc., San
Francisco, CA) positioned 1cm from the knuckle of middle finger and securely attached to
the skin with medical tape.
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5.2.2.1 Music Selection
For information on music selection, refer to Appendix (section 9.3.1.1). In brief, participants
completed a musical engagement survey, in which they rated 20 songs pre-selected by
experimenters on how motivating they found the music according to the Brunel Music
Rating Inventory 2 (BMRI-2). According to the individual surveys, 6 songs with the most
neutral ratings (BMRI-2 score 18-30) were individually selected for each participant. All
songs ranged in tempo from 115-125BPM (within the range of 120BPM +/- 10%).

5.2.2.2 GotRhythm
GotRhythm was run on an iOS device (iPad Air 5, 9.7” display, Apple Inc., CA). The training
movement involved participants making a ballistic motion of the hand in an upward
direction (wrist movement from flexion to extension) using only the agonist (extensor carpi
radialis) and then allowing the hand to passively return to the start position against gravity
without activation of the antagonist (flexor carpi radialis). Pilot testing using EMG found
maximal muscle movement in ECR and minimal muscle activity in FCR for the selected
movement. Before training began, participants were instructed to accelerate their hand
from wrist flexion to wrist extension at a fast but comfortable speed to determine an
acceleration threshold for use with GotRhythm. This acceleration threshold was set,
recorded for each individual and used throughout the session as a baseline target they were
required to match when extending their wrist during the GotRhythm task.
The playlist of 6 individually selected songs were loaded into GotRhythm and the target
BPM was set to 60 BPM with a set pre-defined tolerance of ± 10 BPM. The acceptable
tempo range defined as time in zone (described in further detail in data analysis below) was
50-70 BPM. Music with a tempo of 120 BPM was used with a 60 BPM because the music
could not be slowed down directly to 60 BPM without sacrificing quality. Additionally, music
with 60 BPM was not conducive to training due to the slower tempo. During the session,
participants were instructed to accelerate (matching or exceeding the acceleration
threshold set at the start of the session) their wrist from flexion to extension, hit every
second beat of the music (at the target tempo of 60BPM) at the peak of the extension, and
then return their wrist to the start position before then next beat. When the participant’s
movements deviated from the accepted tempo range, or the participant’s acceleration did
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not match the pre-set acceleration threshold, the music was muted and replaced with a
metronome at the target tempo of 60 BPM. The metronome provided auditory feedback
until the participant matched their wrist extension to the required tempo. Training
consisted of four, 2.5-min blocks at a tempo of 60BPM (total of 600 movements) and a 3min break between each block.

5.2.2.3 Control Motor Training
The control motor task was a ballistic wrist extension task (Suzuki et al., 2012, Ackerley et
al., 2011, Krutky and Perreault, 2007). The control motor training task was delivered via a
separate custom-made app, Metarecorder. The IMU fitted to the middle knuckle wirelessly
transmitted acceleration data to the Metarecorder app at a rate of 100Hz. Metarecorder
provided participants with real-time visual feedback on their wrist extension acceleration
data (y-axis acceleration represented by a blue line peak) to ensure movements were kept
in the flexion-extension plane, and abduction-adduction was minimal (z-axis movement
represented by a blue line peak).
The task consisted of four, 2.5-min blocks (600 movements overall), with a 3-min break in
between each block. The training parameters (number of movements and training time)
used in the current study fit within the range of motor training used in previous literature
showing changes in corticospinal excitability and associated improvements in motor
performance after training (Muellbacher et al., 2001, Muellbacher et al., 2002b, Ziemann et
al., 2004, Rogasch et al., 2009, Ackerley et al., 2011). Break times were selected to match
with previous literature and allowed for measurements to track temporal changes to
corticospinal excitability (details below) (Rogasch et al., 2009). Wrist extensions were paced
by a metronome at a rate of 60 BPM (1Hz) via a metronome app (Krutky and Perreault,
2007). Participants were instructed to extend their wrist as fast as possible at each
metronome tone and passively return their wrist to the starting position against gravity.
Metarecorder displayed the peak acceleration for each extension trial. Participants were
instructed to attempt to increase their peak acceleration over the course of training, with
Metarecorder providing feedback on their fast peak acceleration with a line on the screen.
The investigator provided verbal feedback to encourage optimal performance from the
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participant, and the participants were encouraged to match their previous fastest
acceleration, or beat it, to move the line higher.

5.2.3 TMS
Electromyography (EMG) was recorded from three muscles: abductor pollicis brevis (APB),
extensor carpi radialis (ECR), flexor carpi radialis (FCR) using Ag/Ag-Cl coated disc surface
electrodes (belly-tendon configuration). EMG signals were amplified (1000x, AC-coupled)
with a bandpass filtered (10-1000Hz) and digitised using 16-bit resolution at a sampling rate
of 4kHz (Cambridge Electronic Design 1902 amplifier and Micro 1401 analogue-digitalconverter, UK) controlled with Signal data-acquisition software (Cambridge Electronic
Design Software, Cambridge, England).
Both forearm muscles (ECR, FCR) were chosen to test the effect of GotRhythm training with
wrist extension on M1 excitability of the trained muscle (ECR) and to assess reciprocal
inhibition of the antagonist muscle (FCR) (Suzuki et al., 2012). As the APB shares as common
pathway (median nerve) with forearm muscles, MEPs were recorded from the APB to assess
the specificity of modulations in corticospinal excitability with training (Lewis et al., 2001).
Single, monophasic pulses were delivered via two Magstim 200 stimulators connected via a
BiStim module (Magstim Co., Whitland, Dyfedd, UK) connected to a 90mm figure-of-eight
coil. The coil was placed tangentially to the scalp with the handle pointed backward and
orientated at a 45-degree angle from the midline to induce a posterior-anterior current in
the cortex (Brasil-Neto et al., 1992, Pascual-Leone et al., 1995). Suprathreshold pulses were
systematically delivered over the left M1 to identify the optimal site for eliciting responses
in the right ECR. The optimal site was defined as the site that produced that largest and
most consistent MEPs in the ECR. The optimal site was marked on the scalp to allow
accurate and consistent coil placement throughout the experiment. Resting motor threshold
(RMT) was determined at the beginning of each session prior to baseline measurements.
RMT was defined as the minimum intensity (as a percentage of maximal stimulator output)
required to elicit MEPs (>50 µV) in the relaxed ECR in at least 5/10 consecutive trials (Rossi
et al., 2009b, Rossini et al., 2015).
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To obtain TMS input-output (IO) curves, single pulse TMS was delivered at five stimulus
intensities: 110, 120, 130, 140 and 150%RMT. Participants with a high RMT (>66%) only had
a subset of these stimulus intensities, as the higher intensities (e.g., 150% RMT) exceeded
maximum stimulator output. This can occur in forearm measures as RMT is higher for
forearm muscles than intrinsic hand muscles (Abbruzzese et al., 2004). Paired pulse TMS
was delivered to measure SICI: the conditioning stimulus (CS) intensity was set at 70% RMT,
the test stimulus intensity was set at 120% RMT, and the inter-stimulus interval (ISI) was
2.5ms (Stagg et al., 2011a, Peurala et al., 2008). For participants with a full IO curve, a total
of 90 TMS pulses were delivered per block: 15 single pulse trials at each of the five different
stimulus intensities, and 15 paired pulse trials. For participants without the full IO curve, 15
pulses were applied at the tested intensities. Inter-trial intervals were pseudo-randomised
as 5-sec +/- 10%. TMS blocks were delivered during pre-training, and 0 and 15-min post
training. In addition, three blocks of 20 single pulse trials (at the stimulus intensity of 120%
RMT) were delivered in the 3-min breaks between training.

5.2.4 Data analysis
For all analyses, the significance threshold was set to .05 and all group data are reported as
mean ± SEM. Data were checked for normality and sphericity, with appropriate
transformations performed where required to correct for any violations. Transformations
were selected based on type of data, the strength and direction of violation as observed
from visual inspection of histograms (details of transformations in sub-sections below).

5.2.4.1 GotRhythm training
GotRhythm collected data on a participant’s ability to accurately tap in time to the beat,
which was quantified by Time in Zone (TIZ). TIZ is defined as the percentage of time
participants extended their wrist at the acceptable tempo range (60BPM ± 10) without
feedback in each 2.5-min block. For example, a participant who did not deviate from the
acceptable tempo and did not require metronome feedback during a block would have a TIZ
score of 100%; a participant who required the metronome feedback for 20% of the block
would have a TIZ score of 80%. A total of 33 participants were included in TIZ analysis. Data
from two participants could not be analysed due to recording error. The TIZ was calculated
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as 20 x 30-sec blocks: these 1-min blocks were considered sub-blocks within each of the four
2.5-min training blocks. A ratio of TIZ for each of the four blocks of GotRhythm was
determined by expressing the last (30-sec) sub-block of each 2.5-min block as a ratio of the
first (30-sec) sub-block of the first 2.5-min block to determine if learning occurred across the
10-min training. A non-parametric test was performed on TIZ data due to violation of
normality that could not be corrected. An exact sign test was conducted to examine if the
difference in medians between TIZ scores in sub-block 1 and sub-block 20 was significantly
different to zero. The sign test determines whether the medians of paired differences
between two groups is statistically significantly different to zero, not whether the medians
of the values at two timepoints are statistically significantly different (Gibbons and
Chakraborti, 2014).

5.2.4.2 Control motor task training
Peak wrist extension acceleration (g) was obtained from Metarecorder for each trial, and
analysed offline with a custom MATLAB script (version 9.3 Natick, Massachusetts: The
MathWorks Inc., 2017). The maximum positive peak was obtained from each trial with totals
ranging from 150-160 (M=154.29 trials). Peak totals differ due to specificity of peak finding
algorithm for each individual. Peaks were grouped into blocks of approximately 30 trials
(ranging between 30-33trials) with 20 blocks overall. A total of 34 participants were
included in analysis. Data from one participant could not be analysed due to recording error.
For the motor training task, the first ~ 30 movements of training (movements 1-30, subblock 1; start) of training, the first 30 movements of block 3 (movements 301-330, sub-block
11; middle) and final 30 movements of block 4 (movements 571-600, sub-block 20; end)
were used for detailed analysis of task. Analysis of motor performance was based on
previous motor training literature (Cirillo et al., 2010, Rogasch et al., 2009, Cirillo et al.,
2012).
A repeated-measures ANOVA was performed to assess the influence of training (start,
middle, end) on mean peak acceleration (MOTOR TRAINING). A violation of normality was
detected in peak acceleration data (Shapiro-Wilk). Data were log transformed and a
Greenhouse-Geisser correction was applied when violation of sphericity occurred (Field,
2013). A ratio of peak acceleration for each of the four blocks of control motor task training
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was determined by expressing the last sub-block of trials of each 2.5-min block as a ratio of
the first sub-block to determine if learning occurred across the 10-min training period.
Percentage change ((end peak acceleration/start peak acceleration x 100) – 100) was
calculated separately to demonstrate changes in performance from start-middle of training,
start-end and the middle-end of training.

5.2.4.3 Single-intensity TMS measures
A total of 33 participants were included in analysis. The three muscles measured during the
study were analysed separately. Individual MEP trials were excluded if EMG activity >40 µV
was present in the 100 ms before the TMS pulse in any of the muscles measured. Two
participants were excluded because more than 50% of trials were removed because of preTMS activity. MEPs elicited by the stimulus intensity 120% RMT were taken after each 2.5min training block to assess specific temporal changes in corticospinal excitability. Peak-topeak MEP amplitude (in mV) was measured within a 40-ms window after the TMS pulse for
each trial. Data were log transformed to correct for violation of normality and a
Greenhouse-Geisser correction applied when necessary (Field, 2013). All other assumptions
were met. A two-way ANOVA was used to assess differences in MEP amplitude elicited at
120% RMT between CONDITION (GotRhythm, control motor task) and TIME (pre, mid 5-min,
mid 10-min, mid 15-min, post 0-min, post 15-min) for the three muscles measured. The pre,
post 0-min and post 15-min measures data were taken from the IO curves (below). In the
presence of significant main effects, pairwise comparisons were further performed with
Fisher’s least significant differences (LSD) post-hoc test to maximise the power of the test
detecting pairwise differences, which has been used in previous neurophysiological
literature to examine significant main effects and interactions (Rogasch et al., 2009, Cirillo et
al., 2011, Groppa et al., 2013, Pellicciari et al., 2015, Lackmy-Vallee et al., 2012, Wilhelm et
al., 2016, Vassiliadis et al., 2018).

5.2.4.4 TMS Input-Output Curves
A total of 29 participants were included in IO curve analysis at the three time points.
Participants were excluded from this analysis if they did not have the IO curve with stimulus
intensities 110-140% due to high RMT (n=4) (e.g., only stimulus intensities 110-130%) or
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EMG activity exceeded >40 µV in the 100ms before the TMS pulse in any of the muscles
measured (n=2). Peak-to-peak MEP amplitude (in mV) was measured within a 40ms window
after the TMS pulse for each trial. Input-output curves were measured for each condition at
pre- and the two post-time points (post 0-min and post 15-min). Data were transformed
using a square-root transformation to correct for violation of normality due to moderate
and positive skewed data. A Greenhouse-Geisser correction was applied when necessary to
adjust for violation of sphericity (Field, 2013). All other assumptions were met. A two-way
ANOVA (CONDITION, STIMULUS INTENSITY) was used to test for differences in the premean MEP amplitude between sessions. A three-way repeated-measures ANOVA was used
to test for differences in mean MEP amplitude across condition (CONDITION: GotRhythm,
control motor task), time (TIME: pre, post 0-min, post 15-min) and stimulus intensity
(STIMULUS INTENSITY: 110, 120, 130, 140% RMT). Significant main effects were further
analysed with Fisher’s LSD post-hoc test. Data analysis of full IO Curve (110-150% RMT) and
results are included in the Appendix section 9.3.2.1 and 9.3.3.1, respectively. Participants
with full IO curve with intensities 110-150% were also included in the 110-140%, single
intensity 120%RMT and behavioural measure analysis.

5.2.4.5 SICI
SICI was measured at pre- and two post-time points (post 0-min and post 15-min). The
mean MEP amplitude from the paired pulse TMS was expressed as a ratio of the mean MEP
amplitude elicited from single pulse TMS. Ratios <1.0 indicate inhibition with smaller ratio
indicating more inhibition. Data were transformed using a square-root transformation due
to positive and moderate skew of data. A Greenhouse-Geisser correction applied when
necessary (Field, 2013). All other assumptions were met. A repeated measures ANOVA
(CONDITION) was used to test for differences in the baseline SICI ratio between conditions.
A two-way repeated measures ANOVA was used to test for differences in SICI ratios across
condition (CONDITION: GotRhythm, control motor task) and time (TIME: pre, post 0-min,
post 15-min).
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5.2.4.6 Correlation between change in corticospinal excitability and motor performance for
control task and GotRhythm
MEP amplitudes elicited at 120% RMT at post 0-min and post 15-min were normalised to
pre- in order to quantify changes in MEP amplitude following the two conditions
(GotRhythm and control motor task) at the two time points after training. Correlation
analyses were performed using a Spearman’s rank order correlation to test for relationships
between MEP amplitude normalised to pre-values at 120% RMT and change in performance
following GotRhythm and the control motor task. For GotRhythm, performance was
quantified as the TIZ ratio score from sub-block 1 to sub-block 20. For the control motor
task, performance was quantified as the ratio change from sub-block 1 to sub-block 20.

5.3 Results
5.3.1 GotRhythm
The average TIZ scores across the 10-min training period are shown in Figure 5.1 (A-D).
Participants improved their TIZ scores from sub-block 1 to sub-block 5 (average scores
increasing from 55%-72%). Participants then showed consistently high TIZ scores from subblock 5, the last 30sec of the first training block, until the end of training (averaging above
70%). These TIZ scores demonstrate participants quickly adapted to GotRhythm training
with a wrist extension task. An exact sign test was conducted to determine if TIZ scores
significantly increased from sub-block 1 to sub-block 20 with training. TIZ median values
were on average higher in sub-block 20 (last minute of training) (100%) compared to subblock 1 (first minute of training) (60%); a median difference of 20%. Of the 33 participants,
26 participants improved their TIZ in sub-block 20 compared to TIZ sub-block 1. TIZ median
values in sub-block 20 were significantly increased compared to TIZ sub-block 1, z = -3.36, p
= .001. Change in performance was quantified by expressing the last sub-block of trials of
each 2.5-min block as a ratio of the first sub-block, with a ratio of >1.0 indicating
improvement (Figure 5.1 (E-H)). The spread of individual scores shows that the majority of
participants improved TIZ from the first sub-block of training to the last sub-block of each
2.5-min training block. Two participants did not improve their performance from the first
30sec of training across the training period, and one participant scored poorly throughout
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the training session as they scored 0 for the majority of training (highest score was 55% at
sub-block 19).

Figure 5.1. Time in zone (%) and learning ratios of participants across the 20-min training period. Group
averages show participants successfully entrained their movements to the beat of the music (A-D). Arrows
indicate the sub-blocks used for detailed analysis of task (start, middle, end). Individual TIZ ratios block 1 to
block 4 show majority of participants improved their performance

5.3.2 Control motor training
Figure 5.2 shows mean peak acceleration of wrist extension over the 10-min training period
comprising of four, 2.5-min blocks (divided into 20 sub-blocks of 30 trials with 5 sub-blocks
per 2.5-min block). Participants show an increase in wrist peak acceleration across the 10min training period, with the greatest increase in acceleration within the first two 2.5-min
blocks. A repeated-measures ANOVA revealed a significant effect of TRAINING (F2, 66 = 6.31,
p= .003, ηp² = .161) with wrist peak extension acceleration significantly increasing from the
start to the end of the 10-min training period. On average, there was a 53.89% increase in
peak acceleration from the start to the middle of training (sub-block 11) (p=.020) and a
59.62% increase from the start to the end of training (sub-block 20) (p=.007). There was an
18.88% increase from the middle to end of training (p=.614). Motor learning ratios were
calculated to examine the individual differences in motor learning of participants with a
ratio >1.0 indicating improvement in motor performance. The motor learning ratios show
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that by the final sub-block of training (last 30 movements), 23/34 participants demonstrated
ratios >1.0, indicating improvement in peak acceleration (M = 1.59, SEM = 0.17, Range =
0.35-4.62).

Figure 5.2. Control motor training peak wrist extension acceleration (A-D) and individual learning ratios (EH). Peak wrist acceleration results show, on average, participants demonstrated an increase in acceleration
and improved motor performance across training. Arrows indicate the points that were used for detailed
analysis of task (start, middle, end). Motor learning ratios show the majority of participants increased peak
wrist acceleration from Block 1 to Block 4.

5.3.3 Single intensity TMS: 120% RMT measures

5.3.3.1 ECR
A paired-samples t-test revealed no differences in baseline MEP amplitude at 120% RMT for
ECR between sessions t(32) =.552 , p= .585. Figure 5.3 shows mean MEPs elicited at the
stimulus intensity 120% RMT at baseline, three mid-points measured between training
blocks, post 0-min and post 15-min measured from ECR. MEP amplitude was numerically
greater for GotRhythm compared to control motor task at a single mid time point, and
GotRhythm was greater from baseline at the two post time points. The two-way repeated
measures ANOVA revealed a significant main effect of CONDITION (F1, 32 = 4.66, p= .038,
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ηp²= .127) and a significant main effect of TIME, (F5, 160= 6.57, p= .000, ηp²= .170). There was
no CONDITION*TIME interaction (F3.40, 108.85 = 1.17, p= .326, ηp²= .035).
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Figure 5.3 Corticospinal excitability: MEP amplitude elicited by TMS at intensity 120% RMT in ECR before,
during and after GotRhythm (solid) and control motor task (open) training. The pre, post and post-15min
data are MEP data from 120% RMT stimulus intensity of the IO curve measures. Post hoc pairwise comparison
show GotRhythm significantly increased peak-to-peak MEP amplitude at mid 1 compared to control motor
training when comparing CONDITION and significantly increased peak-to-peak MEP amplitude at post 0-min
and post 15-min compared to baseline when comparing across TIME in the ECR.

Fisher’s LSD post hoc revealed that MEP amplitude in the ECR was significantly greater for
GotRhythm at mid 2 (immediately after second training block and 5-min cumulative
training) compared to control motor training (mean difference =.075, 95% CI .010 -.141,
p=.008). This was the only time point at which GotRhythm and control motor training
differed, with no significant differences found at mid 1 (p=.058), mid 3 (p=.137), post 0
(p=.177) or post 15-min (p=.060).
Pairwise comparison of MEP amplitude across time for GotRhythm training shows that MEP
amplitude was greater at post 0-min (mean difference= .062, 95%CI -.002 - .126, p= .050)
and post 15-min (mean difference = .087, 95%CI .029 - .145, p= .002) compared to baseline,
but did not differ from baseline at mid 1 (p=.737), mid 2 (P =.328) or mid 3 (p=.575).
Pairwise comparison of MEP amplitude across time for control motor training shows MEP
amplitude significantly decreased at mid 1 (after 2.5-min training) compared to baseline
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(mean difference= -.029, 95%CI -.084-.026, p= .040) but did not change from baseline at mid
2 (p=.074), mid 3 (p=.507), post 0-min (p=.696) or post 15-min (p=.323).

5.3.3.2 FCR
A paired-samples t-test reveal no differences in baseline MEP amplitude at 120% RMT for
FCR between sessions t(32) =2.03, p= .051. Figure 5.4 shows MEPs elicited at stimulus
intensity 120% RMT at baseline, three mid points measured between training blocks, and
post 0- and post 15-min measured from FCR. MEP was numerically greater than MEP
amplitude for control motor task. A two-way repeated measures ANOVA revealed a
significant main effect of CONDITION (F1, 32 = 5.57, p= .025, ηp²= .148) and a significant main
effect of TIME, (F2.53,80.95= 5.74, p= .02, ηp²= .152), with no CONDITION*TIME interaction
(F1.84, 58.91 = .297, p= .726, ηp²= .009).
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Figure 5.4. MEP amplitude elicited by TMS at intensity 120% RMT in FCR before, during and after GotRhythm
(solid) and control motor task (open) training. The pre, post and post 15-min data are MEP data from 120%
RMT stimulus intensity of the IO curve measures. Post hoc pairwise comparison show GotRhythm significantly
increased peak-to-peak MEP amplitude at post 0- and post 15-min compared to control motor training when
comparing CONDITION. GotRhythm significantly decreased peak-to-peak MEP amplitude at mid 1 compared to
baseline when comparing across TIME in FCR.

Fisher’s LSD post hoc revealed FCR MEP amplitude was greater for GotRhythm training at
post 0-min compared to control motor training at post 0-min (mean difference =.083, 95%CI
-.010 -.176, p=.026) and post 15-min (mean difference =.089, 95%CI -.029 -.207, p=.006).
These were the only time points where GotRhythm and control motor training differed, with
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no significant differences found at mid 1 (p=.553), mid 2 (p=.240) or mid 3 (p=.378). Pairwise
comparisons to examine the time effect for GotRhythm shows MEP amplitude significantly
decreased at mid 1 compared to baseline (mean difference = -.100, 95%CI -.191- -.008, p=
.011). MEP amplitude did not significantly change from baseline at mid 2 (p =.175), mid 3 (p
=.105), post 0-min (p=.237) or post 15-min (p=.054). For control training, MEP amplitude did
not significantly change from baseline at any time point: mid 1 (p=.343), mid 2 (p=.326), mid
3 (p =.491), post 0-min (p=.934) or post 15-min (p=.254).

5.3.3.3 APB
A paired-samples t-test revealed no differences in baseline MEP amplitude at 120% RMT for
APB between sessions t(32) =.388 , p= .700. Figure 5.5 shows MEPs elicited at stimulus
intensity 120% RMT data at baseline, three mid-points measured between training blocks
and, post 0 and post 15-min for APB. A two-way repeated measures ANOVA revealed no
main effect of CONDITION (F1, 32 = .454, p= .505, ηp²= .014) but a significant main effect of
TIME, (F5,160 = 6.26, p = .000, ηp²= .164). There was no CONDITION*TIME interaction (F3.58,
114.81 =

.740, p= .553, ηp²= .023).
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Figure 5.5. MEP amplitude elicited by TMS at intensity 120% RMT in APB before, during and after
GotRhythm (solid) and control motor task (open) training. The pre, post and post 15-min data are MEP data
from 120% RMT stimulus intensity of the IO curve measures. No change occurred in peak-to-peak amplitude
from baseline to after training for GotRhythm or control motor task in APB.
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5.3.4 TMS Input-Output Curves (SI 110-140% RMT)
5.3.4.1 ECR
A two-way ANOVA performed on baseline IO curves showed no difference in baseline
corticospinal excitability between sessions, with a main effect of STIMULUS INTENSITY (F1.30,
36.29

= 111.36, p=.000, ηp² = .799) but no main effect of CONDITION (F1,28 = .355, p=.556, ηp²

= .013) and no STIMULUS INTENSITY*CONDITION interaction (F3,84 = 1.37, p=.259, ηp² =
.047). Figure 5.6 shows IO curves for GotRhythm and control motor task elicited from ECR.
For ECR, MEP amplitude increased with increasing stimulus intensity, as expected. A threeway ANOVA performed on IO curve results at baseline, immediately and 15-min after
training show a significant main effect of STIMULUS INTENSITY, (F1.18, 33.13 = 119.66, p=.000,
ηp² = .810) and a main effect of TIME (F2,56 = 5.44, p=.007, ηp² = .163), but no main effect of
CONDITION (F1,28 = 1.11, p=.302, ηp² = .038). No significant interactions were found between
variables.
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Figure 5.6 Input-Output curves constructed for GotRhythm compared to control motor training in ECR. No
significant difference in corticospinal excitability was demonstrated for either condition at any time-point in
ECR.

5.3.4.2 FCR
A two-way ANOVA revealed no significant difference in baseline corticospinal excitability
between sessions, with a significant main effect of STIMULUS INTENSITY (F1.49, 41.66 = 61.50,
p=.000, ηp² = .687) but no main effect of CONDITION (F1,28 = 2.88, p=.101, ηp² = .093) and no
STIMULUS INTENSITY*CONDITION interaction (F2.04,57.04 = 7.42, p=.483, ηp² = .026). Figure
5.7 shows IO curves for GotRhythm and control motor task elicited from FCR. For FCR, MEP
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amplitude increased with increasing stimulus intensity, as expected. A three-way ANOVA
performed on IO curve results at baseline and after training show a significant main effect of
STIMULUS INTENSITY (F1.18, 33.01= 66.41, p=.000, ηp² = .703), a significant main effect of
CONDITION (F1,28 = 6.13, p=.020, ηp² = .180) and a significant main effect of TIME (F2,56 =
4.95, p=.011, ηp² = .150). No significant interactions were found between variables.
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Figure 5.7 Input-Output curves constructed for GotRhythm compared to control motor training in FCR. Posthoc pairwise comparisons show GotRhythm increased peak-to-peak MEP amplitude compared to control
motor training at post 0-min and post 15-min when comparing across CONDITION (excluding stimulus
intensity) GotRhythm significantly increased peak-to-peak amplitude at post 15-min compared to baseline and
control motor training decreased peak-to-peak MEP amplitude at post 0-min compared to baseline and
significant increased at post 15-min compared to post 0-min when comparing across TIME.

Fisher’s LSD post hoc comparing condition, regardless of stimulus intensity, revealed
GotRhythm training elicited greater MEP amplitude than control motor training at post 0min (mean difference =.153, 95% CI .018 -.288, p= .022) and post 15-min (mean difference
=.134, 95% CI .004 -.264, p=.038). However, pairwise comparison of time shows GotRhythm
training only significantly increased MEP amplitude from baseline to post 15-min (mean
difference =.113, 95% CI .026 -.200, p= .022) but not baseline to 0-min (p= .478). MEP
amplitude also significantly increased from post 0-min to post 15-min (mean difference
=.061, 95% CI -.028 - .150, p= .049). For control motor training, MEP amplitude only
significantly increased from post 0-min to post 15-min (mean difference =.080, 95% CI .034 .126, p= .002), but not from baseline to post 0-min (p= .290) or baseline to post 15-min (p=
.163)
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5.3.4.3 APB
A two-way repeated measures ANOVA performed on baseline IO curves to test for any
difference in baseline corticospinal excitability between sessions showed no difference in
baseline corticospinal excitability, with a main effect of STIMULUS INTENSITY (F1.63,45.54 =
158.79, p=.000, ηp² = .850) but no main effect of CONDITION (F1,28 = .000, p=.994, ηp² =
.000) and no STIMULUS INTENSITY*CONDITION interaction (F1.52,42.57 = .582, p=.518, ηp² =
.020). Figure 5.8 shows IO curves for GotRhythm and control motor task elicited from APB.
For APB, MEP amplitude increased with increasing stimulus intensity, as expected. A threeway ANOVA performed on IO curve results on all timepoints show a significant main effect
of STIMULUS INTENSITY, (F1.42, 39.74 = 194.60, p=.000, ηp² = .874) and a significant main effect
of TIME (F2,56 = 5.30, p=.008, ηp² = .159), but no main effect of CONDITION (F1,28 = .025,
p=.876, ηp² = .001). No significant interactions were found between variables.
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Figure 5.8 Input-Output curves constructed for GotRhythm and control motor training measured from APB.
No significant difference in corticospinal excitability was demonstrated for either condition at any time-point
in APB.

5.3.5 SICI
5.3.5.1 ECR
The two-way repeated measured ANOVA performed on the baseline SICI measures to test
for any differences in baseline inhibition between sessions showed no significant main
effect of CONDITION (F1,32 = .062, p=.805, ηp² = .002). Figure 5.9 shows SICI for GotRhythm
and control motor task at baseline, post 0 and post 15-min time points elicited from ECR.
For ECR, SICI was similar before and after GotRhythm and control motor training. A two-way
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repeated measures ANOVA showed no significant main effect of CONDITION (F1,32 = .355,
p=.556, ηp² = .011) or TIME (F1.69, 54.03 = .898, p=.398, ηp² = .027). There was no
CONDITION*TIME interaction (F2, 64 = .590, p= .557, ηp²= .018).
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Figure 5.9. SICI ratio obtained before, immediately after and 15-min after GotRhythm and control motor
training in ECR. Values below 1.0 indicate inhibition. SICI did not change with training compared to baseline for
GotRhythm or control motor training.

5.3.5.2 FCR
The two-way repeated measured ANOVA performed on the baseline SICI measures to test
for any differences in baseline inhibition between sessions showed no significant main
effect of CONDITION (F1,32 = 2.39, p=.132, ηp² = .69). Figure 5.10 demonstrates SICI for
GotRhythm and control motor task at baseline, post 0 and post 15-min time points elicited
from FCR. SICI was similar for GotRhythm and control motor training at all timepoints. The
two-way repeated measures ANOVA showed no significant main effect of CONDITION (F1,32
= 1.62, p=.212, ηp² = .048) or TIME (F2,64 = .474, p=.625, ηp² = .015). There was no
CONDITION*TIME interaction (F2, 64 = .358, p= .700, ηp²= .011).
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Figure 5.10 SICI ratio obtained before, immediately after and 15-min after GotRhythm and control motor
training in FCR. Values before 1.0 indicate inhibition. SICI did not change with training compared to baseline
for GotRhythm or control motor training.

5.3.5.3 APB
The two-way repeated measured ANOVA performed on the baseline SICI measures to test
for any differences in baseline inhibition between sessions showed no significant main
effect of CONDITION (F1,32 = 1.02, p=.320, ηp² = .031). Figure 5.11 demonstrates SICI for
GotRhythm and control motor task at baseline, post 0-min and post 15-min time points
elicited from APB. It is clear that SICI was similar before and after both GotRhythm and
control motor training. A two-way repeated measures ANOVA showed no significant main
effect of CONDITION (F1,32 = 1.33, p=.258, ηp² = .040) or TIME (F2,64 = 1.26 p=.290, ηp² =
.038). There was no CONDITION*TIME interaction (F2, 64 = .031, p= .969, ηp²= .001).
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Figure 5.11. SICI ratio obtained before, immediately after and 15-min after GotRhythm and control motor
training in APB. Values below 1.0 indicate inhibition. SICI did not change with training compared to baseline
for GotRhythm or control motor training.

5.3.6 Summary
Table 5.1. Summary of neurophysiological results for all muscles measured. Significant main effects and
changes in CSE is signified by a tick and no change in CSE denoted with a cross. Arrows indicate the direction of
change with an upward facing arrow showing a significant increase in MEP amplitude across time and
downward arow showing a significant reduction in MEP amplitude across time.

5.3.7 Correlations between corticospinal excitability and motor performance
Correlations between GotRhythm TIZ ratio and GotRhythm excitability change from baseline
to post 0-min for ECR and FCR are shown in Figure 5.12 (A, C). A Spearman’s rank order
correlation found no significant correlations between change in TIZ and change in MEP
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excitability from baseline at 120% RMT after GotRhythm training (post 0-min) for either of
the two muscles (ECR: Rs(31) = -.084, p= .652; FCR: Rs(31) = -.117, p= .529), indicating change
in GotRhythm performance was not correlated to changes in corticospinal excitability.
Correlations between control motor task learning ratio and corticospinal measures for ECR
and FCR are shown in Figure 5.12 (B, D). Similar to GotRhythm, a Spearman’s rank order
correlation found no significant correlations between control motor task performance and
change in MEP amplitude from baseline at 120% RMT after control motor training (post 0min) for either of the two muscles (ECR: Rs(33) = -.065, p= .720; FCR: Rs(33) = .249, p= .162),
indicating change in control motor task performance was not correlated to corticospinal
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Figure 5.12 Correlations between motor performance and corticospinal excitability changes from baseline to
post 0-min at 120% RMT for GotRhythm (A, C) and control motor training (B, D) for the ECR and FCR. No
significant correlations were found between corticospinal excitability changes and TIZ ratio or control motor
training ratio in ECR or FCR, indicating motor performance was not correlated with neurophysiological
changes.
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Correlations between GotRhythm TIZ ratio and GotRhythm excitability changes from
baseline to post 15-min measured at 120% RMT for ECR and FCR are shown in Figure 5.13
(A, C). A Spearman’s rank order correlation found no significant correlations between
change in TIZ and change in MEP excitability from baseline after GotRhythm training (post
15-min) for ECR (Rs(31) = 0.25, p= .171) indicating GotRhythm performance was not
correlated to changes in corticospinal excitability from baseline to post 15-min. A weak
positive correlation between TIZ learning ratio and change in MEP excitability from baseline
to post 15-min after GotRhythm training was found in FCR (Rs(31) = .359, p= .047). The
correlation is not significant when corrected for multiple comparisons using a Bonferroni
adjusted p-value.
Correlations between control motor learning ration and control motor task excitability
changes from baseline to post 15-min measured at 120% RMT for ECR and FCR are shown in
Figure 5.13 (B, D). Similar to GotRhythm, a Spearman’s rank order correlation found no
significant correlations between control motor task performance and change in MEP
amplitude from baseline at 120% RMT after control motor training (post 15-min) for ECR
(Rs(33) = 0.223, p= .212). There was a weak positive correlation between motor learning
ratio and change in MEP excitability from baseline to post 15-min after control motor
training for FCR (Rs (33) = .362, p= .038), which is not significant when correcting for multiple
comparisons using Bonferroni adjustment.
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Figure 5.13 Correlations between motor performance and corticospinal excitability changes from baseline to
post 15-min at 120% RMT for GotRhythm (A, C) and control motor training (B, D) for the ECR and FCR. No
significant correlations were found between corticospinal excitability changes and TIZ ratio or control motor
training ratio for ECR, indicating motor performance was not correlated with neurophysiological changes in the
agonist. Significant weak positive correlations were found between corticospinal excitability changes from
baseline to post 15-min and TIZ ratio and control motor training in the FCR, showing motor performance in
both tasks were correlation with neurophysiological changes 15-min after training in the antagonist muscle.

5.4 Discussion
There were three main findings from the present study that investigated the effect of
GotRhythm using a ballistic wrist extension task on corticospinal excitability and motor
performance compared to a control motor task. First, GotRhythm increased MEP amplitude
(elicited by TMS at stimulus intensity 120% RMT) after training in ECR and decreased MEP
amplitude during training in FCR. In contrast, control motor training decreased MEP
amplitude during training in ECR and did not induce any changes in MEP amplitude in the
FCR. Secondly, GotRhythm induced an increase from baseline in FCR IO curve but not ECR,
while control motor training failed to induce changes in IO curves in any muscle measured.
There was no change in corticospinal excitability observed in the hand muscle. Finally, a
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greater number of participants enhanced their motor performance on a demanding motor
task with GotRhythm as more participants improving motor performance scores by the end
of training compared to control motor training. However, this was only observed with
descriptive results and not supported statistically.

5.4.1 Behavioural results: GotRhythm and control motor training
Both the control motor task and GotRhythm training improved motor performance. A
greater number of participants improved their motor performance by the end of
GotRhythm training. However, this was a modest difference, with 71% of participants
improving their TIZ compared to 66% of participants improving their peak wrist acceleration
with the control task. In the control motor task, peak extension acceleration decreased in
the final four sub-blocks suggesting that fatigue may have impacted performance. This
decrease in the final sub-blocks of training was not evident in the GotRhythm session, with
TIZ either improving or plateauing for the majority of participants in the final sub-blocks.
Fatigue in this context refers to a reduced capacity to generate muscle force with associated
decline in motor performance (Forman et al., 2020). The difference in motor performance
between conditions is consistent with research that posits music can reduce fatigue and
increase endurance in exercise (Karageorghis, 2015, Karageorghis and Priest, 2012, Crust,
2004). However, we did not directly assess muscle fatigue and cannot rule out that boredom
or reduced attention may have also impacted motor performance in the control motor task
(Enoka and Duchateau, 2016). Future research will need to directly assess fatigue and
attention to determine if music can directly impact these factors during training. Music can
also have a motivational impact on exercise endurance (Elliott et al., 2005, Elliott et al.,
2004). In the current study, this motivation effect of the selected music (even oudeterous
music) may have enhanced motor performance by reducing the perceived effort of the task
(Potteiger et al., 2000). Finally, in addition to music, the metronome embedded in the music
present with GotRhythm provided intermittent auditory feedback (bandwidth feedback),
which has been shown to be highly effective for motor learning (Lai and Shea, 1999,
Agethen and Krause, 2016). While the control motor task uses a metronome to guide
movements (i.e., when to extend wrist), it does not provide auditory feedback on
performance as the metronome in GotRhythm does. The metronome only plays when the
participant is not moving at the target tempo or they are not accelerating to correct
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threshold meaning the participant must adjust their movements. The slightly greater
number of participants who improved motor performance with GotRhythm suggests that
the combination of music and metronome can effectively entrain movement and can
facilitate motor performance during a demanding task. Although as only a smaller
percentage of participants improved their motor performance at the end of training
compared to control motor training, we must be cautious to state that GotRhythm
increased motor performance compared to control motor tasks.

5.4.2 Corticospinal excitability: 120% RMT measures, IO Curves and SICI

5.4.2.1 ECR: agonist
Our single pulse TMS at 120% RMT results show GotRhythm induced numerically greater
MEP amplitude after two blocks of training (i.e., 5-min of training) in the ECR at the second
mid training timepoint measure compared to control motor training. GotRhythm also
facilitated corticospinal excitability after training with a significant increase in MEP
amplitude detected immediately and 15-min after the training period compared to baseline.
Control motor training only transiently decreased corticospinal excitability after 2.5-min of
training compared to baseline in the ECR. There were no changes to IO curves for
GotRhythm training or control motor training measured in the ECR.

5.4.2.1.1 Control motor training
The current study’s control motor task results are consistent with previous literature that
demonstrates motor training on a wrist extension task modulates corticospinal excitability
(Krutky and Perreault, 2007, Suzuki et al., 2012, Chye et al., 2010, Renner et al., 2005,
Ackerley et al., 2011). It has been suggested that improvement in performance and changes
in corticospinal excitability after motor training are induced by processes such as unmasking
of pre-existing intra-cortical connections and increased efficiency of existing synapses
through long-term potentiation mechanisms, as well as down-regulation of GABAergic
inhibition (Bliss and Gardner-Medwin, 1973, Rioult-Pedotti et al., 2000b, Rioult-Pedotti et
al., 1998, Ziemann et al., 2004, Rosenkranz et al., 2007a). However, our results show a novel
effect of motor training, with control motor task transiently decreasing corticospinal
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excitability after 2.5-min of training (approximately 150 movements) in the ECR before
numerically increasing with further training. The amount of training (i.e., dose) that
participants completed before transient decrease was detected in the current study was
shorter and fewer compared to the motor training studies (Rogasch et al., 2009,
Muellbacher et al., 2001, Cirillo et al., 2010, Lotze et al., 2003, Ziemann et al., 2004). In
these motor training studies, corticospinal excitability was only probed immediately after
training (not during), with training times ranging from 10-30-min. For wrist extension
studies, corticospinal excitability was probed immediately after training with training times
ranging from 10-20-min (Krutky and Perreault, 2007, Ackerley et al., 2011, Chye et al., 2010,
Suzuki et al., 2012). The differences in training time and dose, and the differences in the
timeline of corticospinal excitability measures relative to training between the current study
and previous research may explain the novel findings of decrease in corticospinal excitability
after 2.5-min.
A previous study found that 15-min training on groove pegboard test was associated with a
transient suppression of MEP amplitude (McDonnell and Ridding, 2006). The authors
suggested changes in corticospinal excitability are not straightforward and may be
influenced by task type and duration of training. Other previous studies using ballistic thumb
abduction found no change to intracortical inhibition after training, as indicated by no
change in SICI (Rogasch et al., 2009, Cirillo et al., 2010). Similar to these studies, GABAergic
inhibition does not appear to underlie the changes to MEP amplitude in the current study,
as there were no changes to SICI after training compared to baseline for control motor
training. However, this is not definitive given that only one conditioning stimulus intensity
(70% RMT) and one interstimulus interval (ISI) was assessed with SICI. SICI is known to act
over a 1-5ms time course, with physiologically distinct processes occurring at (~1ms) and
longer (2-5ms) ISIs (Vucic et al., 2009). Furthermore, the amount of inhibition observed at
different ISIs is also dependent on the CS intensity, with other processes such as short
interval intracortical facilitation (SICF) thought to interact with SICI with increased CS
intensities (Vucic et al., 2009). Additionally, we did not measure SICI during the mid TMS
measures. Therefore, we must be cautious when stating that inhibition was not affected or
did not drive the changes in MEP amplitude. In the future, we can use additional
conditioning stimulus intensities or ISIs and measure SICI at all time points to further probe
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the role of GABAergic inhibition in motor training. Furthermore, if SICI is not a contributing
mechanism to the transient decrease in MEP amplitude, other mechanisms may underlie
this change. These mechanisms include down-regulation intracortical facilitation (ICF) or
SICF, which are reflections of the excitability of excitatory motor cortical circuits (Kujirai et
al., 1993, Chen et al., 1998, Ferreri et al., 2011). The transient decrease may also be a
modulation of long-interval cortical inhibition (LICI), which reflects GABAB - mediated motor
cortical inhibition (Rogasch et al., 2013, Ziemann et al., 2015, McDonnell et al., 2006,
Müller‐Dahlhaus et al., 2008). Further research is required to understand the exact
physiological mechanisms of motor training. Future studies should include LICI as a measure
to investigate the role of GABAB – mediated inhibition in GotRhythm training induced
plasticity.

5.4.2.1.2 GotRhythm
5.4.2.1.2.1 Additional neural substrates
The addition of music with motor training task may have increased corticospinal excitability
in the agonist muscle through activation of multiple additional brain regions that influence
M1 output. Evidence from neuroimaging studies have shown that processing of auditory
rhythms activates a network of neural areas, including motor regions of the cortex, such as
premotor cortices, supplementary motor areas, basal ganglia and cerebellum (Zatorre and
Zarate, 2012, Zatorre et al., 2007, Bengtsson et al., 2009, Chen et al., 2008, Chen et al.,
2007, Chen et al., 2006, Grahn and Brett, 2007, Kornysheva et al., 2010, Schubotz et al.,
2000, Grahn and Rowe, 2009). Prefrontal and parietal cortex activations have also been
observed during rhythm perception and synchronisation (Grahn and Brett, 2007, Kung et al.,
2012, Bengtsson et al., 2009). These motor areas are all interconnected and interact with
M1 and influence motor cortical output (Schulz et al., 2019, Merchant et al., 2015). MEP
amplitude is also known to reflect activity in motor cortical regions such as premotor and
supplementary motor areas (Hanakawa et al., 2009). There is compelling evidence of
activation of auditory and motor areas with rhythm perception, however the nature of this
activation (excitatory or inhibitory) and how this influences motor cortical output during
training with rhythmic cues was not well-understood. The current study’s findings suggest
this activation may induce excitatory responses in the motor system, although further
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research is required to determine how this activation influences corticospinal excitability
with GotRhythm. Other factors, such as task complexity, musical factors and attention to
task may also influence corticospinal excitability responses found here.

5.4.2.1.2.2 Music and rhythm modulate corticospinal excitability
The current results with GotRhythm training are similar to previous music research findings
that demonstrated passively listening to music can modulate corticospinal excitability
(Stupacher et al., 2013, Michaelis et al., 2014). Stupacher et al. (2013) assessed how musical
groove – the musical quality that inspires movement (Janata et al., 2012) – influenced
corticospinal excitability response in healthy humans. Musicians and non-musicians listened
to 30-sec clips of low- and high- groove music or control noise in three separate conditions
while receiving single pulse TMS with MEPs measured from the right first-dorsal
interosseous (FDI) and forearm (ECR) muscles. Compared to MEPs elicited from the control
noise condition and low-groove music, non-musicians demonstrated reduced MEP
amplitude while listening to high-groove music, despite rating the high-groove clips as
‘music they would want to move to’. For musicians, MEP amplitude was greater when they
listened to high-groove music compared to low-groove music and noise. The findings
indicate musicians and non-musicians may utilise auditory-motor links (influenced by
previous musical training) differently when perceiving music (Stupacher et al., 2013).
Additionally, the authors suggest the reduction in MEP amplitude for non-musicians while
listening to high-groove music was due to their suppression of movement. This study had a
relatively small sample (n=15), and the findings indicate nature of corticospinal responses
while listening to music differ between individuals. However, this study provides direct
evidence that listening to (high-groove) music without movement can modulate the motor
system, most likely via auditory-motor coupling (Stupacher et al., 2013). Future work will
need to investigate how this modulation of the motor system with high-groove musical
stimuli can influence and interact with training effects with GotRhythm.
Another study examined how participant’s preferred tempo modulates corticospinal
excitability (Michaelis et al., 2014). Participants listened to rhythmic sequences and rated
their preference for each (e.g., how comfortable to sequence felt to them). The researchers
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then employed a similar TMS paradigm to Stupacher et al. (2013) where participants
passively listened to rhythmic sequences played at differently rated tempos while single
pulse TMS was delivered on-beat over the left M1 and MEPs were recorded from the FDI.
Corticospinal excitability was preferentially modulated by tempos that were closer to each
participants’ preferred tempos. However, the nature of excitability modulation differed
between participants with some participants exhibiting patterns of increased corticospinal
excitability and others showed decreased excitability when the rhythmic sequence tempos
approached the participant’s preferred tempos (Michaelis et al., 2014). The researchers did
not know the reason for the observed differences but factors such as attention, previous
musical training or rhythmic perception ability may have driven the excitability responses
(Michaelis et al., 2014). Although nature of corticospinal responses differed between
individuals, Michaelis et al. (2014) also provides evidence of motor cortical excitability
modulation while passively listening to rhythmic sequences. An interesting avenue of
research will be to determine if motor training performed in sync with music at each
participants’ preferred tempo would further increase motor learning and modulate
corticospinal excitability to a greater extent.

5.4.2.1.2.3 Attention
GotRhythm training also may have increased attentional demands to task compared to
control motor task, which can increase corticospinal excitability (Thomson et al., 2008,
Stefan et al., 2004, McNevin et al., 2000). Visual spatial attention can also modulate pairedassociative stimulation (PAS) induced plasticity (Kamke et al., 2014). PAS involves the pairing
of peripheral nerve stimulation over a target muscle with TMS over the area of M1
representing that same target muscle (Stefan et al., 2004). Depending on the timing of the
stimuli, PAS can induce either long-term potentiation (LTP) or long-term depression (LTD)like plasticity in humans (Müller-Dahlhaus et al., 2010). A study demonstrated that spatial
attention directed to the stimulated hand can facilitate long-term potentiation (LTP)-like
plasticity compared to when attention was directed away to the non-stimulated hand
(Kamke et al., 2014). In the current study, there were no specific instructions about
attending to or away from the training hand during the GotRhythm or control motor
training sessions. However, in the control condition, participants were instructed to follow
to visual feedback on the Metarecorder app. In contrast, participants were not explicating
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instructed to look anywhere, meaning participants may have focussed on their training
hand, or the GotRhythm interface. Perhaps the different level of attention to the task or
training hand may have contributed to the pattern of results in the current study (Thomson
et al., 2008). Further investigation is required to assess how degree of attention during
GotRhythm or control motor training contributes to corticospinal excitability responses.
Future work can replicate the current study’s methods while adding specific instructions
regarding attention to or away from the training hand to elucidate how attentional
demands interact with other factors during GotRhythm.

5.4.2.1.2.4 Task complexity
Degree of task difficulty may also have contributed to the current study’s findings. During
GotRhythm, participants were required to accelerate their wrist from a neutral and partially
flexed position to full extension and time the peak of their extension to every second beat
of the music at the target tempo (60BPM), adding further complexity and additional
attentional demand. The acceleration also had to match a pre-set threshold to be counted
as a movement. Moreover, if participants did not correctly reach the correct acceleration or
correctly time their movement to the beat, they received auditory feedback via metronome.
The more auditory feedback required in each block reduced their overall TIZ score displayed
at the end of each training block. The added difficulty of the GotRhythm task and increased
attention required to successfully complete the task compared to the control motor task
may have influenced corticospinal excitability response. Previous research has shown
increasing task complexity during motor training can increase corticospinal excitability of
the target muscle compared to simple tasks (Kennefick et al., 2019, Smyth et al., 2010,
Flament et al., 1993, Pascual-Leone et al., 1995, Kleim et al., 2004, Christiansen et al., 2018).
Further investigation is required to determine the specific contribution of these factors of
attention, task complexity and auditory-motor coupling to the corticospinal changes
observed in the current study.
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5.4.2.2 FCR: antagonist.
5.4.2.2.1 GotRhythm and control motor training
For the antagonist muscle (FCR), GotRhythm induced greater MEP amplitude at post 0- and
post 15-min compared to control motor training with the TMS intensity of 120% RMT. A
significant decrease in MEP amplitude was detected only at mid 1 (after 2.5-min training)
compared to baseline with GotRhythm training, as measured by single-intensity 120% RMT
measures. MEP amplitude did not significantly change from baseline at any time point with
control motor task training. No other significant changes from baseline were found with
GotRhythm training. For IO curve results, GotRhythm training induced greater MEPs at post
0- and post 15-min timepoints compared to control motor training. Over time, GotRhythm
also induced a significant increase in MEP amplitude from baseline to post 15-min, and post
0-min to post 15-min. The transient decrease in MEP amplitude in the antagonist measured
with the 120% RMT measures is similar to previous study that found MEP amplitude
decreased in the FCR after a wrist extension task that involved 100 extension movements,
while corticospinal excitability increased in the ECR (Suzuki et al., 2012, Giacobbe et al.,
2011). This difference in excitability between agonist and antagonist might reflect reciprocal
inhibition, which occurs when antagonist muscle activity is suppressed to allow contraction
of the agonist (Suzuki et al., 2012). It is unclear in the current study why MEP amplitude in
FCR started to increase after 7.5-min of training in both GotRhythm and control motor task
along with the ECR, as measured with 120% RMT measures, or why IO curves increased
from baseline to post 15-min. One possible explanation is that the changes in corticospinal
excitability following wrist extension training are not specific to the trained muscle but may
reflect more generalisable increases in wrist muscle representations (but not wide-spread
activation as there were no changes in hand muscle excitability). This idea is supported by a
study that found one week of visuomotor training shaped the motor representation of the
entire trained hand (Raffin and Siebner, 2019). Researchers mapped the corticomotor
representation of the left first dorsal interosseus (FDI) and abductor digiti minimi (ADM)
muscles with TMS to determine how finger specific training interacted with other muscles
within the hand. Participants underwent one week of visuomotor tracking with either the
left index finger (FDI) or little finger (ADM). TMS mapping revealed training increased the
corticomotor representation of the trained muscle. This change in corticomotor
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representation was also observed in the non-trained muscle of the same hand. Visuomotor
training also increased corticospinal excitability of both muscles, regardless of which one
was trained (Raffin and Siebner, 2019). These results show that synergistic patterns rather
than competitive interaction may occur in the hand with training and may provide an
explanation for the numerical increase in MEP amplitude the FCR with GotRhythm and
control motor training.
The incongruent result may also be due to limitation of task experimental set-up. In both
tasks in the current study, participants were instructed to passively return their wrist to the
neutral position, against gravity (i.e., let their hand fall back to the starting position) before
performing a wrist extension to match to the next beat with GotRhythm or in response to
the next metronome with the control motor task. As the tempo was set at 60BPM,
participants may have engaged the FCR in order to return their wrist to starting position to
be ready for the next wrist extension, as 60BPM is relatively fast and they may have needed
to actively return to the starting position ready for the next beat. EMG was only recorded in
the pilot testing and not recorded for the current study, making it difficult to determine
whether or not participants engaged the FCR during the task. We can measure EMG during
GotRhythm and control motor task in future research to determine if participants do engage
their FCR with these tasks. In previous studies, researchers used equipment that
mechanically returned a participant’s hand to the starting position after a wrist extension,
ensuring passive movement on the return movement (Suzuki et al., 2012, Ackerley et al.,
2011). This difference in experimental set-up may explain the discrepancies between
previous and current results.
From a rehabilitation perspective, it is also important to determine if the change in
corticospinal excitability of the antagonist occurred due to GotRhythm training induced
changes. Following stroke, there is often significant flexor tone in upper limb, which can
impede recovery (Cordo et al., 2013, Raghavan, 2007). If GotRhythm training increases
flexor corticospinal excitability, this may enhance flexor tone and impact recovery.
Therefore, the task will need to be adapted to appropriately suit the needs of stroke
survivors to avoid this potential issue of increasing flexor tone. However, as the results
show, FCR the direction of MEP amplitude changed across training (numerically decreased
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after 2.5mins of training, increased after 10mins of training). For stroke survivors that
demonstrate significant flexor tone, a short training period of RAS where antagonist
excitability is reduced may be highly beneficial. As mentioned in the study, further
investigation to determine the optimal training parameters for different populations is
required.

5.4.3 Correlations between corticospinal excitability and motor performance
The lack of significant correlations between change in motor performance for GotRhythm
and control motor training and change in corticospinal excitability from baseline to post 0min for both ECR and FCR and post 15-min for ECR are consistent with previous motor
training and plasticity literature (Carroll et al., 2008, Kidgell et al., 2013, Hinder et al., 2011,
Fujiyama et al., 2012, Mavromatis et al., 2017, Christiansen et al., 2018). However, the weak
positive correlations between change in MEP amplitude from baseline to post 15-min in the
FCR and GotRhythm and control motor performance suggests that increased performance
may be associated with greater change in corticospinal excitability 15-min after training.
This correlation was found in both control motor task and GotRhythm, suggesting the
addition of rhythmic cues does not contribute to this correlation. Skill acquisition and
consolidation is mediated by multiple mechanisms that operate on different time scales
(Dayan and Cohen, 2011, Berghuis et al., 2015). As the significant correlation was only found
at post 15-min and not immediately after training, this finding may reflect the impact of
increased task performance, demonstrated by increased learning ratio, on late skill
acquisition or early consolidation mechanisms (Ostadan et al., 2016, Smyth, 2010).
However, it is important to note that they were weak correlations between motor
performance during GotRhythm and control motor task and change in MEP from baseline to
post 15-min, which did not reach significance when adjusted for multiple comparisons.
Therefore, we must be cautious in our interpretation of this finding. Further research is
required to understand the relationship between change in motor performance and
changes in corticospinal excitability after motor training with and without rhythmic cues.

5.4.4 Limitations and Future Directions
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5.4.4.1 Statistics and sample size
Fisher’s LSD post-hoc test has been used extensively in the neurophysiological literature to
examine significant main effects and interactions (Rogasch et al., 2009, Cirillo et al., 2010,
Cirillo et al., 2011, Groppa et al., 2013, Pellicciari et al., 2015, Lackmy-Vallee et al., 2012,
Wilhelm et al., 2016, Vassiliadis et al., 2018). However, as Fisher’s LSD does not correct for
multiple comparisons, it is important that our findings and make our conclusions are
interpreted with caution. Additionally, the sample size was calculated based on previous
studies using TMS to measure changes in corticospinal excitability in healthy participants
and clinical populations (Chang et al., 2015, Madhavan et al., 2016, Singer et al., 2013, Kwon
et al., 2016), with statistical power increased by performing repeated measures analysis.
However, from the small to moderate effect sizes observed in the current study, it is clear
our research could benefit from a larger sample to boost statistical power and to determine
if the changes observed are practically or clinically meaningful.

5.4.4.2 Coil position
In the current study, TMS coil position was optimal for ECR and all measures were taken
from the ECR hotspot, which may impact the MEPs elicited in the APB and FCR. However,
for FCR measures, cortical representations are highly overlapped for forearm muscles
(Suzuki et al., 2012). To fully investigate reciprocal changes in future studies, separate
measures can be taken at both ECR and FCR hotspots or a point between the ECR and FCR
hotspots (Suzuki et al., 2012). Additionally, it is known that RMT for ECR is lower than FCR
RMT (Krutky and Perreault, 2007). Although, despite setting hotspot and intensity relative to
ECR threshold, we elicited FCR MEPs that were of a sufficient amplitude to observe a
decrease or increase in amplitude as a result of the intervention. Future research should
optimize stimulation intensities and hotspot site for both muscles. This will allow a more
accurate measure of both ECR and FCR corticospinal excitability and precise assessment of
changes in reciprocal inhibition after a wrist extension task.

5.4.4.3 Outcome measures
It would be valuable to measure acceleration of the wrist movement with GotRhythm and
compare this to the acceleration movement in the control motor task in future research.
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This could be achieved by measuring acceleration with the IMUs with GotRhythm (rather
than just using acceleration as a threshold) and instruct participants to increase their
acceleration over the training session, while also synchronising to the beat. This would offer
a direct comparison of speed of learning between the two conditions. However, additional
factors would need to be considered to include acceleration as an outcome measure. To
change the task to measure acceleration, we would have needed to change the task
parameters so participants stayed within a pre-set plane of movements. For this, we would
set the IMU parameters to measure the Yaw, Pitch, and Roll (X, Y and Z) planes and set
these as targets to match for each movement (explanation of this in Chapter 2, page 54).
Hitting parameters would have been used as a threshold to detect a ‘beat’. I believed that
adding the requirement for participants to increase acceleration over the training period (as
is required in the control condition), match their movements exactly to the pre-set X, Y, Z
parameters as well as match movements to the BPM would add another level of complexity
to the task. During RAS protocols, participants only match movements to the tempo. If
changes in corticospinal excitability were detected, it would not be clear if this was due to
the tempo matching with the music and BPM, or the different parameters motor task.
In future, we can include subjective measures of perceived effort and objective measures of
fatigue to assess the impact of GotRhythm on psychological and physiological fatigue
compared to control training in healthy adults and in those with neurological conditions. If
GotRhythm objectively reduces fatigue and enhances motor performance, this will have a
meaningful impact for rehabilitation from neurological disorders, such as stroke.
Furthermore, it would be interesting to compare the effects of different music (motivational
vs. neutral) on motor performance and corticospinal measures. Future research into wrist
extension with GotRhythm should also focus on the kinematic principles of wrist extension
movement to elucidate specific effects of the different muscles engaged during movement
on corticospinal excitability.

5.4.5 Conclusion and implications
Our study demonstrated both control motor training and GotRhythm can increase motor
performance on a demanding task. GotRhythm also increased corticospinal excitability
compared to baseline in the trained ECR and induced greater MEP amplitude after training
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compared to control motor training. Additionally, our study highlights the benefits of
including mid-point training neurophysiological measures, as they can detect specific
changes in corticospinal excitability that occur with different training times during motor
tasks that could otherwise be missed. Changes in corticospinal excitability after GotRhythm
and the potential for the induction of use-dependent plasticity is an exciting prospect,
especially given the implications these results can have for development of an effective
therapy for those suffering injuries following neurological injuries, such as stroke. Upper
limb impairment is a common and extremely disabling consequence of stroke and
restoration of wrist function after stroke can have a significant impact on quality of life. The
current results are encouraging and are another step toward developing an effective
therapy to benefit those recovering from neurological injury. Further research is required to
determine if GotRhythm is superior to control motor training for motor learning and cortical
changes.
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6 Chapter 6: Clinical Applications
The overall aim of our studies was to introduce our app into rehabilitation protocols for
stroke-survivors for any stage of recovery. Therefore, we needed to assess how strokesurvivors responded to GotRhythm compared to a control task after both a single session,
replicating our healthy sample studies, and a long-term intervention. Two clinical studies
were designed to fully explore the effects of GotRhythm training on motor function of
stroke survivors in all stages of recovery using both behavioural outcomes and
neurophysiological outcomes. The purpose of the first clinical study was to inform the
clinical trial on optimisation of GotRhythm protocols, such as the requirement for
individualisation of programs to suit each stroke survivor. In addition to optimisation of our
app protocols, we (i) investigated the effects of GotRhythm on corticospinal excitability and
motor control in a chronic stroke survivor population after a single session; and (ii)
examined the effects of a longer-term intervention (6-weeks) on motor function recovery in
a sub-acute stroke population recovery on a stroke ward.

6.1 Introduction
Stroke is the third most common cause of death in Australia and a leading cause of longterm disability (WHO, 2015). An estimated 274,28 Australians experienced a stroke for the
first time in 2020 with an estimated 445,087 stroke survivors living in the community
(Stroke 2019b). This is predicted to reach one million by 2050. Furthermore, the financial
cost of stroke in Australia is estimated to be $5 billion per year and a further $26 billion is
lost in well-being due to short- and long- term disability and premature death (Donkor,
2018, Stroke 2020). More than 50% of stroke survivors report some degree of disability and
require long-term assistance and support after discharge from hospital. The most common
deficit after stroke is upper-limb weakness on one side or hemiparesis, with more than 70%
of stroke patients experiencing this impairment 6 months after the initial stroke (Sabini et
al., 2013, Adey-Wakeling and Crotty, 2013). Upper limb impairment can have a profound
effect on a stroke survivor’s ability to function independently and perform activities of daily
living such as washing, dressing, cooking and eating. Upper limb recovery is an important
predictor for determining the health status outcome and overall quality of life for stroke
patients (Nakayama et al., 1994, Adey-Wakeling and Crotty, 2013). Upper limb impairment
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has also been found to be the most enduring impairment and most resistant to treatment
after stroke (Street et al., 2015).
Injury-induced pathology and structural abnormalities in the central nervous system are
major contributors to the devastating functional deficits and cognitive and behavioural
consequences of stroke. Clinical and animal studies have shown extensive cortical
reorganisation and injury-induced plasticity occurs in the motor areas and corticospinal tract
after stroke (Hoyer and Celnik, 2011, Ward, 2005, Jones and Adkins, 2015). Harnessing these
plasticity processes may provide a means of maximising recovery of stroke survivors (Nudo,
2006, Dimyan and Cohen, 2011). There is increasing evidence that non-invasive
interventions and rehabilitation in stimulating environments that increase cortical activity
can induce beneficial plasticity and improve functional outcomes after neurological insult.
Currently, rehabilitation and interventions for stroke recovery are focussed on intensive
motor training, exercise and physiotherapy. Research shows rehabilitation programs that
incorporate the principles of motor learning, such as mass repetition of goal-oriented and
task-specific exercises performed at high intensity can induce beneficial plasticity and
produce long-term changes in motor function in stroke survivors (Chang, 2014, Krakauer,
2006). Recovery of motor function after stroke predominantly occurs in the first few days
and weeks (subacute stroke) to 3-months and gradually plateaus after 3-6 months (chronic
stroke) (Bundy and Nudo, 2019). However, although there is a consensus among clinicians
and researchers that early rehabilitation is preferable to late-onset therapy, there is a need
for rehabilitation continuing into the chronic phase of stroke (De Wit et al., 2017, Teasell et
al., 2014). Additionally, there is evidence to suggest that the rehabilitation plateau can be
prolonged beyond 6-months after stroke and further gains in motor function can be
achieved in the chronic stage of stroke with suitable therapy (Krakauer, 2006).
Although beneficial effects have been observed in stroke survivors with intensive motor
training, there are several limitations of current therapies and rehabilitation approaches.
First, even with intensive task-specific motor training and other standard therapeutic
approaches, poor prognosis for motor recovery after stroke is still prevalent. Recent
estimates suggest 80% of stroke survivors continue to live with motor impairments and 15154

30% of people are left permanently disabled after completing rehabilitation (Dimyan and
Cohen, 2011, Lloyd-Jones et al., 2009). Second, chronic stroke survivors are a heterogenous
population presenting with a variety of upper and lower extremity impairments and
treatment must be tailored to the needs of individual stroke patients (Adey-Wakeling and
Crotty, 2013). This often requires one-on-one patient-clinician therapy sessions, which can
be expensive and difficult for patients to access after discharge from hospital (Crosbie et al.,
2007). Clinical guidelines now also recommend larger doses of motor training (>2hrs per
day) in order to achieve clinically meaningful improvements in upper limb function poststroke, which can be difficult for those with severe impairments and older stroke survivors
(Lang et al., 2016, Mead, 2015). Finally, reduced motivation and low treatment adherence
to rehabilitation programs has been observed in stroke survivors both in hospital and in the
community and this is a significant barrier to recovery (Jin et al., 2008, Jack et al., 2010).
Reduced treatment adherence has shown to contribute to reduced motor outcomes
(Cheiloudaki and Alexopoulos, 2019). Therefore, there is a need to develop novel therapies
that incorporate the effective principles of current treatments to augment training induced
plasticity, while maintaining patient motivation and adherence. Fortunately, novel
interventions for neurorehabilitation have been evolving. One recent development is the
therapeutic application of music, such as with the music therapy rhythmic auditory
stimulation (RAS). Music therapies can be used to improve not only motor function but
other important aspects of therapy including patient motivation, treatment adherence,
satisfaction and mood, all of which are known to contribute to the success of the
rehabilitation process (Thaut and Abiru, 2010, Hubbard et al., 2012).

6.1.1 Rhythmic auditory stimulation
Numerous studies have evaluated the therapeutic effectiveness of RAS and music-based
therapies in various clinical populations, and there is a growing body of research showing
RAS can improve motor outcomes in stroke survivors (Thaut et al., 1997, Thaut et al., 2002,
Thaut et al., 2007, Lee et al., 2018b, Malcolm et al., 2009, Mainka et al., 2018, Jeong and
Kim, 2007, Suh et al., 2014, Street et al., 2015, Hutchinson et al., 2020). RAS, in addition to
other benefits, can improve different gait parameters such as stride length and walking
symmetry in stroke survivors (Magee et al., 2017, Cha et al., 2014, Jeong and Kim, 2007,
Thaut et al., 2007, Melvyn et al., 2007, Chouhan and Kumar, 2012, Ko et al., 2016, Kobinata
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et al., 2016, Lee et al., 2018b, Oh et al., 2015, Schauer and Mauritz, 2003). RAS has also been
shown to improve neuromotor control, enhance stability and increase walking speed in
people with chronic stroke (Suh et al., 2014, Cha et al., 2014, Ghai and Ghai, 2019). In
comparison, there are relatively few studies focussed on RAS applications for upper
extremity recovery after stroke. Evidence from available studies indicates rhythm-based
interventions can improve upper limb recovery, with participants improving arm-trajectories
in reaching movements and quality of arm function (Thaut et al., 2002, Malcolm et al., 2009,
Whitall et al., 2000, Luft et al., 2004, Tian et al., 2020). Meta-analyses of studies of RAS for
post-stroke recovery of upper-extremity function have demonstrated that rhythmic cueing
can enhance strength, elbow range of motion, synchrony, finger dexterity and coordination, and overall upper limb function in stroke survivors (Yoo and Kim, 2016, Ghai,
2018). A recent pilot study also found using RAS with task-oriented exercises (in addition to
regular therapy) was effective in facilitating task performance and movements of the
affected upper-extremity in stroke-survivors after 4-weeks of training for 5 days per week,
compared to a control group that only received regular therapy. The RAS training program
also improved the activities of daily living in those stroke- survivors with mild-moderate
impairment (Tian et al., 2020). However, these studies are limited by heterogeneity of
samples, small sample sizes and the lack of control groups. Therefore, despite encouraging
results, further investigation is required to determine if RAS is effective at improving upperextremity function of stroke survivors. Importantly, we must ascertain if RAS can improve
motor function in the chronic stage of stroke recovery.

6.1.2 Theoretical basis of intervention
The reasons for beneficial effects of RAS in stroke recovery are multifaceted. Rhythm is a
key therapeutic component for facilitating functional motor changes. This specific element
of music can be used to address motor deficits and improve motor control by providing a
stable auditory template for repetitive movements to prime the motor system and regulate
motor output (Jeong and Kim, 2007, Thaut and Abiru, 2010, Leow and Grahn, 2014). The
changes to motor output associated with rhythmic cues are immediate (Ghai et al., 2018).
Musical rhythms can also facilitate the global activation of neural networks. Due to its
unique rhythmic features, such as regular and prominent beat structures, music is ideal to
drive motor system activation via the auditory system (Fitch, 2013, Kotz et al., 2018,
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Merchant et al., 2015, Dalla Bella et al., 2017). Neuroimaging research demonstrates that
rhythms can prime neurons in the motor cortex via the rich neural connections between
auditory and motor regions (Grahn and Brett, 2007, Chen et al., 2008, Chen et al., 2007,
Chen et al., 2006, Crasta et al., 2018, Bengtsson et al., 2009, Thaut, 2015, Thaut, 2013).
Music- and rhythm-based motor tasks, or even rhythm perception alone, activate the same
brain regions that are involved in motor tasks: motor cortex, pre-motor cortex,
supplementary motor areas (Nozaradan et al., 2011, Grahn and Brett, 2007, Bangert et al.,
2006, Bengtsson et al., 2009). Rhythmic cueing tasks also involve neural structures
important for temporal information processing, such as the basal ganglia and cerebellum
(Nozaradan et al., 2017, Large et al., 2015, Chapin et al., 2010, Chauvigné et al., 2014, Kung
et al., 2012, Ivry and Spencer, 2004, Mauk and Buonomano, 2004).
From a neurophysiological perspective, training with rhythmic cueing could facilitate the
reorganisation of the damaged neural networks affected by stroke by bypassing damaged
networks and activating alternate pathways. Audio-motor co-activations induced by
auditory rhythmic cueing could also facilitate plasticity mechanisms (Chauvigné et al., 2014,
Fujioka et al., 2012b). Researchers found a short, 5-week period of music-motor training
facilitated neuromagnetic beta-band oscillation in healthy and chronic stage stroke
participants, a functional measure that represents auditory-motor coupling and plasticity
mechanisms (Fujioka et al., 2012b). Modulations in motor cortical excitability in the injured
and healthy hemispheres have been reported with rhythm-based therapies in stroke
survivors, with excitability changes associated with enhanced motor function of the strokeaffected limb (Ross et al., 2013, Renner et al., 2009, Altenmüller et al., 2009, Karmonik et al.,
2016, Särkämö et al., 2014, Bunketorp Käll et al., 2012). Further research is required to
confirm whether these changes are a contributing factor to improved motor function.

6.1.3 Music and motivation
Motivation is also a major factor in rehabilitation. Lack of motivation can severely impede
engagement in rehabilitation programs, which can interfere with recovery. The psychosocial
benefits of music listening during exercise and rehabilitation have been well documented,
with many studies reporting the positive impact of music on motivation and endurance in
exercise regimes for both healthy and stroke-affected populations (Stork et al., 2015,
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Maclean et al., 2000). Music within rehabilitation can also improve patient mood, enhance
the affective experience of therapy and increase enjoyment of exercise, which may allow
patients to surpass themselves and maintain motivation during difficult periods (Magee et
al., 2017, Sarkamo et al., 2013, Särkämö et al., 2008, Sihvonen et al., 2017). These aspects of
music therapy are important as long months of intensive rehabilitation are often necessary
for patient recovery and to improve motor function. Increased motivation and engagement
with therapy can also optimise the motor learning process, potentially enhancing overall
function (McNevin et al., 2000, Wulf and Lewthwaite, 2016). The beneficial effects of musicmotor training could also be mediated by the dopaminergic reward system, which is
responsive to music and plays a key role in learning, memory, and modulation of plasticity
(Adcock et al., 2006). Although the benefits of RAS and effectiveness of music therapy have
been well-established, the neural mechanisms underlying the effects of RAS and how RAS
protocols should be optimised to maximise the therapeutic effects for upper-limb recovery
after stroke are still unclear. Additionally, the question of how stroke-survivors can access
this appropriate, inexpensive and individualised therapy still remains.

6.1.4 Community, technology and biofeedback
As demonstrated, the economic burden and prevalence of stroke is on the rise, and it is
essential to address the need for adequate rehabilitation in the community. Rehabilitation is
typically only offered in the first few months of stroke recovery. Reports show that
community services and other community-based rehabilitation teams can substantially
improve functional outcomes in stroke survivors. However, according to a national stroke
audit into rehabilitation service commissioned by the Stroke Foundation (2019), currently
only 66% of patients in metropolitan hospitals are referred on to further rehabilitation in
the community (33% of those to outpatient rehabilitation with travel to and from clinic
required and 27% to home-based community rehabilitation with no travel required), and
44% of patients are not referred on to rehabilitation services or discharged with a plan for
community support to aid recovery after hospital. Additionally, half of the community
services offered (49%) provide on average less than two hours of active therapy per day.
This does not factor in regional and rural cases, where stroke care service delivery varies
greatly from metropolitan cases (Stroke Foundation, 2019). One way to overcome this issue
in both metropolitan and regional Australia is the use of rehabilitation technology and
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digital therapeutics. Digital therapeutic technology has the potential to transform long-term
motor outcomes after stroke by providing stroke survivors in the community with
independent access to individualised and targeted interventions after discharge from
hospital and other rehabilitation services, or to use as an adjunct therapy between
physiotherapy and other rehabilitation sessions (Hutchinson et al., 2020, Nussbaum et al.,
2019). Currently, few mobile software applications have been investigated or integrated
into rehabilitation protocols, with researchers naming high cost of development and
distribution as reasons for reduced viability (Lopez et al., 2014, Muto et al., 2012). Our team
has developed a low-cost and accessible iPhone software application (app) that can be
combined with wearable sensors to address this gap: GotRhythm. GotRhythm is a novel
music-motor training app that integrates personal music, wireless wearable sensors and
real-time auditory feedback via a metronome to deliver a tailored RAS protocol. GotRhythm
also provides high-resolution recording of each person’s motor performance throughout
training that can be used to monitor progress during rehabilitation.
This clinically focused chapter will be presented in two parts:
Clinical study 1: a small pilot study designed to test the effect of a single session of
GotRhythm on motor function and corticospinal excitability compared to a control motor
task in chronic stroke survivors. I will present four, single case studies of chronic stroke
survivors.
Clinical study 2: a feasibility clinical trial designed to test the effectiveness of a 6-week
GotRhythm intervention on motor function compared to conventional rehabilitation in subacute stroke survivors undergoing rehabilitation on an acute stroke ward. As data collection
is currently ongoing and results are not unblinded, I will not present results in this section. I
will discuss the benefits and limitations of the study protocol and discuss potential
improvements for future clinical trials involving GotRhythm.
The overall aim of these studies is to address an important challenge of the stroke
rehabilitation field: to optimise the ability of stroke survivors to engage in enjoyable,
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motivating and efficacious therapy and improve motor function as well as overall quality of
life.

6.2 Clinical Study 1
6.2.1 Aim
The aim of this study was to test the efficacy of the GotRhythm app on motor performance
and brain function in chronic stroke survivors. We aimed to use GotRhythm to entrain a
motor response using music as a rhythmic cue and test the efficacy of our app to (i) improve
upper-limb motor function and (ii) increase cortical excitability compared to a control motor
task. We hypothesised that individuals post-stroke would successfully synchronise to the
rhythmic stimuli while training with GotRhythm, and GotRhythm training would facilitate
motor control in stroke survivors as demonstrated by improved motor performance after a
single training session. Additionally, we posited stroke-survivors would respond positively to
our training app and would indicate an interest in using the platform independently at home
in the future.
This study was planned to be a full-scale project designed to lay the foundation for an
extended intervention study using GotRhythm to improve motor function in sub-acute
stroke survivors. We aimed to use TMS to investigate and understand the underlying
neurophysiological effect of music-motor training in a large sample of stroke survivors in
chronic stage of recovery. Due to the small sample size and the heterogeneity of the sample,
this chapter presents the individual neurophysiological and behavioural results of four
chronic stroke survivors.

6.2.2 Methods

6.2.2.1 Participants
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Four men with chronic stroke participated in the current study. Participant characteristics
are summarised in Table 6.1. Participants are presented in the order they completed their
sessions. Participants were recruited from the wider community and research was approved
by Murdoch University’s Human Research Ethics Committee (2017/025). All participants
provided informed written consent after receiving written and verbal explanations about
the experimental protocol.
Inclusion criteria included >6 months post-stroke and aged 18-80 years. Exclusion criteria
included severe impairment of the stroke-affected limb that prevented ability to perform
the selected tasks (e.g. restricted movement at shoulder and elbow) reflected by a score of
<20 on the Fugl-Meyer Upper Extremity Assessment (Fugl-Meyer et al., 1975, Sullivan et al.,
2011), cognitive impairment (<26 on Montreal Cognitive Assessment) (Julayanont et al.,
2015, Nasreddine et al., 2005) and any contraindications to TMS as indicated by screening
questionnaire (Rossi et al., 2010). Participants were only included if a muscle response could
be produced in the target muscle when TMS was applied to the affected hemisphere.
Previous musical training ranged from 0-20years.
Table 6.1. Participant Characteristics. Four chronic stroke survivors with heterogenous stroke and recovery
characteristics.
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6.2.2.2 Assessments
6.2.2.2.1 Fugl-Meyer Assessment
The Fugl-Meyer assessment (FMA) is a comprehensive measurement tool commonly used to
assess motor function after stroke in a research context (Fugl-Meyer et al., 1975, Sullivan et
al., 2011). The FMA is reliable and responsive to changes in motor function after stroke
(Gladstone et al., 2016). The full FMA has five domains (motor, sensory, balance, joint range
and joint pain) and examines reflex activity, movement patterns and involvement of
synergy, co-ordination and speed. The reflex activity sections assess for normal reflex
activity with reduction in scores for hypo or hyper-reflex activity. The motor domain is the
most widely used and serves as a tool for monitoring motor recovery during rehabilitation
after stroke (Sullivan et al, 2011). The FMA has separate upper extremity and lower
extremity function assessments. We used the Fugl-Meyer assessment-upper extremity
(FMA-UE) in the current study to determine the participants’ current level of upperextremity function before participation (Woytowicz et al., 2017). The FMA-UE has four subsections: (1) shoulder-arm; (2) wrist; (3) hand and (4) co-ordination and speed devised to
measure motor impairment from proximal to distal and synergistic to isolated voluntary
movements. The FMU is comprised of 33 items that are scored on an ordinal scale of 0
(absent), 1 (partial impairment) and 2 (no impairment), with scores ranging from 0-66.
Scores of FMA-UE between ≥ 28 - ≤50 indicate mild to moderate upper extremity
hemiparesis (Page et al., 2012, Hiragami et al., 2019).

6.2.2.2.2 Montreal Cognitive Assessment
The Montreal Cognitive Assessment (MoCA) (Julayonanont, 2015, Nasreddine, 2005) is a
brief global cognitive screen tool used to assess cognitive impairment (Julayanont et al.,
2015, Nasreddine et al., 2005). The MoCA is a 30-point questionnaire that includes sections
for assessing orientation, attention, short- and long-term memory, language and
visuospatial construction. It is sensitive to mild cognitive impairment in patients after stroke
(Pendlebury et al., 2010). The MoCA was used in the current study as an inclusion criterion
to ensure only persons with no cognitive impairment (indicated by a score ≥26 on the
MoCA) participated.
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6.2.2.3 Music Selection and Compliance
Participants completed a musical engagement survey with the assistance of the investigator
in which they rated 20 songs that had been pre-selected by investigators on how motivating
they found the music. The selected music was up-tempo (ranging from 112-129BPM), from
familiar genres (rock, pop, disco) with a 4/4 meter. Songs and tempos (same songs as the
previous experimental chapters) are listed in Appendix (section 9.4.1.1). For each track,
participants rated the music as either motivating or neutral using Brunel Music Rating
Inventory 2 (BMRI-2), as with previous chapters. Six songs with the most neutral rating
(score 18-36 on the BMRI-2) were selected for each participant. Participant engagement and
compliance with GotRhythm was assessed using the Post Study System Usability
Questionnaire (PSSUQ) (Lewis, 2002) and informal questions on their experience with
GotRhythm.

6.2.2.4 Training Overview
Participants completed two experimental conditions with one week between sessions:
GotRhythm and control motor task. The order of conditions was counterbalanced using a
Latin square design. For both sessions, participants were seated comfortably with their
affected arm placed on a desk in front of them. The elbow was flexed at 90 degrees with
their forearm in a semi-pronated position, unless their impairment did not allow for this
position. Participant 3’s elbow was placed on the chair’s armrest and stabilised with a towel.

6.2.2.4.1 GotRhythm
GotRhythm was run on an iOS device (iPad Air 5, 9.7” display, Apple Inc., CA). The 6
individually selected songs were loaded into GotRhythm and the target BPM was set to 60
BPM with a tolerance-band of 3-10+/-BPM (details in Results Table 6.2). During the session,
the iPad was set in a holder on the table in front of the participant and they tapped the
GotRhythm interface on the iPad screen in time to the tempo of the music with their
affected limb (right or left thumb), depending on the location of their previous stroke (right
or left hemisphere). When the tapping deviated from the tempo range, the music was
muted and replaced with a metronome at the target tempo. The metronome provided
auditory feedback until the participant tapped at the required tempo. The GotRhythm
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session involved four, 5-min training blocks (goal of 300 movements in a block), with a 5-min
break in between training blocks.
Participant 3 could not complete the designated task with their specific impairment. The
task was modified so that instead of their thumb, the participant used their whole hand to
tap one large button in the centre of the GotRhythm interface while the iPad was flat on the
table (using a wrist flexion as primary movement). The tolerance band was set at 5+/- for
the first block of training. As they scored ≤10% for the majority of the first block, the
tolerance band was increased to the maximum for the next three blocks of training (10+/BPM, accepted range of 50-70BPM). The participant tapped as long as they could manage in
each block. Participant completed four blocks of training of varied lengths, with 12.75-min
training overall (details provided in Table 6.2).

6.2.2.4.2 Control motor task
The control motor task was a ballistic thumb abduction task with task parameters based on
previous motor training research (Carroll et al., 2008, Muellbacher et al., 2001, Ziemann et
al., 2004, Ziemann et al., 2001, Rogasch et al., 2009). The control motor training task was
delivered via a separate custom-made app, Metarecorder. The participant was fitted with a
9-axis inertial motion unit (IMU) (Metawear Inc., San Francisco, CA) securely attached with
tape to the right thumbnail. The IMU wirelessly transmitted acceleration data to the
Metarecorder app at a rate of 100Hz. Metarecorder provided participants with real-time
visual feedback on their peak thumb acceleration data (x-axis acceleration represented by
peak in a continuous red line) to ensure movements were kept in the abduction-adduction
plane, and flexion-extension of the thumb (z-axis movement represented by a blue line
peak).
The task consisted of four, 5-min blocks (150 thumb abduction movements per block, goal
of 600 movements overall), with a 5-min break in between each block to reduce effects of
fatigue and track changes in corticospinal excitability across training. Movements were
paced by a metronome via an app at a rate of 30BPM (0.5Hz). Participants were instructed
to abduct their thumb as quickly as possible at each metronome tone and return their
thumb to the starting position at a comfortable pace. Metarecorder displayed the peak
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thumb acceleration for each trial (represented by a green line that changed according to
maximum peak acceleration reached). Participants were instructed to increase their peak
acceleration during training. The investigator provided verbal feedback to encourage
optimal performance from the participant.
For Participant 3, the task was adapted to a modified pinch grip task, where the participant
adducted their affected thumb towards the midline and made a pinch type movement with
the index finger (Muellbacher et al., 2002b). The participant was fitted with same IMU and
their acceleration was displayed and recorded on the Metarecorder app. They were
instructed to accelerate their thumb as fast as possible with each movement. Movements
were paced by a metronome at a rate of 30BPM (0.5Hz). The participant completed 4x5-min
blocks, with 20-min training overall.

6.2.2.5 TMS
Electromyography (EMG) was recorded from the relaxed abductor pollicis brevis (APB) using
Ag/Ag-Cl coated disc surface electrodes (belly-tendon configuration). EMG was recorded
from the affected hand, depending on the location of the participant’s previous stroke. EMG
signals were amplified (1000x, AC-coupled) with a bandpass filtered (10-1000Hz) and
digitised using 16-bit resolution at a sampling rate of 4kHz (Cambridge Electronic Design
1902 amplifier and Micro 1401 analogue-digital-converter, UK) controlled with Signal dataacquisition software (Cambridge Electronic Design Software, Cambridge, England).
Single, monophasic pulses were delivered via two Magstim 200 stimulators connected via a
BiStim module (Magstim Co., Whitland, Dyfedd, UK) connected to a 90mm figure-of-eight
coil. The coil was placed tangentially to the scalp with the handle pointed backward and
orientated at a 45-degree angle from the midline to induce a posterior-anterior current in
the cortex (Brasil-Neto et al., 1992). Suprathreshold pulses were systematically delivered
over the primary motor cortex to identify the optimal site for eliciting responses in the APB.
The optimal site was defined as the site that produced that largest and most consistent
motor evoked potentials in the APB. The optimal site was marked on the scalp to allow
accurate and consistent coil placement throughout the experiment. Resting motor threshold
(RMT) was determined at the beginning of each session prior to baseline measurements.
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RMT was defined as the minimum intensity (as a percentage of maximal stimulator output)
required to elicit MEPs (>50 µV) in the relaxed APB in at least 5/10 consecutive trials (Rossi
et al., 2009b).
To obtain TMS Input-Output (IO) curves, single pulse TMS was delivered at five stimulus
intensities: 110, 120, 130, 140 and 150% RMT. Participants with a high RMT (>66%) only had
a subset of these stimulus intensities, as the higher intensities (e.g., 150% RMT) exceeded
maximum stimulator output. Paired pulse TMS was delivered to assess short interval
intracortical inhibition (SICI), a measure used to indicate levels of activity of the inhibitory
circuits in the target hemisphere. The conditioning stimulus (CS) intensity was set at 70%
RMT, the test stimulus intensity was set at 120% RMT, and the inter-stimulus interval (ISI)
was 2.5ms. A maximum of 72 TMS pulses were delivered per block: 12 single pulse trials at
each of the five different stimulus intensities, and 12 paired pulse trials. Inter-trial intervals
were pseudo-randomised as 5sec +/- 10%. TMS blocks were delivered at baseline, and
immediately post training. In addition, three blocks of 12 single pulse trials (at the stimulus
intensity of 120% RMT) were delivered in the 5-min breaks between training, with one
measure taken after 5-min (mid 1), 10-min (mid 2) and 15-min (mid 3) of training to assess
the specific changes after shorter periods of training.

6.2.3 Results
6.2.3.1 GotRhythm
The individual breakdown of GotRhythm training sessions is presented in Table 6.2. As
demonstrated, three chronic stroke survivors with minimal motor impairment were able to
successfully complete the full training session and entrain their movement to the target
tempo within the first 5-min block of training. Participant 3 completed a shorter training
session overall, with shorter training blocks, and they stopped training when they felt any
muscle fatigue or discomfort.
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Table 6.2. GotRhythm training overview. Breakdown of individual training sessions for the four participants,
including amount of time spent training and average TIZ of each training block and the overall session.

The individual TIZ results and learning ratios are presented in Figure 6.1(A-D) and the
individual physical BPM results are presented in Figure 6.2 (A-D). The physical BPM is the
actual tempo the participants were moving during the task. As demonstrated, three of four
participants (participants 1, 2 and 4) were successfully able to entrain their movements to
the rhythm of the music within the first 5-min training block. These participants were able
to stay above 75% for the whole session. The learning ratios demonstrate three participants
also improved TIZ from the first sub-block across the training session. Participant 3 was not
able to successfully entrain to the music and metronome, as demonstrated by low TIZ scores
across the training session. They did show substantial improvement (i.e., doubling of TIZ)
from B1 to B2. However, this may because the tolerance band was increased. The physical
BPM results show the individual variability of responses and how their physical BPM
matched up to the target BPM (60BPM). Participants 1, 2 and 4 show consistent movements
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across the session. In contrast, participant 3 demonstrated more variability in their
movements across the session and consistently tapped faster than the target BPM.
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Figure 6.1. Time in Zone and learning ratios for participants 1- 4 (A-D). Sub-blocks represent 1-min
blocks of the 20-min training session. Individual learning ratios indicate if the participant’s TIZ had
improved at the end of each 5-min training block compared to the first minute of training.
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Figure 6.2. Physical BPM with target BPM and tolerance band for participants 1- 4 (A-D). The target
BPM is indicated by the segmented line in the centre at 60BPM. The tolerance band for each
participant is represented by the two dotted lines above and below the target BPM. Sub-blocks
represent 1-min blocks of the 20-min training session.

6.2.3.2 Control motor task
The individual peak acceleration results and learning ratios are presented in Figure
6.3 (A-D). In contrast to GotRhythm training, peak thumb acceleration results vary
across participants 1, 2 and 4. Participants 1 and 4 appeared to improve their
acceleration across the first 2-3 training blocks, before acceleration decreased and
performance declined in the last training block. A closer investigation of participant
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4’s sub-blocks show increased acceleration for the first 30-secs of each training block
followed by a decline, potentially indicating fatigue. Participant 2’s performance
appeared to stay the most consistent, with similar learning ratios for each training
block. Although, the breakdown of the individual sub-blocks shows variability in
acceleration values in each training block. The specific requirements of the ballistic
thumb acceleration task may have induced more variability of movement for the
participants, compared to simple tapping. Participant 3 was the one participant that
improved their peak acceleration across the training session. However, as their task
was modified to a pinch-grip type task, we cannot compare to the other three
participants. Participants 3 was able to complete the full session (20-min), whereas
they were not able to complete the GotRhythm session. This was most likely due to
the modified task they completed that may have prevented muscle fatigue (index
finger adduction compared to wrist extension).
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Figure 6.3. Peak thumb acceleration for participants 1-4 (A-D). All participants completed the
ballistic peak thumb acceleration task excluding participant 3 who completed a modified ballistic
thumb adduction/finger pinch task.

6.2.3.3 TMS 120% RMT individual results
The individual single pulse 120% RMT TMS results for GotRhythm and control motor
task are presented in Figure 6.4(A-D). TMS measures were taken before training,
after 5-min (mid 1), 10-min (mid 2), 15-min (mid 3) of training and immediately after
training. The results show Participant 1 demonstrated larger MEP amplitude elicited
at 120%RMT overall for both conditions compared to the other participants. There is
also a discrepancy between MEP amplitude elicited at 120%RMT at baseline
between the two experimental sessions for Participants 1, 3 and 4 (Figure 6.4. A, C,
D). These results indicate the intra-individual variability of the participant’s RMT
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between sessions for these participants, making interpretation of results difficult.
Participant 1 also demonstrates a distinct pattern of results for GotRhythm training,
with the Figure 6.4(A) demonstrating a numerical decrease in MEP amplitude from
baseline to mid 1, mid 2 and mid 3, before a numerical increase back to levels similar
to baseline immediately after training. The opposite occurs with control motor
training, with a numerical increase after 5-min of training (mid 1) and a subsequent
decrease back to levels similar to baseline after 10-min, 15-min and 20-min of
training. The only other larger numerical change in MEP amplitude demonstrated in
the results is Participant ‘s control motor training session, where MEP amplitude
increases after 15-min of training compared to baseline. MEP amplitude then
decreases back to levels similar to baseline after 20-min of training.

Figure 6.4. Single pulse TMS at intensity 120% RMT individual results for participants 1-4 (A-D). The
scales for each participant are individualised to their results. GotRhythm is represented by a solid
black line with solid black circles. The control motor task results by a dotted line with open circles. All
participants completed 120% RMT measures at pre, three mid-points and post time-points.
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6.2.3.4 TMS IO Curves
The individual IO curves for GotRhythm training session and control motor task are
presented in Figure 6.5 (A-D). TMS measures were taken before training and
immediately after training. Stimulus intensities of the IO curve differ between
participants due to high RMT of two participants (2 and 4) and discomfort felt by the
same two participants at the highest intensity (150% RMT). Only very small MEPs
were able to be elicited from participants 2 and 4 (<1.0 mV). No large shifts in the IO
curves from pre to post, either left (indicating increased excitability) or right
(decreased excitability), for either GotRhythm or control motor task training are
evident in any participant. One observation is that Participant 3, who had the
poorest motor performance with GotRhythm and one of the more consistent
performances with control motor training also has the steepest IO curve of the four
participants. Another observation is Participant 1’s distinct pattern of results for
control motor training session (Figure 6.5, A). The average MEP amplitude for
110%RMT is higher than all other intensities. This was not due to excessive
background muscle activity. However, TMS did elicit one particularly high amplitude
MEP trial for this stimulus intensity.

Figure 6.5. Individual IO curves for participants 1-4 (A-D). The scales for each participant are
individualised to their results. Baseline curves for all participants are represented by a solid black line
and post training curves are represented by a grey dotted line.
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6.2.3.5 TMS SICI
The individual SICI results for GotRhythm and control motor task are presented in
Figure 6.6. The results demonstrate very strong inhibition across all conditions for all
participants. Participant 1’s results show a small reduction in inhibition after training
with both GotRhythm and control motor training. There are also differences in
baseline levels of SICI between conditions for all participants.

Figure 6.6. SICI ratio individual results for participants 1-4 (A-D). Ratio >1.0 indicates inhibition.

6.2.4 Discussion
Our study aimed to provide insight into how the brain responds to music-motor
training in stroke survivors, as evidence of brain changes could contribute to
determining the best practice for stroke rehabilitation. However, due to our small
and heterogenous sample, we were unable to provide definitive answers to our
original research questions. In this study, all but one participant had normal upper
limb motor function. It is important to take this into consideration when discussing
the current findings. In the following section, I will discuss the behavioural findings
observed after a single session of GotRhythm and after a control motor task in our
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four chronic stroke survivors. I will also examine the strengths and limitations of this
project and explore how we may improve upon this research in future studies.

6.2.4.1 GotRhythm
Overall, three of four stroke survivors in the chronic stage of recovery were able to
successfully entrain their movements to the music and improve their overall motor
performance. This is a promising result and indicates GotRhythm can potentially
benefit stroke survivors during the chronic stage of recovery. The results of the three
stroke survivors are also comparable to the participants from previous chapters, as
were able to achieve and maintain TIZ scores of 75% and over similar to the young
and older adult participants in Chapter 3 and 4. These results also indicate that while
some chronic stroke survivors have the capacity to successfully entrain to a rhythmic
stimulus and improve their performance in a motor task, others may not. From the
individual results, it is clear Participant 3 had difficulty performing the GotRhythm
task. It is not clear from the findings why this occurred, but reasons for his difficulty
may be that the task requirements were not appropriate for the participant’s
specific impairments (i.e., the set tempo), the movement of the task was not correct
for this individual (tapping on the screen using a wrist extension), limitations of the
instrumentation or this participant had rhythmic perception/production
impairments, which can be present in stroke survivors (Patterson et al., 2018).
Due to his impairment, Participant 3 had difficulty tapping the screen laid on the
table, due to the smooth glass surface of the iPad screen. It is possible this
participant may have performed better on the GotRhythm task if not for issues with
the instrumentation and how they interacted with his motor impairment. In
addition, the tempo set for the study may not have been suitable for this participant.
Upon reflection, if not suitably individualised, tapping can be compromised by
specific stroke-induced impairments and changes should be made to make the task
both appropriately achievable and challenging. An alternative task that could be
used is the modified pinch grip task that was used for the control motor task,
utilising the available wearable sensors. This would allow the participant to move
comfortably and within a wider range (instead of hitting a target on a screen). In
176

future research and for clinical application, the protocols will be changed to align
with the original RAS principles where we would first assess the participant’s
baseline tempo, before using stepwise limit cycle entrainment (SLICE) and increasing
the tempo by 5% when the participant is moving comfortably (Thaut and Abiru,
2010).
A recent study found the ability to perceive a beat and produce a regular rhythmic
movement (e.g., tapping to beat in music) was impaired in sub-acute stroke
survivors compared to healthy older adults (Patterson et al., 2018). Impaired rhythm
production was also associated with lower-extremity impairments in stroke survivors
(Ready et al., 2019). It is currently unknown if impaired rhythm perception and
production significantly impacts GotRhythm training and outcomes in stroke
survivors. One way to investigate this in future studies is to include the Beat
Alignment Test (BAT) to measure rhythm perception and production abilities and
assess if BAT scores are associated with GotRhythm TIZ scores or corticospinal
excitability changes after GotRhythm training (Iversen and Patel, 2008, Miyazaki et
al., 2008). Finally, fatigue is also common post-stroke and is a major component of
stroke survivor recovery (Mead, 2015). Both physical fatigue, decreased ability of
muscles to perform optimally, and mental fatigue, such as difficulty with
concentration during this task, may also have contributed to the current results for
Participant 3 due to the inappropriate selection of motor task for his impairment
(Wan et al., 2017). In future, GotRhythm tasks, selected tempo and length of
intervention will be modified to suit the stroke survivor’s specific requirements. This
individualised therapy can be achieved through consultation with rehabilitation
clinicians to determine the optimal parameters for each participant.
We did not conduct semi-structured interviews with the participants in this study;
however, some feedback from participants concerning the GotRhythm task included
phrases such as: ‘iPad and interface was good’; ‘concept of music was motivating but
task was frustrating’; and ‘controllability of movement was difficult’. This feedback
demonstrates stroke-survivors’ interest in the concept and overall positive
experience, but further research is required to adapt and individualise the task for
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stroke survivors. In the current study, we aimed to replicate the design and
specifications of the previous studies. However, as is now clear, this is not possible
for stroke survivors with different impairments. One way to overcome this is to limit
participant inclusion criteria to certain impairments. Unfortunately, this would limit
generalisability of findings. For future clinical application, all tasks with GotRhythm
should be individualised to a patient’s specific requirements and used in conjunction
with clinical guidelines and clinician recommendations. Considering the findings from
Participant 3, participant baseline motor function must be considered when
choosing GotRhythm as an intervention. It is possible that stroke-survivors who have
recovered motor function to a certain level, as indicated by FMA scores, may benefit
from this intervention.

6.2.4.2 Control motor task
Ballistic thumb abduction has not been studied in chronic stroke survivors. The
results demonstrate that the control motor task induced variable results, where
three of four participants did not improve their motor performance. This is a
surprising result Participant 3, the participant with the most severe impairment (as
measured by the FMA) and who performed poorly with GotRhythm was the only
participant to show an improvement in motor performance with the control motor
task. There are some possible explanations for the current results. The task was
completed with the participants’ affected upper limb and although three of the
participants showed no impairment according to their FMA scores, this does not
preclude them from having other motor impairment that were not identified by the
FMA or impairments in motor learning.
Currently, it is unclear if stroke survivors with hemiparesis or other motor
impairments have specific motor learning deficits that may impact their ability to
effectively learn new tasks (Hardwick et al., 2017, Krakauer, 2006). One study found
that a group of chronic stroke survivors with mild-moderate upper-extremity
impairment were able to improve their performance after completing training on a
motor task over a 4-day period, where participants performed a series of isometric
contractions of the elbow flexors to navigate a cursor on a screen to different targets
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(Hardwick et al., 2017). In the study, stroke survivors improved task performance
through skill acquisition methods similar to healthy controls and training improved
chronic stroke survivor motor performance to the same level as the baseline
performance of an untrained individual with lesser motor impairment. However, the
overall level of performance the stroke survivors were able to achieve was impacted
by their motor impairment, and improvements in functional motor control were
proportional to the severity of their impairment (Hardwick et al., 2017). The
different groups (based on severity of impairment) of participants reached a
performance plateau, where more practice did not lead to further improvements.
Additionally, the level of motor performance where plateau in learning occurred was
affected by the severity of their motor impairment (e.g., healthy controls reach a
performance plateau at a greater level of motor performance compared to mild-tomoderate stroke survivors), and mild-to-moderate stroke survivors reached a
plateau with a greater level of motor performance compared to moderate-to-severe
stroke survivors (Hardwick et al., 2017). This finding is particularly important for our
clinical studies as stroke-affected participants may be able to improve motor
performance, but this will most likely be proportional to their level of baseline
impairment. From the current results, it appears that once stroke survivors reach
their plateau in learning, further improvements are less likely with this specific
training task. However, as this was not a longitudinal study, further improvement
with additional training over a longer period may be possible. Furthermore, this
phenomenon has not been studied with rhythm-based interventions in strokesurvivors. Perhaps with the addition of music, stroke survivors may not reach a
performance plateau, or they may reach a different, higher plateau. Further research
is required to determine if GotRhythm can change the level at which performance
plateau occurs.
Chronic stroke survivors also demonstrate muscle weakness and abnormal patterns
of muscle activation, even after recovery of function (Eng, 2004). Co-ordination
deficits, such as reduced joint control, are also present after stroke, which may have
contributed to the variable peak thumb abduction results of the current study (Yao
et al., 2009). Stroke survivors also have been shown to move at slower speeds during
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voluntary movements and when performing motor tasks (Turnbull et al., 1995).
Finally, three of the four participants (Participants 1-3) are older adults (>65yrs).
Studies show healthy older adults have a reduced ability to improve motor
performance on a ballistic thumb abduction task compared to young adults (Rogasch
et al., 2009, Cirillo et al., 2010). However, the current results are not consistent with
previous results as the younger adult participant (Participant 4) only improved their
motor performance after Block 1 and Block 2, before their motor performance
declined. This is not consistent with younger adult participants in previous chapters,
who consistently improved their performance across the training session.
Additionally, one older adult participant (Participant 3) was able to improve their
motor performance across all training blocks. Although in regard to Participant 3, it is
possible the modified task where they adducted the thumb may have reduced the
variability of peak acceleration and allowed the participant to improve their overall
task performance. The difference in performance between tasks shows how
modifying the task to the individual’s requirements can improve outcomes, showing
all tasks that are used during rehabilitation need to be suitably modified to strokesurvivors specific needs. The difference in performance may also be indicative of
motor learning impairments in Participants 1, 2 and 4. These participants were
required to complete a novel thumb abduction task, a movement which we do not
typically use. In comparison, Participant 3 completed a task that involved adduction,
a movement that is more frequently used in everyday life, such as with grasping, and
power and precision tasks(Luker et al., 2014, Dollar, 2014 #1223).
The observed difference in individual task performance results between GotRhythm
and the control motor task are promising for GotRhythm, as they indicate
GotRhythm and rhythmic entrainment may enhance motor performance compared
to control motor training. Further research is required to determine if training with
GotRhythm can induce long-term changes in motor outcomes and functional
movements overall, and if they are applicable to other tasks where rhythm is not
present.
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6.2.4.3 TMS
As demonstrated, all participants were able to tolerate TMS. The results show the
MEPs elicited from the participants’ target muscle varied in amplitude across
participants, with three participants presenting with very small MEPs. This finding is
consistent with previous studies that found MEP amplitudes were smaller for chronic
stroke survivors compared to healthy controls (McDonell, 2017). One notable
observation was the discrepancy between MEP amplitude at baseline between the
two experimental session for three participants detected in the single pulse TMS
120%RMT intensity results. Intra-individual variability of RMT is well documented in
healthy adults and can contribute to heterogeneity of TMS results (Wassermann,
2002, Rossini et al., 2015). However, our results are inconsistent with a previous
study’s results that found hand muscle RMT for both the affected and unaffected
hemisphere was a stable outcome measure in stroke survivors, with excellent testretest reliability demonstrated in both chronic stroke survivors and healthy controls
(Liu and Au-Yeung, 2014). This inconsistency may require further investigation in
larger samples of chronic stroke survivors, as there is limited evidence for RMT
reliability of different target muscles in stroke survivors.
As only a small number of individual results are presented, we are unable to draw
any conclusions about the neurophysiological effects of GotRhythm compared to a
control motor task with this study. Future research will focus on investigating the
effect of GotRhythm on corticospinal excitability and establish if a period of
GotRhythm training can induce plasticity in the M1 of chronic stroke survivors.

6.2.4.4 Strengths, limitations and future directions
Rehabilitation is difficult process; however, the current study showed that while the
motor tasks may have been difficult, the music appeared to be a positive factor of
GotRhythm training, based on the comments and feedback from participants. The
findings of this study may be important for informing future rehabilitation
intervention development and delivery. However, the study has a number of
limitations. The very small sample size limits transferability and generalisability,
meaning our findings are not currently transferable to the broader population of
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chronic stroke survivors. Additionally, the stroke survivors included had minimal to
moderate upper limb impairments, and the observations are not generalisable to
stroke survivors with more severe impairments. Further study with inclusion of
stroke survivors with a wider range of impairment severity would improve
generalisability and allow us to determine the effect of GotRhythm on motor
function in people with different baseline levels of impairment.
The current study also highlighted some important methodological limitations that
we must consider in future studies. As mentioned, the first limitation identified was
issues with the instrumentation. In future, we will adapt the task and
instrumentation to fit with stroke survivors’ impairments by making use of the
wireless wearable sensors. In the current study, we did not include semi-structured
interviews or self-report measures. One advantage of self-report measures is the
ability to capture the stroke survivor’s perspective on their experience with an
intervention (Maclean et al., 2000). Including self-report measures on underreported or overlooked aspects of stroke survivor experiences such as fatigue (both
physical and cognitive) will also provide information on how GotRhythm and musicmotor interventions impact perceived fatigue in stroke survivors, which is an
important aspect of therapy and rehabilitation. Measures may include rating-of
fatigue (ROF) scales (Micklewright et al., 2017) or the Borg Scale for rating of
perceived exertion (Compagnat et al., 2018, Borg, 1982). Participant experience
recorded via semi-structured interview will also provide data on motivation,
engagement, access, compliance to treatment and ease-of-use of the technology.
This will assist us in future GotRhythm intervention studies to determine the effect
the combination of music with motor tasks has on patient motivation for
rehabilitation and overall satisfaction with our intervention (Kelly et al., 2020, Peters
et al., 2018, Shankar et al., 2019). The combination of self-report measures,
neurophysiological and behavioural assessments with provide us with insight into
how useful and effective an intervention is for individual stroke survivors and allow
us to establish best practice for stroke survivor rehabilitation. Further consultation
with patients will also be important before embarking on the next study.
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Our studies would also benefit from the inclusion of more sensitive measures and
tests of general motor learning to establish the benefits of our intervention. These
assessments include both movement assessments and a separate task to assess
general motor learning. Testing performance on a separate task will allow us to
evaluate the generalisability of our GotRhythm training to other movements and
tasks compared to control motor training. One way we can assess and compare
motor learning in stroke survivors is to use a task where a speed-accuracy trade-off
function (SAF) is measured (Hardwick et al., 2013). In these tasks, participants are
required to complete a task in a fixed time and improved skill represents a shift in
both speed and accuracy on a task. A sequential visual isometric pinch task is one
example where SAF can be measured (Cantarero et al., 2013). These types of tasks
have been used in previous neurostimulation and motor learning research to
quantify skill learning (Reis et al., 2009, Hardwick et al., 2017, Saucedo Marquez et
al., 2013, Cantarero et al., 2013).
Sensation loss and sensorimotor deficits are also common post-stroke, and recovery
of sensation is an important component of stroke recovery (Bolognini et al., 2016).
Sensory input plays an essential role in recovery of motor function after stroke (Patel
et al., 2014). There is a paucity of research on the influence of music-motor
therapies on sensorimotor function. Future research will need to focus on
investigating the effect of GotRhythm on sensation in stroke survivors. Including
validated and standardised assessment of sensory impairment such as the FMA
(sensory assessment) (Gladstone et al., 2002) and Nottingham Sensory Assessment
(Lincoln et al., 1998) as pre/post tests will allow us to measure the effect of
GotRhythm on sensory deficit improvement. Somatosensory potential (SEPs) are the
electrical activity responses measured from the skin stemming from peripheral nerve
stimulation (Passmore et al., 2014). SEP tests can be used to assess somatosensory
system functioning and plasticity (Muzyka and Estephan, 2019). In future, we may
also examine plasticity in the sensory cortex following GotRhythm.
Finally, as this was a laboratory-based study, all instrumentation was set up by
researchers i.e., loading music, selecting tempo and tolerance band, session
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recording. Music selection was limited to a sub-set of pre-selected songs and not
selected from individual music libraries. Wearable sensors for the control task were
applied, and the movement parameters were also set, by researchers. In future
research, it is imperative we determine how easy our app is to use in a ‘real world’
setting by investigating compliance of stroke survivors when they use the app at
home as part of a rehabilitation program. Investigating the practical application of
GotRhythm as an at-home intervention will be the focus of future studies, which will
also provide answers for how GotRhythm influences treatment adherence and
compliance.

6.2.4.5 Conclusions
The current study demonstrated the potential targeted nature of our intervention
for motor learning and improving function, and provides some data to confirm the
value stroke survivors see in a music-based therapeutic app. Our observations, in
addition to an ever-growing body of research, support the use of RAS for stroke
rehabilitation and are a strong motivator for further study and translation of our
digital therapeutic into future recovery and rehabilitation programs. Future projects
will continue to contribute to the development of our innovative yet inexpensive and
accessible system to improve motor function after stroke. This system has the
potential to enable stroke survivors to use it in their own time and in their own
home, while being remotely monitored by clinicians and health care professionals.
This is significant because a major problem in rehabilitation is the inability of stroke
survivors to initiate or maintain an intensive rehabilitation program required to see
functional gains in movement. If shown to be effective, our research and
intervention holds great potential in advancing rehabilitation options of people
recovering from stroke.

6.3 Clinical Study 2
The study presented below builds upon existing research into music’s effect on
movement and cortical activity and translates this knowledge in a clinical trial
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protocol that was designed to improve patient motor outcomes during
rehabilitation. This study provides insight into introducing a novel intervention that
is delivered one-to-one in a sub-acute stroke unit. It examines the feasibility of using
a novel music-motor therapy app during rehabilitation. Additionally, it was believed
some logistical and methodological factors in the current study warranted detailed
examination in this small feasibility study prior to moving to a larger scale study.
In this section, I will present the feasibility study protocol and review the process of
conducting a pilot study designed to investigate a 6-week GotRhythm intervention in
an acute stroke ward, providing comment on the strengths, limitations and future
considerations. As this study is currently ongoing, no results are presented.

6.3.1 Aim
The aim of the current pilot feasibility study was (i) to investigate if our novel musicmotor therapy app, GotRhythm, is a feasible and effective intervention for
entraining optimal movements and improving motor function in sub-acute stroke
patients requiring rehabilitation and (ii) to determine if the use of GotRhythm can
enhance the rehabilitation experience of patients undergoing treatment in an acute
stroke ward. It was hypothesised GotRhythm would increase adherence to training
in a sub-acute stroke population compared to other rehabilitation training that
comprises standard care. It was also hypothesised training with GotRhythm would
improve motor function compared to conventional rehabilitation demonstrated by
an increase in performance on a general motor function assessment.

6.3.2 Methods
As the study and data collection is currently ongoing, I will present the methods in
present tense.

6.3.2.1 Clinical Trial Design
We are conducting a randomised intervention trial to assess the effectiveness of a
novel music-motor intervention app, GotRhythm, on improving motor function in
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patients who have suffered a stroke. The research study was approved by the Royal
Perth Hospital Human Research Ethics Committee (2017/188; RGS0000000044).

6.3.2.2 Groups
Two study groups:
1. Intervention: Participants receive 6-weeks of our intervention, consisting of a
supervised 20-min (max) music-motor therapy session using GotRhythm
conducted three times a week for six weeks. The target for total sessions is
18 sessions (=360-min of intervention in total). These sessions are conducted
on Monday/Wednesday/Friday of each week. The intervention is in addition
to the conventional stroke rehabilitation received.
2. Control: Participants in this group received the conventional stroke
rehabilitation during the period, with no music-motor therapy.

6.3.2.3 Recruitment
Participants are recruited from an acute stroke unit at a public hospital in Perth,
Australia. Participants are informed about the study and consent sought after
appropriate discussion with research staff and person responsible for patient.
Consenting participants are randomised using a computer-generated sequence of
numbers and sealed opaque envelopes are used for randomisation.
All participants (and next of kin or people responsible for participants) are provided
with a written information sheet, a simplified written summary of the information
sheet designed for people experiencing communication impairments, and verbal
information about the study. All participants provide written informed consent.

6.3.2.4 Participants
For this feasibility study a sample size of 20 participants (n=10 intervention group)
was agreed upon through discussion between researchers to test for feasibility of
GotRhythm intervention and the effects on motor function. This sample size is based
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on previous stroke intervention studies (Chang et al., 2015, Madhavan et al., 2016,
Kwon et al., 2016, Singer et al., 2013).
Inclusion criteria include participants >18yrs admitted to an acute stroke unit with a
diagnosis of ischaemic stroke undergoing rehabilitation after stroke (subacute stage:
0-180 days following initial stroke) and who clinical staff judge are likely to be
inpatients ≥ 6-weeks. Exclusion criteria include severe joint pain, injury other than
impairment from stroke that prevented participant’s ability to complete protocols or
unstable co-morbid medical or psychiatric disease. Patients have no severe cognitive
impairment as assessed by clinicians on the stroke rehabilitation unit.

6.3.2.5 Location
GotRhythm intervention and all assessments are conducted at the clinic of the
hospital where the participants are recruited.

6.3.2.6 Intervention protocol
GotRhythm is a mobile phone-based app used to deliver individualised music-motor
therapy to stroke survivors and provides feedback on motor performance.
GotRhythm training is tailored to a participant’s specific injury in consultation with
their clinicians at the hospital where they are a patient. The training takes place
under supervision at the hospital’s stroke rehabilitation clinic, and training is in
addition to the usual stroke rehabilitation programme recommended by their
clinician. GotRhythm supports a wide array of sensors to detect a variety of physical
activities, including both upper and lower limb movements, as well as gross and fine
motor skills. A series of participant-specific movement tasks focusing on different
affected body parts are selected to match the rehabilitation goals of each patient.
Some examples of the exercises or movements participants may be asked to
complete include bicep curls, toe taps or wrist flexion-extension. A full list of the
exercises and movements that can be combined with GotRhythm are provided in
Appendix (section 9.4.1.2).
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Patients wear non-intrusive sensors (IMUs) on the relevant body part that link
wirelessly to the app. The allied health professional in charge of the patient’s
rehabilitation controls the GotRhythm training by assigning a suitable target rhythm
using beats per minute (BPM) for each patient. The initial tempo is matched to the
patient’s initial movement frequency. Tempo is adjusted in each session to suit each
patient’s abilities and progressively attuned to any changes in the patient’s
requirements over the intervention period. The tolerance band (the acceptable
tempo range within which the participant can move that GotRhythm counts as
accurate) is also adjusted to suit the patient’s abilities. For example, a target BPM of
60 with a tolerance of 3+/-, results in an acceptable tolerance range of 57-63. Music
is selected based on individual patient preferences and 8-10 songs are selected with
an approximate overall playtime of 30-min. GotRhythm changes the tempo of the
music to the defined target BPM in real time without any change in pitch.
During each intervention session, participants are instructed to move to the beat of
the music and moving to the target BPM results in alignment of physical movement
with musical tempo. When the participant’s movements deviate from the selected
tempo range, the music is silenced and replaced with a metronome playing at the
pre-selected target tempo. The metronome provides real-time auditory feedback
until the participant moves again within the target tempo range. Metronome
feedback can also be turned off if the patient is struggling to match the beat (e.g.,
<10% of movements are matching target tempo).
Target BPM, tolerance range, chosen exercises (e.g., bicep curl), music selection and
amount of time spent engaged with the GotRhythm app (start and end time) is
recorded in logbooks provided by the research team. An example of a logbook and
the information collected is presented in Appendix (section 9.4.1.2). The GotRhythm
program consisted of a warm-up, preparatory activities (BPM/movement selection),
main activities and cool down led by their clinician. Participants were able to stop,
and rest whenever required.
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6.3.2.7 Equipment
GotRhythm is administered on an iOS device (iPhone 5, Apple Inc., CA). The sensors,
wireless inertial motion units (IMU) (Mbientlab Inc., San Francisco, CA), and iPhones
are provided to clinical staff by the research team. The IMUs wirelessly transmit
acceleration, gyroscope and magnetometer data at a rate of 100Hz to the
GotRhythm app. GotRhythm converts the raw sensor data into attitude angles (yaw,
pitch and roll) in real time. Clinical staff configure the start and end point angles in
GotRhythm for the chosen attitude (e.g., yaw). For example, GotRhythm is
configured for periodic upper arm movement from 0 degrees (parallel to the ground,
start point) to 45degrees (end point). One complete cycle through this range of
movement corresponds to a ‘beat’, and the aim is to match the beats to the target
BPM. Start and end angles and chosen attitude are also recorded in the logbooks
(Appendix, section 9.4.1.2). With appropriate training in GotRhythm, this set up can
take <5-min.

6.3.2.8 Primary outcome measures
1. Compliance with intervention

Clinicians record the length of time each patient engages with the app in logbooks
provided by the research team. This allows us to track each participant’s progress
and adherence to the rehabilitation program.
2. Generalisation of sensory motor control

The primary outcome was a change in Fugl-Meyer Assessment (FMA) of Motor
Recovery score from baseline. The FMA is a stroke-specific, performance-based
impairment index that evaluates upper and lower limb motor function, balance,
sensation and joint functioning in patients following stroke (Gladstone, et al. 2002).
Patients are assessed with both the Upper-Extremity (FMA-UE) and Lower-Extremity
(FMA-LE) Fugl Meyer Assessments.
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The FMA is a commonly used assessment for measuring post-stroke impairment in
research and has been used as an outcome measure in other clinical trials (van
Wijck, 2001, Velstra, 2011, Michaelsen, 2006). The FMA has excellent inter- and
intra-rater reliability (Duncan et al., 1983, Sanford et al., 1993, Hernández et al.,
2019, Sullivan et al., 2011). The FMA motor domain assessment is used in the
current study. The motor domain includes items measuring movement, coordination and speed and reflex action of the shoulder, elbow, forearm, wrist, hand,
hip, knee and ankle. Items are scored on an ordinal scale of 0 (cannot perform,
absent), 1 (partial impairment), and 2 (no impairment). Overall motor scores range
from 0 (hemiplegia) to maximum of 100 (normal motor performance), with 66 points
assigned for the upper extremity and 34 points for lower extremity.

6.3.3 Schedule of assessments
Participants are assessed with the FMA at baseline, after 3-weeks and at end of the
intervention period (6-weeks). If participants are discharged before the intervention
period ends, they are assessed before leaving the stroke unit and that assessment is
used as a final assessment. Assessments are conducted by a trained member of
research team. Assessor/s are blinded to participant group allocations. Data
collection plan and GotRhythm schedule of assessments is summarised in Figure 6.7.
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Figure 6.7 Schedule of Fugl-Meyer assessments: baseline, week 3 (mid-intervention) and week 6
(post-intervention). Data collection days are subject to change based on patient rehabilitation
schedule and clinician availability.

6.3.3.1 Data analysis
For the primary outcome measure, appropriate analysis for the mixed design with
repeated measures will be used. Statistical analysis will be completed using SPSS and
Prism GraphPad. The main result of our analysis is to assess if GotRhythm had an
effect on motor function using the FMA-UE and FMA-LE scores, calculating the
difference score between baseline assessment and 3-week and 6-week scores, and
comparing the intervention to control group.

6.3.4 Discussion
The aim of this initial clinically focused feasibility study was to determine the
rehabilitative potential of our individualised music-motor therapy app and to test
the feasibility of incorporating GotRhythm into rehabilitation programs delivered on
a stroke rehabilitation ward. We also wanted to determine if GotRhythm can
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improve motor function and promote measurable changes in affected limb function
compared to conventional therapies in a small sample of participants with sub-acute
stroke with different motor impairments of varying severity. Although data
collection for the current study is still ongoing and therefore cannot be unblinded for
this thesis, the study is nearing completion. I will discuss some of the strengths and
limitations of the study that I have observed through the study design and data
collection process and provide comment on the experience of patient recruitment,
outcome measure sensitivity and the overall experience of attempting to establish a
clinical trial with a novel intervention in an acute stroke ward.

6.3.4.1 Study protocol considerations: strengths and limitations and future directions

6.3.4.1.1 Sample size
The current sample size was considered feasible for the researchers to deliver within
the available time frame and with the resources available at the study locations.
However, due to unforeseen issues with staffing, such as high staff turnover and
understaffing at the hospital, slow recruitment and participant withdrawal, and
unprecedented situation of the COVID-19 pandemic, the time frame had to be
extended to achieve our target sample size.

6.3.4.1.2 Assessors
Unfortunately, in two cases, participants were discharged before undergoing their 3week assessment. This was unavoidable, as the participants were required to leave
immediately to obtain a place in community care, and the blinded assessor was not
available to conduct the final assessment. One way to overcome similar issues such
as staffing limitations and participant discharge without assessment in a larger scale
study is to install a minimum of two members of research staff at the hospital
locations, one to deliver the intervention under the supervision of clinical staff and
one as a blinded assessor. If not practical, tertiary hospitals (i.e., on-site or near
universities) might be suitable locations to test the intervention. Additionally,
hospitals with full-time research staff would also be a suitable alternative.
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6.3.4.1.3 Recruitment
Conducting studies with both sub-acute and chronic stroke patients has also
underlined the difficulty of recruitment of stroke survivors in hospital and the
community, even with the assistance of hospital staff. For one, the heterogeneity of
the stroke influences recruitment decisions. If inclusion criteria are too specific, such
as with inclusion of neurophysiological measures that require stringent exclusion
criteria, or the use of rehabilitation interventions that require a certain level of
baseline movement, recruitment can be very slow and limited. Too broad and the
heterogeneity of participant movement impairment, type of stroke and stroke
location, means extra variables that make statistical analysis problematic and
reduces the validity and generalisability of results. The target participant group were
stroke patients with severe to moderate impairment (e.g., 30 – 39 on the FMA-UE).
However, due to recruitment issues, we were required to widen the patient pool and
inclusion criteria to stroke survivors with all levels of impairment and movement
abilities. In future, we hope to restrict the inclusion criteria to stroke survivors with
moderate impairment as scored by the FMA. Informal feedback from clinicians who
oversaw participant recruitment also stated that the inclusion criteria for our clinical
trial were open to their discretion and were rather subjective. They indicated it
would have been ideal to more formally include/exclude patients under more
objective criteria. We must consider all these important factors when designing
studies for stroke survivors in the future. The development of state-wide stroke
survivor databases, where participants can register after discharge from hospital,
may assist with the recruitment process for chronic and community-based stroke
survivors. Partnerships between hospitals, community services and research
institutes and universities can also improve the recruitment process and potentially
support stroke survivors with accessing novel interventions and treatments.

6.3.4.1.4 Intervention dose
The GotRhythm protocol, although based on previous RAS protocols and originating
from research into the effects of rhythm on movement, has not been clinically
researched. Additionally, the optimal dosage and frequency of treatment has not
been established. The dosage we chose (3 sessions per week for 6-weeks) in the
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current study is lower compared to the majority of studies. Previous research into
the clinical application of RAS and other music-based therapies has primarily used
higher dosage with daily application, 5 days per week for 3-6-weeks, which led to
statistically significant changes in motor function (Schneider et al., 2010, Altenmüller
et al., 2009, Malcolm et al., 2009, Rojo et al., 2011, Amengual et al., 2013, Cha et al.,
2014, Thaut et al., 2007, Thaut et al., 1997, Schauer and Mauritz, 2003). Although
few rhythm-based intervention studies have reduced the frequency and dosage of
treatment, interventions delivered 3 days a week for 3-6-weeks have led to small but
significant improvements in movement (Nieuwboer et al., 2007, Whitall et al., 2011).
Informal feedback provided by the clinicians in regard to block and frequency for the
current trial suggested it may be easier to have a shorter intervention session every
day (rather than 3 days a week). The clinicians indicated this would allow patients to
remember the assigned exercises more clearly from session to session and improve
participation during training. Future research will need to focus on determining the
optimal dosage and frequency of treatment for GotRhythm to improve motor
outcomes in stroke-survivors.
It is important to acknowledge the dose of intervention delivered in the GotRhythm
(+360 minutes) group is more than the what the control group receives with
conventional rehabilitation. This issue was considered when designing the task i.e.,
if there was an effect present, was it due to GotRhythm or additional training time?
For the purposes of this thesis, one of the main goals of the current pilot clinical trial
was to determine the feasibility of introducing this type of therapeutic app into
rehabilitation and the benefit/challenges of using GotRhythm compared to
conventional therapy. We will be mindful to interpret the data accordingly and the
issue will be considered in the interpretation of data when collating and analysing
for future submission of papers.

6.3.4.1.5 Intervention period duration
We decided on intervention period (6-weeks) based on previous music therapy
studies that demonstrated significant changes in motor function in stroke survivors
(Schneider et al., 2010, Altenmüller et al., 2009, Malcolm et al., 2009, Rojo et al.,
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2011, Amengual et al., 2013, Cha et al., 2014, Schauer and Mauritz, 2003). However,
this intervention was not practical for the current study as the majority of
participants were discharged before the 6-week period was completed. This is the
nature of the acute stroke ward, where participants are discharged into the care of
family or carer or into community care to continue their recovery as soon as it is
deemed safe and appropriate by their primary health care team. This was supported
by clinical staff who indicated that the geriatric stroke cohort generally have shorter
rehabilitation periods on the ward. The patients who are required to stay on the
stroke ward as inpatients for >6-weeks also tend to have more severe lesions and
post-stroke motor impairments and/or cognitive deficits. Therefore, the findings
from the patients who do require a longer stay may not be generalisable to other
stroke survivors with less severe deficits or those in the earlier stage of recovery.
One way to overcome the issue of patient discharge before 6-week intervention and
the subsequent data loss is to reduce the intervention period to 3-weeks. However,
it is not known if this ‘dose’ would be sufficient to induce significant and meaningful
changes in motor function. Another option is for patients to continue their
intervention as out-patients, where they would continue to come into the hospital
for their intervention. Unfortunately, this would require a considerable commitment
from participants, who would need transport to and from hospital, three times a
week for the rest of their intervention period. Finally, participants in the intervention
group could continue GotRhythm at home, under the supervision of the research
staff. This option is ideal, as independent self-delivery of GotRhythm is the ultimate
goal of the intervention. At-home delivery would require two investigators to travel
(separately) to the participant’s home to deliver the intervention and complete the
motor assessments. This is possible, although the home environment would
introduce different variables that could not be controlled, such as space limitations
and additional distractions. Additionally, the risks to research staff and participants,
possible benefits and logistics of delivering the intervention at home would have to
be thoroughly considered (Street et al., 2015).
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The current clinical trial highlighted the critical need for clinical support for
organisation of the study, participant recruitment and delivery of intervention. We
were fortunate to have full support of the physiotherapy department at our hospital
location, who were interested in the application and effects of our music-motor
therapy app for stroke rehabilitation. Physiotherapy staff assisted with the
development of exercises compatible with GotRhythm and delivered the therapy to
all participants in the intervention group. The physiotherapy staff were also
instrumental with sub-acute stroke participant recruitment.

6.3.4.1.6 Outcome measures
The FMA motor assessment is a recognised, valid and reliable measure of motor
impairment in stroke survivors (Gladstone et al., 2016, Velstra et al., 2011, van Wijck
et al., 2016). However, it is unclear how effective the FMA is at detecting small, but
clinically meaningful, changes in gross and fine motor function in stroke survivors in
sub-acute stage of recovery. Minimal clinically important difference score (MCID) is
the difference in FMA scores from baseline to post-intervention that is perceived to
be clinically meaningful by both clinicians and patients (van der Lee et al., 2004,
Gladstone et al., 2002, Page et al., 2012, Narayan Arya et al., 2011, Hiragami et al.,
2019). For chronic stroke survivors with minimal to moderate upper limb motor
impairment, the MCID is considered to be 4.25-7.25 points (Page et al., 2012). For
lower extremity recovery for chronic stroke survivors, a MCID score of 6 on the FMALE was considered a meaningful improvement (Pandian et al., 2016). For sub-acute
stroke patients (approximately 1.5 months after initial stroke), a change of 6-7 points
(10%) or greater in FMA motor scores may represent a clinically meaningful
improvement (van der Lee, 2001, Feys et al., 1998, Jørgensen et al., 1995). However,
more recent research found for sub-acute stroke survivors with mild to moderate
upper limb motor impairment, MCID is 9-10 points on the FMA-UE (Narayan Arya et
al., 2011). Hiragami et al. (2019) found a MCID range of 9-12.4 (FMA-UE) was likely
to be perceived as clinically meaningful in sub-acute stroke patients with moderate
to severe upper extremity impairment. Further research must be done to confirm
the MCID score range for the FMA-UA and FMA-LE for sub-acute stroke patients and
to establish if music-motor therapies can lead to clinically meaningful changes.
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There are some limitations in using the FMA as the only primary outcome measure,
as we have done in the current study. For one, ceiling effects have been reported for
the FMA for patients with moderate to high motor function and less severe motor
impairments (Thompson-Butel et al., 2015, Morris et al., 2001, Gladstone et al.,
2002). Secondly, because of the possible ceiling effect, the FMA may be more
responsive and have greater measurement reliability for those with severe stroke
impairments. Larger measurement variability has been also observed for patients
with mild to moderate impairment (Gladstone et al., 2002). This is an issue as there
is large heterogeneity of upper and lower limb impairment within sub-acute stroke
patients, with severity and subsequent recovery patterns of individuals varying
widely. Using the FMA in combination with other motor function assessments in the
future, such as the Wolf-Motor Function Test, Action Research Arm Test (Lyle, 1981),
Nine-Hole Peg Test (Kellor et al., 1971) for assessment upper limb function and
lower-limb motor function assessment such as testing different gait parameters (Cha
et al., 2014, Ko et al., 2016, Thaut et al., 2007, Lee et al., 2018b) will allow for more
sensitive and clinically useful measures of specific changes in motor function of
stroke survivors (Wüest et al., 2016). Tests such as ‘Timed Up and Go’ test (Podsiadlo
and Richardson, 1991) or more recent instrumented Timed Up and Go (iTUG) are
additional motor function assessment that could be included. Finally, including
general or specific activity of daily living measures (e.g. Chedoke McMaster Stroke
Assessment - Activity Inventory) can provide further information on motor function
recovery (Gowland et al., 1993).
The FMA will not inform us about the effects of rhythmic entrainment on auditorymotor coupling and plasticity as demonstrated with measures such as fMRI, TMS or
EEG (Altenmüller et al., 2009, Rojo et al., 2011, Rodriguez-Fornells et al., 2012,
Amengual et al., 2013, Summers et al., 2007). Due to research staff availability, lack
of appropriate equipment at the hospital and safety concerns over transport of
patients to the research facility, we could not include neurophysiological measures
in the current feasibility study. In future, it is our hope to set-up and establish TMS
measures at the hospital site that will allow us to investigate the effects of an
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extended GotRhythm intervention protocol on corticospinal excitability and
plasticity in sub-acute stroke patients. Additionally, measures of muscle activity, such
as with EMG, and incorporating kinematic analysis of movements using our wearable
sensors (e.g., joint range of motion) will provide us with a wider range of measures,
in future research.
GotRhythm sessions were not recorded within the app. It was not possible to record
sessions as the high staff turnover, different clinicians using GotRhythm with the
patients and understaffing meant time and opportunities to train staff on correct
GotRhythm procedures was limited. Instead, patient sessions and adherence was
recorded using the logbooks provided to therapists for each intervention participant.
Ideally, in future research, all GotRhythm sessions and patient progress will be
recorded in the app. To achieve this, staff training in intervention protocols can be
provided regularly by research staff or as mentioned, research staff can deliver the
intervention under the supervision of clinical staff. Finally, qualitative assessments
will be included in any future trials to collect feedback on patient experience and
compliance.

6.3.4.1.7 Conclusion
Overall, conducting two clinically focussed studies has been a positive experience,
and our findings will contribute new knowledge to the field that could influence
future service design and delivery. Our two studies have also allowed us to identify
some methodological limitations and logistical considerations, which can be rectified
and improved in future studies. Questions regarding optimal treatment dosage, ideal
setting and frequency of treatment delivery, as well as the ideal outcome measures
to assess any changes induced by our music-motor therapy app still remain. With our
clinical focussed studies, we have made important first steps towards providing a
potential new rehabilitation intervention for stroke survivors.
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7 Chapter 7: General Discussion
7.1 What did we find?
This thesis aimed to understand and compare changes in corticospinal excitability
(CSE) and motor control between motor training using GotRhythm, our novel musicmotor therapy app, and conventional motor training in healthy young and older
adults, and clinical populations. We also aimed to provide some insight into the
underlying mechanisms of rhythm-based motor interventions. In our studies, both
GotRhythm and control motor tasks improved motor performance in healthy young
adults, although, consistent with previous research, training on our control task did
not improve motor performance in older adults in study 2 (Berghuis et al., 2015,
Sawaki et al., 2003, Rogasch et al., 2009, Cirillo et al., 2010). In study 1 and 2,
GotRhythm (bimanual and unimanual tapping) and our control motor task training
(ballistic thumb abduction) did not significantly change CSE and intracortical
inhibition in young or older adults, as measured by Input-Output (IO) curves, single
intensity TMS measures at 120% RMT and short interval intracortical inhibition (SICI).
The potential reasons for this lack of change in corticospinal excitability and SICI are
discussed throughout this section. One positive finding was that we demonstrated
GotRhythm combined wrist extension modulated CSE in the trained agonist (ECR)
and antagonist (FCR) at specific times during and after training compared to baseline
and elicited greater motor evoked potentials (MEPs) compared to the control motor
task in both the ECR and FCR. SICI did not change after training for any of the tasks
for either GotRhythm or control motor task. Mechanisms that may have contributed
to these results are considered below.

7.1.1 Caveat
We have provided some evidence to suggest GotRhythm can increase CSE relative to
baseline in the trained muscles with a wrist extension and, at timepoints during and
after training, induce greater MEP amplitude compared to control motor task.
However, these changes only occurred at specific training ‘doses’ and were only
apparent with single intensity (120% RMT) TMS measures. It is important to highlight
that our main research hypothesis was that GotRhythm would facilitate CSE
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compared to control motor tasks (ballistic thumb abduction and ballistic wrist
extension), which were previously shown to increase CSE in healthy young adults
(Carroll et al., 2008, Muellbacher et al., 2002b, Ziemann et al., 2001, Ziemann et al.,
2004, Ackerley et al., 2011, Chye et al., 2010, Krutky and Perreault, 2007, Suzuki et
al., 2012, Renner et al., 2005). Our hypothesis was based on the theory that our
control motor tasks would significantly increase corticospinal excitability in healthy
adults. In our studies, the ballistic thumb abduction control motor task did not
convincingly increase or significantly change CSE in studies 1 and 2 and the ballistic
wrist extension task induced a single transient decrease in study 3 compared to
baseline. Therefore, the evidence does not convincingly demonstrate that
GotRhythm further facilitated CSE compared to control motor training. Of course,
the benefits of application and inclusion of music to motor training are not solely
related to mechanisms of modulated CSE, motor learning or use-dependent
plasticity. Music has previously been shown to increase motivation during exercise
and improve psychological well-being in clinical and rehabilitation settings (Baylan et
al., 2016, Bunketorp Käll et al., 2012, Lim et al., 2011, Magee et al., 2017, Sihvonen
et al., 2017, Hole et al., 2015, Salimpoor et al., 2009). This was evident in the
informal positive feedback we received about GotRhythm from stroke survivors in
both clinical studies. The beneficial effects of music are even more apparent for
familiar or ‘groove-inducing’ music (Jan et al., 2016, Stupacher et al., 2013, Leow et
al., 2015, Karmonik et al., 2016, Stork et al., 2015). Although we have not
conclusively shown GotRhythm can induce plasticity mechanisms significantly more
than control motor training, it is clear that music can provide additional benefits to
training and rehabilitation, and our studies provide a foundation to investigate these
further.

7.2 Mechanisms of rhythmic auditory stimulation
We demonstrated GotRhythm can increase CSE compared to baseline, under specific
circumstances, potentially indicating a role of use-dependent plasticity in GotRhythm
and rhythmic auditory stimulation (RAS) training-induced effects. Some mechanisms
that may have contributed to the small changes in CSE and the ways in which RAS
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can improve motor function reported in previous research include: (1) accelerated
motor learning with rhythmic stimuli (2) the shared neural substrates of rhythmic
perception and motor learning, and (3) increased contribution of cognitive correlates
that may influence motor processes.

7.2.1 Accelerated motor learning
GotRhythm may impact both motor performance and use-dependent plasticity by
accelerating the motor learning process. During our wrist extension task with
GotRhythm, movements were regularised by restricting the specific parameters of
the task using a set acceleration threshold with wearable sensors, and the rhythmic
cues from the music specified a regular external temporal cue while the metronome
provided specific auditory feedback in real-time (Thaut, 2015, Bengtsson et al., 2009,
Large, 2000). These factors ensured each movement was performed similarly each
time. These consistent and correctly performed repetitive movements could result in
more specific and faster learning (Schaefer, 2014a, Schaefer and Grafton, 2017). The
repetitive rhythmic cues with music and metronome are perfectly suited to assist
with the performance of identical movements, adhering to the core principles of
use-dependent plasticity of mass-repetition (Kleim and Jones, 2008, Nudo, 2006).
Although as the changes to CSE with GotRhythm occurred only using specific tasks
and with a specific amount of training, further research into the specific cortical
activation and timescale of neurophysiological mechanisms of GotRhythm and how
they interact with task is required.

7.2.2 Additional neural substrates
The perception-driven activation of auditory-motor networks with rhythmic auditory
stimuli (e.g., SMA, pre-SMA, PMC, cerebellum, basal ganglia and superior temporal
gyrus) via GotRhythm may also facilitate motor learning and increase CSE (Grahn and
Brett, 2007, Grahn, 2009b, Chen et al., 2006, Chen et al., 2008, Bengtsson et al.,
2009, Moore et al., 2017, Grahn and Rowe, 2009, Kung et al., 2012, Lewis et al.,
2004, Schubotz et al., 2000). The nature of this activation (e.g., inhibitory or
excitatory) in previous studies was not clear. However, from the results of the
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current thesis, if these cortical areas were activated with rhythmic stimuli during
GotRhythm training, as was expected based on the previous literature, then the
activation was not sufficient to detectably modulate CSE. Additionally, GotRhythm
was only sufficient to induce a detectable change in CSE with a wrist extension but
not tapping or thumb abduction.
It has been hypothesised that rhythm-based training recruits a striato-thalamiccortical system that comprises the basal ganglia (implicated in perception of regular
beats), thalamus, PMC and SMA, and dorsolateral prefrontal cortex (Repp, 2005,
Repp and Su, 2013, Thaut, 2015, Moumdjian et al., 2019). Rhythmic cues combined
with motor training could also increase activation of specific motor learning areas
(pre-motor cortex, supplementary motor areas, cerebellum) that, rather than
speeding up the learning process, could result in qualitatively different learning
process compared to conventional un-cued motor training. This process may induce
plasticity within different brain regions or circuits than were measured in our studies
(Kleim and Jones, 2008, Krakauer, 2006, Nudo, 2006). In future, we can use TMS with
motor behaviour paradigms and additional neuroimaging or electrophysiological
approaches, separately (fMRI, EEG) or in combination (TMS-fMRI, TMS-EEG) to
assess use-dependent plasticity. We could also use additional paired pulse TMS
measures to assess if rhythmic auditory stimuli modulate functional connectivity
between cortical areas, such as SMA and primary motor cortex (M1) (Côté et al.,
2020, Merchant et al., 2015, Ferreri et al., 2011). These measures, used in previous
motor training and music-supported therapy (a different form of music therapy
where musical instruments are used to train fine and gross motor functions)
research, could provide us with a more comprehensive assessment of cortical
activation, cortical inhibition and facilitation, and functional connectivity associated
with GotRhythm training (Pascual-Leone et al., 2011, Rojo et al., 2011, Sale et al.,
2017, Rodriguez-Fornells et al., 2012).
The specific mechanisms that drive rhythm-based intervention efficacy and the
specific functional significance of rhythmic cues on CSE and use-dependent plasticity
are still not completely clear. However, while we have mainly focussed on the motor
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components of RAS, it is possible additional cognitive processes may drive rhythmicbased training effects on movement.

7.2.3 Attention and Motivation
Motivation, engagement with training and attention to task can impact motor
learning and associated neural mechanisms (Salimpoor et al., 2011, Jan et al., 2016,
Stupacher et al., 2013, Thomson et al., 2008, Seidler, 2010, Koelsch, 2014,
Kornysheva et al., 2010). Peak music listening experiences have been associated with
dopamine release in the mesolimbic striatum of healthy individuals (Salimpoor et al.,
2011). Music may provide a rewarding experience that increases motivation for and
engagement with training that is sufficient to produce changes in CSE (Stupacher et
al., 2013, Moore et al., 2017, Sihvonen et al., 2017). However, as CSE did not change
after GotRhythm training in experimental studies 1 (healthy young adults; tapping iPhone screen to target tempo) and 2 (healthy young and older adults; tapping to
target tempo), it is unlikely that increased motivation associated with music listening
was the only or primary driving factor underlying increased CSE with GotRhythm
training. Additionally, as stated throughout this thesis, we used neutrally rated songs
(measured by BMRI-2) to reduce the effect of over- and under- engagement. In
future, we need to build on this research to investigate the effect of highly rated and
individualised music on CSE and motor learning in both healthy and clinical
populations to assess if this would increase the small effect of neutral music on CSE
found in our study.
Attention can also influence CSE and training- or experimental-induced plasticity
(Stefan et al., 2004, Thomson et al., 2008, Rosenkranz and Rothwell, 2005) and
attention may also have played a role in modulation of CSE in study 3. Thomson et
al. (2008) reported that direction of attention (i.e., spatial attentional) during an
index finger abduction task, but not variation in intensity of attention (i.e.,
attentional resources devoted to the motor task), reduced intracortical inhibition as
measured by SICI. When participants focussed their attention on the responding
hand while they performed brisk index finger abductions, SICI was reduced. In
contrast, when attention was focussed away from the responding hand to the
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opposite hand, SICI did not change from baseline (Thomson et al., 2008). These
results are similar to a study that investigated the effect of varying attention on
paired associative stimulation (PAS) induced plasticity (Stefan et al., 2004). Low
frequency repetitive median nerve stimulation paired with single pulses of TMS over
the M1 can induce rapid changes in CSE of the target muscle (Stefan et al., 2000),
similar to experimentally induced long-term potentiation (LTP) reported in animals
(Rioult-Pedotti et al., 2000a). In the experiment, attention was either allocated to
the target hand that received the stimulation, or the opposite hand. The allocation
of attention to the hand receiving PAS stimulation increased M1 excitability. This
change was not present if attention was directed to the opposite hand, suggesting
attention can have a significant modulatory effect on CSE or on LTP-like plasticity
(Stefan et al., 2004). As these studies demonstrate increased attention can increase
CSE, it is possible the complex GotRhythm task combined with wrist extension may
have increased attention to the task in study 3. This would be consistent with
previous RAS research that found attention to complex rhythmic cues increased
blood oxygenation levels (BOLD), a correlate for neural activity, in the basal ganglia
compared to attention to a visually presented word list in healthy adults (Chapin et
al., 2010). As the basal ganglia interacts and connects with the M1 via direct and
indirect pathways, this activation of the basal ganglia after attending to complex
rhythms may influence M1 excitability (Aoki et al., 2019, Bostan et al., 2013). Further
research is required to understand how rhythmic auditory stimuli influence
attentional resources and if this is an additional mechanism underlying changes to
CSE found in this study as well as changes to motor function found with RAS.

7.3 Individual variation in rhythm perception and production in healthy adults
Individual rhythmic ability can alter individual responses to RAS in both healthy and
clinical populations (Damm et al., 2020, Cameron and Grahn, 2014, Grahn and Rowe,
2009, Leow et al., 2014, Ready et al., 2019). In healthy individuals with no
neurological conditions, there is variation in rhythm perception and production
abilities, which can impact responsiveness to RAS (Leow et al., 2014, Ready et al.,
2019, Grahn and Rowe, 2009). One previously mentioned study found that young
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adults with poor beat perception abilities, assessed by their performance on the
beat alignment test (BAT), demonstrated reduced velocity and stride length during
walking with RAS compared to walking in silence. In contrast, strong beat perceivers
walked faster and maintained their normal gait patterns with RAS (Leow et al.,
2014). As the researchers stated, for weak beat perceivers, attempting to
synchronise movements to a rhythmic cue may be an attention-demanding task and
the poor motor outcomes may be due to ‘dual-task’ interference inherent in beat
extraction from a complex auditory stimulus while also synchronising their gait,
which may negatively affect RAS responsiveness (Leow et al., 2014, Armieri et al.,
2009, Patterson et al., 2018). Although the effect of rhythmic perception abilities on
training and training related change in CSE has not been studied, dual-task
interference and attentional processes in motor tasks can modulate corticospinal
excitability, as demonstrated in other cognitive and motor task paradigms (Armieri
et al., 2009, Hiraga et al., 2009, Uehara et al., 2011, Conte et al., 2007, Schaefer,
2014b). It is possible that individual variability of rhythmic perception abilities may
influence the impact of GotRhythm on CSE, leading to varied responses within a
group. For example, weak beat perception may require input from a wider network
of cortical regions and result in less focussed task related cortical activation leading
to reduced CSE responses (Grahn and Rowe, 2009, Leow and Grahn, 2014).
However, this is only speculative. Further research is required to determine how
beat perception abilities interact with GotRhythm training and how this influences
CSE.
A recent study found that beat perception ability and task instructions to
synchronise to rhythmic stimuli (free walking vs. instructed to synchronise to beat)
interacted and influenced spatiotemporal gait parameters when walking to music
and metronome rhythmic auditory stimuli in healthy young adults (Ready et al.,
2019). The results showed weak beat perceivers demonstrated better balancerelated stride parameters (consistent stride width and double-limb support time)
when they were not instructed to synchronise with the rhythmic cues (i.e., just walk
freely) compared to when they were instructed to synchronise. In contrast, strong
beat perceivers demonstrated better balance related gait parameters when they
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were instructed to synchronise their gait to the rhythmic cues compared to free
walking. However, the results also demonstrated that poor beat perceivers’ ability to
walk in synchrony to the rhythmic cues (tempo matching) was overall good and
mostly unaffected by instruction to synchronise (Ready et al., 2019). The authors
suggested weak beat perceivers may find tempo matching and moving to music a
challenging task and will perform similarly regardless of instructions to synchronise.
This finding is inconsistent with the previous studies that found rhythmic abilities
were associated with the accuracy of synchronising movements to rhythmic cues
(Grahn and Rowe, 2009, Leow and Grahn, 2014). These studies demonstrate how
both individual factors such as beat perception abilities and instructions to
synchronise during RAS can impact movement outcomes (Leow et al., 2018, Leow et
al., 2015, Ready et al., 2019) (Leow, 2015, Ready, 2919). In our experimental studies,
we did not account for how rhythmic perception abilities and the task instructions
for GotRhythm may have influenced motor outcomes (e.g., TIZ results). Research
also indicates rhythm perception abilities influence cortical activation (Grahn, 2009a,
Grahn and McAuley, 2009), suggesting these factors may also impact individual CSE
responses. In future, we will need to account for individual differences in rhythm
perception abilities and investigate how this interacts with our task instructions, to
understand how these factors impacts CSE responses with GotRhythm training.
Individual differences in beat perception also impact auditory and motor area
activation. This difference in activation was demonstrated in a neuroimaging study
that examined the neural basis of individual differences of beat perception by
comparing weak and strong beat perceivers’ cortical activity with fMRI during a
novel tempo judgement task designed to assess differences in sensitivity to an
implied beat, where participants had to judge whether a tone sequence sped up or
slowed down (Grahn and McAuley, 2009). The study demonstrated that overall,
rhythmic stimuli induced greater activity in sub-cortical and cortical motor areas and
auditory areas compared to the rest condition, which is supported by numerous
human neuroimaging studies (Grahn and McAuley, 2009, Grahn and Brett, 2007,
Ferrandez et al., 2003, Macar et al., 2004). Interestingly, the results also found
strong beat perceivers showed greater activity in a sub-set of cortical areas: the
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SMA, left-premotor cortex and left insula. In contrast, poor beat perceivers
demonstrated relatively greater activity in left posterior superior and middle
temporal gyri and right premotor cortex. The researchers proposed that cortical
activation differences between strong and poor beat perceivers may be due to
engagement of different neural timing mechanisms (Grahn and McAuley, 2009). This
may have implications for the current thesis’ studies. It is possible that differences in
cortical activation and engagement of different neural timing mechanisms in strong
and weak beat perceivers may contribute to differences in general CSE measures,
particularly as increased activation of the SMA can produce changes in M1
excitability, due to direct anatomical connections between SMA and M1 (Matsunaga
et al., 2005, Raux et al., 2009). However, as increased SMA activation only appears to
occur in strong beat perceivers (Grahn and McAuley, 2009), this may not be
sufficient to induce changes at a group level that may include weak, neutral and
strong beat perceivers. It is important to note these findings are from only one study
that employed a rhythm perception task only and not a rhythm production or beattapping task (Grahn and McAuley, 2009). This has implications for the current thesis’
studies, where GotRhythm required both rhythm perception and production, which
may induce different cortical activations in weak and strong beat perceivers. Further
research using neuroimaging techniques is required to determine if individual
differences in cortical activation occurs in strong and weak beat perceivers with a
rhythm production or beat tapping task, such as GotRhythm.
The previous studies’ findings discussed here demonstrate the variability of rhythm
perception abilities in humans and how these abilities can impact motor
performance, motor learning outcomes and cortical activation in healthy
participants. The results discussed above have implications for the current thesis’
findings and suggest that differences in rhythmic abilities may be a contributing
factor to the individual variability of TIZ responses found in the experimental studies
throughout the current thesis. Rhythmic abilities influence cortical activation and
may impact CSE responses in a number of different ways, and they are likely to be
different between weak and strong beat perceivers. For example, weak perceivers
may be subject to dual-task interference effects (Leow et al., 2014, Al-Yahya et al.,
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2011, Armieri et al., 2009). However, it is currently unknown if the increased
cognitive control to perceive a beat and move in time increases or decreases CSE. As
we did not assess rhythm perception and production abilities in our studies, we
cannot determine if individual variability in rhythm abilities impacted CSE responses
after GotRhythm training. How rhythmic abilities influence motor performance with
GotRhythm, RAS effectiveness and CSE responses requires further investigation in
future studies.

7.4 Rhythm abilities in clinical populations
In clinical populations, there are reports of non-responders to RAS in people with
Parkinson’s Disease (PD) (McIntosh et al., 1997), and a recent study found among
mild PD patients, greater rhythmic perception ability was predictive of improved gait
velocity with RAS (Dalla Bella et al., 2017). More specific to this thesis, in stroke
survivors, a study found rhythm perception was impaired in chronic stroke survivors
with stroke survivors scoring significantly lower on the BAT compared to healthy
older adults (Patterson et al., 2018). Beat perception ability was also significantly
correlated with lower extremity impairment, with higher beat perception scores
correlated with better leg and foot function as measured by the Chedoke-McMaster
Stroke Assessment (CMSA) (Gowland, 1995, Patterson et al., 2018). Strokeassociated damage to the basal ganglia and SMA, which are linked to rhythm
perception and production abilities, may be implicated in impaired rhythm
perception abilities and motor impairments in stroke survivors. This would suggest
intact SMA and basal ganglia are essential for RAS responsiveness (Grahn and Brett,
2007, Ferrandez et al., 2003, Lewis et al., 2004, Macar et al., 2004). However, the
study did not include or measure stroke lesion characteristics, so it was not possible
to confirm that SMA and basal ganglia deficits contributed to results (Patterson et
al., 2018). Stroke-induced beat perception deficits and reduced rhythmic
entrainment ability may be one explanation for the reduced motor performance
during GotRhythm training of one of the chronic stroke survivors in our first clinical
study. However, motor performance results from our healthy participants in study 1
– 3 and three chronic stroke participants in clinical study 1 demonstrate people are
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able to improve their motor performance (i.e., TIZ) with GotRhythm training and
GotRhythm can induce rhythmic entrainment in a majority of participants. The
studies discussed here demonstrate the complex relationship between rhythm
abilities and RAS responsiveness, which requires further investigation in larger
samples of both healthy participants and stroke survivors in future research. Due to
the heterogeneity of stroke survivor samples in clinical studies, future research
should aim to include samples of participants with similar lesion characteristics and
similar impairments to determine if lesion location influence rhythmic abilities, and if
this impacts RAS responsiveness in stroke survivors.

7.5 Bimanual vs unimanual training
In the studies included in this thesis, there were different motor tasks used with
GotRhythm. For example, for experimental study 1 we used a bimanual tapping task
with GotRhythm and a unimanual ballistic thumb abduction task for the control
motor task. One factor that must be discussed is the different effect of bimanual
training versus unimanual training on cortical activation. The ability of the two
hemispheres to co-ordinate bimanual movements relies on transcallosal mediation
and communication between motor regions (Carson, 2005). Depending on type of
task, interhemispheric interactions may be excitatory or inhibitory (or a complex
balance of both). Interhemispheric inhibition (IHI) is the mechanism whereby
activation of one hemisphere inhibits the opposite hemisphere, and IHI plays a role
in co-ordination of bimanual movements (Ni et al., 2009). Interhemispheric
inhibition can be assessed with TMS by applying a conditioning stimulus (CS) to the
motor cortex, which inhibits the size of the MEP elicited by the test stimulus (TS) of
the opposite motor cortex (Daskalakis et al., 2002). It is not currently well
understood how rhythmic stimuli interacts with bimanual training and how this may
influence IHI.
In study 1, GotRhythm training involved co-ordinated but asynchronous tapping of
both hands at 120 beats per minute (BPM) (i.e., 60BPM for each hand). Bimanual
training was selected in the first study for the GotRhythm task as ‘Bilateral Arm
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Training with Rhythmic Auditory Cueing’ (BATRAC) has been shown to be an
effective strategy for enhancing upper limb function in stroke survivors (Luft et al.,
2004, Whitall et al., 2000, Whitall et al., 2011, McCombe Waller and Whitall, 2008,
Toyokura et al., 1999). Studies have found bimanual training (without rhythmic cues)
can also increase CSE in both hemispheres compared to unimanual training in
healthy adults and stroke survivors (Liao et al., 2014, Liao et al., 2018, Waller et al.,
2008, Neva et al., 2012, Cauraugh and Summers, 2005, Cauraugh et al., 2009,
Cauraugh et al., 2010). It is thought the release of intracortical inhibition
(disinhibition) between hemispheres may promote bimanual movements and
facilitate these increases in corticospinal excitability. This has been supported by
studies that reported a reduction in SICI in the dominant hemisphere after bimanual
training (Liao et al., 2018, Waller et al., 2008). In contrast, one study found bimanual
ballistic training (rapid abductions of index fingers performed simultaneously) did
not induce any significant changes in CSE in the dominant or non-dominant
hemisphere in young adults (Hinder et al., 2013). These previous results are
consistent with study 1’s findings, which showed no significant changes in CSE after
bimanual GotRhythm training. Further research is required to understand how
rhythmic stimuli interact with bimanual training and how this influences CSE and IHI.
Inhibition during bimanual training may depend on type and complexity of the task.
One study found intracortical inhibition was reduced during bimanual training when
the two upper limbs were moving synchronously and homologous muscles were coactivated simultaneously; however, inhibition was maintained when both limbs
moved asynchronously, and homologous muscles were not activated
simultaneously, as with the motor task with GotRhythm in study 1 (Stinear and
Byblow, 2002). It is believed this phasic modulation of intracortical inhibition
occurred as a result of alterations in transcallosal inhibitory neuron activity
(Schnitzler et al., 1996, Ferbert et al., 1992). The results discussed indicate bimanual
co-ordination in motor training is complex and the effect of bimanuality on CSE
depends on type of task and movements employed during training (Hinder et al.,
2013, Liao et al., 2018, Waller et al., 2008, Waller and Whitall, 2008, Stinear and
Byblow, 2002, Liuzzi et al., 2011). From our results in study 1, the bimanual
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asynchronous tapping task with GotRhythm did not appear to modulate IHI as CSE
was not significantly altered and SICI did not change, supporting previous research
that asynchronous tasks do not modulate IHI. Further testing with specific measures
of interhemispheric inhibition and ipsilateral silent period (another assessment of
interhemispheric inhibition) is required to confirm if interhemispheric inhibition
plays a role in bimanual training with rhythmic auditory stimulation and to
determine if rhythmic stimuli interact with bimanual training to induce similar or
different response in CSE compared to conventional bimanual training with rhythmic
stimuli. This is one limitation of study 1, as we compared a bimanual GotRhythm task
and a unimanual control motor task without identifying the potential effects of
rhythmic stimuli on bimanual tasks.

7.6 Task complexity
Wide-spread cortical activation in auditory and motor cortical and subcortical areas
is evident with rhythmic entrainment (Merchant et al., 2015, Thaut, 2015, Large et
al., 2015, Grahn and Brett, 2007), and evidence indicates beat perception strongly
engages the motor system even during passive music listening (Chen et al., 2008,
Grahn and Rowe, 2009, Kung et al., 2012). However, from the current results, it
appears this increase in cortical activation with rhythm alone is not sufficient to
change corticospinal excitability in our healthy participants, unless the rhythmic
auditory stimuli are paired with a specific and appropriately challenging motor task.
The task in study 3 (wrist extension) may have been more complex and represented
a more difficult motor challenge compared to previous studies in this thesis. This is
demonstrated by the behavioural results of study 3 compared to study 1 and 2,
where participants’ TIZ increased more slowly and plateaued later in the training
session in study 3 than in study 1 or 2. Consequently, the task in study 3 may have
allowed more room for improvement compared to previous GotRhythm tasks, which
may have induced a ceiling or saturation effect (Brawn et al., 2010, Berghuis et al.,
2015). GotRhythm task in study 3 required participants to accelerate from wrist
flexion to extension at an adequate acceleration to meet or exceed the set
acceleration threshold, while timing the acceleration with the target BPM, hitting
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every second beat (60BPM) at the peak of the wrist extension. This task required
precise timing and motor control to correctly co-ordinate their movements to
achieve sufficient acceleration while also hitting the target beat and be successful in
the task compared to the GotRhythm tasks that involved simple tapping to the
target BPM and the control motor tasks employed in previous studies. The increased
task complexity may underlie the changes in CSE found after GotRhythm training in
study 3.
It has been established that task complexity can influence cortical excitability, with
evidence demonstrating that training related CSE increases with task difficulty in
healthy adults (Smyth et al., 2010, Pearce and Kidgell, 2008). For example, a study
investigated the effect of complexity of motor training on cortical excitability using a
visuomotor task, where participants were instructed to abduct their index finger
against a force transducer that displayed the level of force they were required to
maintain (Pearce and Kidgell, 2008). The researchers varied the task difficulty by
increasing the amount of precision and level of control required in each condition.
Results demonstrated increased MEP amplitude induced by the more difficult task
compared to the easier tasks (Pearce and Kidgell, 2008). It was posited the more
difficult task may have required greater motor demand, and the increase in MEP
amplitude reflected the influence of increased inputs from other secondary motor
cortical areas involved in motor control (Pearce and Kidgell, 2008, Hasegawa et al.,
2001). This finding was supported by a study that found increased task-complexity in
a finger sequencing task (i.e., simple vs complex sequence) significantly increased
CSE in healthy adults (Roosink and Zijdewind, 2010).
Consistent with the link between task complexity and CSE, Smyth et al. (2010) found
that manipulating the degree of task complexity or the cognitive demand required
during motor tasks can impact motor learning and CSE responses. Researchers
employed a wrist flexion-extension waveform tracking task that was accompanied by
different performance feedback schedules i.e., 100% vs 50% augmented feedback.
The 100% feedback group received continual visual feedback on motor performance
for each trial while the 50% feedback group received performance feedback on
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every second trial. The differences in feedback resulted in differences in learning
after a single session with results showing the 50% feedback group performed better
at a delayed retention task performed 24hrs after the training session, compared to
frequent feedback (100%) group, indicating enhanced learning with reduced
feedback. The reduced feedback group also showed increased MEP amplitude from
post-training (immediately after training) to retention stage (24hrs post training),
after a transient non-significant reduction in excitability from baseline to
immediately after training. In contrast, there was no change CSE with the frequent
(100%) feedback training schedule at any time point. There was a significant
decrease in SICI for the reduced feedback group from pre- to post-training but not
for the frequent training group (Smyth et al., 2010). It was proposed that reduced
feedback may require a higher degree of cortical processing, as individuals must
develop an internal representation of the task to base their performance on when
feedback is absent (Leonard, 1998). Therefore, practicing with reduced feedback
increased cognitive load, which led to more successful motor learning and associated
increases in CSE (Smyth et al., 2010). Finally, a recent study found that as the novelty
and difficulty of a visuomotor task decreased with increased practice, performance
was no longer associated with increased in CSE (Christiansen et al., 2018). The
authors signified the importance of continuous challenge during motor practice by
continually adjusting task difficulty to individual skill level. The GotRhythm tasks in
study 1 and 2 may not have been sufficiently complex or task difficulty may not have
matched the majority of participants’ proficiency, leading to no change in
corticospinal excitability responses.
Increasing task difficulty progressively during learning a novel skill to match the
increasing proficiency of an individual is the fundamental component of training
athletes and musicians (Ericsson et al., 1993). These previous findings on task
complexity discussed above suggest more complex tasks and tasks that involve
higher level of cortical processing may facilitate excitability changes compared to
simple or less cognitively demanding tasks (Pearce and Kidgell, 2008, Smyth et al.,
2010, Roosink and Zijdewind, 2010, Christiansen et al., 2018). This theory provides
another explanation for the change in CSE found after GotRhythm training from
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baseline in study 3 compared to the previous studies in this thesis. Interestingly, one
purported mechanism for RAS effects on motor function is that rhythmic auditory
stimuli may reduce cognitive load, with the rhythmic stimuli providing stable
temporal cues that may assist a learner to focus on the relevant cues for movement.
However, perhaps this is only appropriate for people with neurological deficits. In
order for rhythmic auditory stimuli to increase CSE in healthy adults, the task may
need to be sufficiently challenging and increase cognitive demand. Future research
will need to investigate the relationship between task complexity and rhythmic cues
with GotRhythm and how this influences neural mechanisms. This could be achieved
by manipulating task complexity of GotRhythm tasks, either by changing the amount
of auditory feedback participants receive, modulating the tolerance band settings
(i.e., decreased tolerance band increases the required accuracy of movements) or
modulating task parameters (i.e., using a force transducer or visuomotor tasks)
(Cantarero et al., 2013) and comparing CSE and motor learning responses in healthy
adults.

7.7 Tolerance band
Tolerance changed across studies for therapeutic relevance and tailoring training to
target populations. As the research continued and we designed each study, it was
clear training needed to be adjusted to suit the needs of stroke patients and older
adults, while also balancing the need for training to be challenging enough for
younger adults. Tolerance was increased from +/-3 to +/-5 from study 1 to study 2 to
accommodate the changes to the program for stroke survivors, out target
population. A major goal of my studies was to determine the ideal training that was
both achievable and challenging for those who had suffered from neurotrauma,
while also trying to determine the neurophysiological changes that may occur with
training with a music-motor therapy app in younger adults, making it a challenging
task to balance. This is the reason why training parameters (number of movements
and tolerance band) were changed across the experimental chapters.
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7.8 Standardisation
As GotRhythm was a brand-new intervention and no research had been conducted
into the neurophysiological effects of RAS, it was important we compared
GotRhythm training with a validated motor training task (ballistic thumb abduction
task) that has been shown to modulate corticospinal excitability and induce usedependent plasticity in healthy adults (Carroll et al., 2008, Dickins et al., 2015, Hinder
et al., 2013, Rogasch et al., 2009, Sale et al., 2013, Muellbacher et al., 2001, Ziemann
et al., 2001, Cirillo et al., 2010). We wanted to investigate if GotRhythm was able to
enhance motor learning and significantly increase corticospinal excitability
compared to control motor training. These findings would demonstrate that this
music-motor intervention was potentially superior, equal, or secondary to the
conventional gold-standard motor training task for inducing use-dependent plasticity
and give us greater insight into the mechanisms underlying GotRhythm and RAS.

7.9 Plasticity in healthy vs clinical populations
Our investigations into GotRhythm and CSE are predicated on studies that
demonstrated RAS increased motor function compared to conventional training
methods in stroke survivors (Ghai and Ghai, 2019, Nascimento et al., 2015, Lee et al.,
2018b, Cha et al., 2014, Mainka et al., 2018, Oh et al., 2015, Suh et al., 2014, Thaut
et al., 2007, Thaut et al., 1997, Tian et al., 2020, Whitall et al., 2000, Wittwer et al.,
2013) and other neurological disorders (de Dreu et al., 2012b, Spaulding et al., 2013,
Calabrò et al., 2019, Arias and Cudeiro, 2008, Ashoori et al., 2015, Dalla Bella et al.,
2015, Dalla Bella et al., 2017, del Olmo et al., 2006, Lindaman and Abiru, 2013, Lopez
et al., 2014, Magee et al., 2017, Rocha et al., 2014, Chaves et al., 2020). As increased
motor function after training is associated with increases in CSE in healthy and
clinical populations, indicating use-dependent plasticity, it was predicted RAS would
induce changes in CSE and use-dependent plasticity (Carroll et al., 2008, Perez et al.,
2004b, Christiansen et al., 2018, Ziemann et al., 2004). However, as injury-associated
plasticity processes as described above are not active in healthy adults, this may
explain why we did not see the hypothesised changes to CSE after GotRhythm in
healthy adults. Researchers have suggested that training with rhythmic auditory
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stimuli in clinical populations may ameliorate lost motor function by increasing the
activity of alternative, undamaged pathways in the brain, such as the auditory-motor
pathways or non-primary motor areas activated by rhythm and music perception
(Amengual et al., 2013, Ghai and Ghai, 2018, Schaefer, 2014a). Without the
increased capacity for structural and functional reorganisation after injury,
GotRhythm training may not be sufficient to induce measurable changes in CSE and
motor control in healthy adults, unless the task is sufficiently challenging. Although
there is currently no evidence from the rhythm-based intervention and music
therapy literature to support this theory, evidence from non-invasive brain
stimulation literature indicates that plasticity-inducing brain stimulation
interventions, such as repetitive transcranial magnetic stimulation (rTMS) can have
differing effects on healthy and damaged cortical processes (Makowiecki et al., 2014,
Nasios et al., 2018, Cirillo et al., 2016, Soundara Rajan et al., 2017). Our clinical
studies were designed to investigate the hypothesis that GotRhythm may influence
motor function and CSE differently in stroke patients and healthy controls.
Unfortunately, as mentioned in the clinical chapter, due to limited recruitment of
chronic stroke survivors in our single session study, and logistical challenges in our 6week intervention study, we could not investigate if GotRhythm had a greater effect
on CSE of stroke-survivors compared to healthy controls. Instead, the
neurophysiological and motor effects of GotRhythm for stroke-survivors will be the
focus of future investigations.

7.10 Training time and dosage
In the studies included in this thesis, we changed the task parameters, such as
training time and training ‘dose’ (number of movements), of GotRhythm and the
control motor task. Briefly, in study 1, participants completed 30-min of training (2 x
15-min blocks) for GotRhythm (3600 movements) and control motor training (900
movements). In study 2, participants completed 20-min (4 x 5-min blocks) of
GotRhythm (1200 movements) and control motor training (600 movements). Finally,
in study 3, participants completed 10-min of GotRhythm and control motor training
(4 x 2.5-min blocks), which was dose-matched (600 movements). Although training
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times were progressively reduced over the studies, task parameters for all studies fit
with previous motor training literature that found changes in CSE after a single
session (Muellbacher et al., 2001, Muellbacher et al., 2002b, Ziemann et al., 2001,
Cirillo et al., 2010, Rogasch et al., 2009) and rhythm literature that observed
auditory-motor activation after 20-min of training (Bangert et al., 2006, Stupacher et
al., 2013, Moore et al., 2017). It is relevant and important to discuss the impact of
training time, as the reduction in training time and training ‘dose’ across the
different studies may be one factor that contributed to the different CSE after
GotRhythm and control motor training results across studies. The results observed in
study 3 after GotRhythm training may be due to the reduced possibility of
participants overlearning the task and inducing a saturation effect (from the shorter
training time) that masked learning effects, which may have occurred in study 1 and
2 (Karni et al., 1995, Karni et al., 1998, Ungerleider et al., 2002, Puttemans et al.,
2005, Rosenkranz et al., 2007a, Berghuis et al., 2015, Brawn et al., 2010).
Additionally, reducing training time and dose may have ensured that the participants
were still in the first stage of skill acquisition or ‘fast’ learning stage in study 3
compared to the previous studies (Karni et al., 1995, Karni et al., 1998). In future
research, it will be important to test training time and dose in clinical populations as
well to determine the optimal training parameters and assess how learning stage
differs responses in these populations. For example, stroke survivor participants may
require longer training compared to healthy controls, as length of learning stages
and corresponding corticospinal excitability changes may be affected by their motor
impairments (Dahms et al., 2020).

7.10.1 Motor learning stage
It is well established that phase of motor learning influences cortical activation and
CSE responses, with evidence indicating early phase of learning characterised by
large improvements in motor performance is associated with increased M1
activation and enlarged motor representation of the trained muscle in M1 (Karni et
al., 1995, Karni et al., 1998, Nudo et al., 1996, Hikosaka et al., 1999, Smyth et al.,
2010, Poldrack et al., 2005, Dayan and Cohen, 2011). It is hypothesised that
increased motor cortical activation during skill acquisition reflects recruitment of
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additional cortical inputs with practice (Poldrack et al., 2005, Poldrack, 2000). In
contrast, later stages of learning, characterised by plateaus in motor performance
that represent automatization of task or overlearning phase, is associated with
decreases in M1 activation (Baraduc et al., 2004, Wolpert et al., 2011, Puttemans et
al., 2005). Automatization of task is most likely associated with increased neural
efficiency of the motor system that requires less neural resources that results in
decreased M1 activity (Karni et al., 1995, Puttemans et al., 2005, Sun et al., 2007).
Although duration of practice and type of task in previous research differ to those
used in our studies, it is possible the lack of change in CSE in young adults after
GotRhythm and control motor task training in studies 1 and 2 is the result of
decreased M1 activation due to overlearning and automatization of task, as
demonstrated by plateaued motor performance (Karni et al., 1995, Karni et al., 1998,
Rosenkranz et al., 2007a). In contrast, in study 3, motor performance had not yet
reached maximum for the majority of participants with both GotRhythm and control
motor task training, indicating participants were most likely in an earlier stage of skill
acquisition.

7.11 Lack of association between CSE and motor performance
The results in this thesis show a lack of association between motor performance and
corticospinal excitability, with increases in motor performance in young adults
showing no relationship with changes in CSE. It is commonly accepted CSE changes
reflect changes in long-term potentiation-like plasticity mechanisms involved in
motor learning (Bütefisch et al., 2000, Muellbacher et al., 2001, Muellbacher et al.,
2002b, Sawaki et al., 2003). However, these plasticity markers within the M1 are not
necessarily associated with magnitude of motor performance improvements (Li Voti
et al., 2011). There are mixed reports on changes in CSE after motor learning, with
many studies revealing that practice on skilled motor tasks and the extent of
improvements in motor performance are not associated with increased MEP
amplitude and SICI in healthy adults (Cirillo et al., 2010, Rogasch et al., 2009, Coxon
et al., 2014, Perez et al., 2004a, Jensen et al., 2005, McDonnell and Ridding, 2006,
Holland et al., 2015). It is possible that lack of association between motor
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performance and plasticity responses in previous and the current studies can be due
to different factors that impact M1 plasticity, which vary greatly between individuals,
but have no influence on motor performance. These factors may confound the
association between CSE changes and extent of motor learning. Attentional load
during motor tasks and cognitive control (as previously discussed), history of prior
synaptic activity, and genetic or lifestyle factors (physical activity, sleep, nicotine
consumption) can impact use-dependent plasticity mechanisms (Huang et al., 1992,
Ridding and Ziemann, 2010, Li Voti et al., 2011, Stefan et al., 2004, Kamke et al.,
2012, Cheeran et al., 2008, Andreska et al., 2020, Pearson-Fuhrhop and Cramer,
2010, Cirillo et al., 2009, Cirillo et al., 2012). Although sometimes difficult to control,
accounting for and reducing the number of confounding factors in human plasticity
studies may reduce the variability of findings in motor learning literature. Previous
musical training can also impact plasticity induction (Rosenkranz et al., 2007a, Chen
et al., 2006, Grahn and Rowe, 2009, Herholz and Zatorre, 2012, Chen et al., 2007).
The effect of musical training on CSE changes after GotRhythm and control motor
training was assessed in each study by examining the association between years of
previous musical training and change in CSE after training, which was found to have
no strong effect in all studies. However, years of musical training may not be a
sufficient measure of musical training. In future research, investigations could be
improved by including a more reliable and valid measure of musical skill, such as the
Profile of Music Perception Skills (PROMS), a measure of musical skill across different
domains, to specifically assess how musical training and musical skill influences
plasticity and corticospinal excitability with GotRhythm training (Law and Zentner,
2012, Zentner and Strauss, 2017).

7.11.1 TMS factors
The lack of changes in CSE and SICI after training in our studies could simply indicate
a disassociation between motor learning and these particular measures of plasticity
(Berghuis et al., 2016). For one, the TMS measures used in these studies may have
accessed different neuronal populations within the corticospinal pathway other than
the ones active during motor learning (Siebner et al., 2009, Kalmar, 2018). This
theory is supported by evidence from animal studies that shows activation of
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neurons in the corticospinal path are highly task-specific (Cheney and Fetz, 1980,
Muir and Lemon, 1983, Romero et al., 2019, Hasegawa et al., 2001). Additionally,
changes in CSE after motor learning can be temporary (Bestmann and Krakauer,
2015, Chen and Hallett, 1999). The exact time-course of these excitability changes is
also task-specific, reflecting task complexity, task kinematics and the intensity and
duration of training (Muellbacher et al., 2002b, Hasegawa et al., 2001, Dayan and
Cohen, 2011, Opie et al., 2014, Tinazzi et al., 2003). These factors may make the
exact window to detect any small or transient change difficult to determine and
assess with TMS. Consequently, although TMS measures may have been sufficient to
detect changes in CSE after our control motor task (ballistic thumb abduction and
wrist extension), as the measures were based on previous motor learning literature
with similar task parameters, the TMS measures may have not been correct for
detection of changes after a rhythm-based intervention (Cirillo et al., 2010, Rogasch
et al., 2009, Muellbacher et al., 2001, Ziemann et al., 2004, Ziemann et al., 2001).
Similar to the factors that can modulate plasticity, the extent to which neuronal
networks and intracortical mechanisms interact to modulate MEP amplitude is statedependent (e.g., during rest, physiological arousal, cognitive and physical fatigue
that are not related to task, if the muscle is injured, previous training or physical
activity) (Kalmar, 2018). Although experiments are designed to account for these
factors, it is difficult to completely control them in human studies. The state-, time-,
and task-dependent nature of CSE requires continued development of new and
functionally relevant paradigms in the future to further understand the role CSE in
the neural control of motor learning.

7.11.1.1 Rest vs active muscle recording
Recording MEP amplitude at rest means that it is easier to control for unintended
changes in muscle activation, such as extent of muscle contraction of agonist,
synergists or antagonists that can confound results (Kalmar, 2018). However,
measurements made at rest in a relaxed muscle may not reflect the active
mechanisms or CSE during voluntary muscle contraction that occur during training
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(Berghuis et al., 2015). The cortical and spinal inputs to the M1 that occur with
voluntary muscle contraction are not the same as the cortical or spinal inputs
involved when a muscle is at rest, with no preparation for contraction (Kalmar,
2018). Furthermore, CSE measured at rest does not control for task-related factors,
such as physiological arousal or attention (Bestmann and Krakauer, 2015). Therefore,
CSE measured at rest may not be associated with CSE measures during muscle
activation, or relevant to CSE changes that occur with motor training. It is well
established that motor learning involves not only M1, but also the networks that
include the premotor and supplementary motor area (Hikosaka et al., 2002, Sun et
al., 2007, Karni et al., 1998). These secondary non-primary motor areas are also
known to be active with rhythm perception and rhythm-based tasks (Chen et al.,
2008, Grahn and Brett, 2007, Giovannelli et al., 2014, Zatorre et al., 2007, Bengtsson
et al., 2009). Excitability measures conducted during muscle contraction (either
during motor task of with voluntary muscle contraction) may be more sensitive and
specific to change with motor learning more likely to represent activity of nonprimary motor areas upstream of M1.
Importantly, MEPs elicited during muscle contractions are not only more reflective
of an active motor state, but MEP variability is considerably reduced with activation
of the target muscle (Darling et al., 2006). MEPs induced by stimuli of identical
stimulus intensity can vary considerably in amplitude between trials when recorded
from a completely relaxed muscle (Ellaway et al., 1998, Petrichella et al., 2017, Kiers
et al., 1993). Motor threshold is also lower during voluntary muscle contraction
compared to rest (Kalmar, 2018). TMS assessed with muscle during voluntary
contraction may be more comfortable for participants and would ensure more
participants (i.e., those with higher motor thresholds) could be included TMS
measures, such as IO curves with more stimulus intensities (e.g.,100 – 170% RMT)
(Devanne et al., 1997). This has important implications for studies with older age
participants and stroke-survivors, who are known to have higher motor thresholds
compared to younger and healthy participants (Bhandari et al., 2016, Liepert et al.,
1998, Liepert et al., 2000, Di Lazzaro et al., 2010). In future, TMS studies can be
conducted in an active state (e.g., 20% max voluntary contraction) or during task
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rather than measured at rest, which may increase the sensitive and specificity of
measures (Berghuis et al., 2015).

7.11.2 SICI
SICI represents short-lasting inhibitory postsynaptic potentials (IPSPs) in
corticospinal neurons through activation of low-threshold cortical inhibitory circuits
(Ziemann et al., 2015). The conditioning stimulus in SICI leads to inhibition of the
MEP elicited by the test stimulus. SICI reflects GABAA receptor-mediated inhibition of
the motor cortex (Ziemann et al., 2015, Kujirai et al., 1993, Ziemann et al., 1996,
Hanajima et al., 1998, Di Lazzaro et al., 2000, Di Lazzaro et al., 2007). A significant
decrease in SICI in M1 has been previously observed following short periods of
motor training (Liepert et al., 1998, Perez et al., 2004a, Smyth et al., 2010),
suggesting removal of intracortical inhibition is associated with within-session
training improvements for motor tasks. Modulation of GABA-ergic inhibition also
appears to be an essential mechanism driving use-dependent plasticity (Celnik and
Cohen, 2004, Smyth et al., 2010). The results from the studies in this thesis suggest
GABA-ergic intracortical inhibition was not modulated with training as there were no
changes in SICI observed after GotRhythm or control motor training conditions in all
studies. This is consistent with some use-dependent plasticity studies that show no
change in SICI with motor tasks (Rogasch et al., 2009, Rosenkranz and Rothwell,
2006, McDonnell and Ridding, 2006).
Throughout the studies contained within this thesis, we took a ‘snapshot’ of SICI by
using one CS intensity (70% RMT) and one test intensity (120% RMT). As CSE and the
role of SICI has not been extensively studied with rhythm-based interventions, we
decided, as an initial measure, to choose a single CS that was most likely to exhibit
changes based on the TMS parameters used in previous motor training research
(Garry and Thomson, 2008, Rothwell et al., 2009, Ferreri et al., 2011, Ilic et al., 2002,
Vucic et al., 2009). However, careful interpretation of SICI is required when a single
intensity of CS is used to measure task-related neurophysiological changes (Ibáñez et
al., 2020). Variation of CS intensity with SICI results in a U-shaped curve of MEP
amplitude responses, suggesting that SICI is a not pure inhibition but a net inhibition
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that reflects a complex balance of low-threshold inhibitory pathway activation and
higher-threshold facilitatory effects (Ziemann et al., 1996, Ziemann et al., 2015, Ilic
et al., 2002, Kujirai et al., 1993, Peurala et al., 2008). Because of this, it may be
important to measure a range of CS intensities, as the relative contributions of these
different inhibitory and facilitatory processes will depend on the CS intensity (Ni et
al., 2009, Vucic et al., 2009). Furthermore, using only a single intensity of CS may
lead to inaccurate conclusions as very low CS intensity reflects only a small
proportion of the total pool of available inhibitory circuits, which may not be an
accurate representation of the whole GABA-ergic inhibitory system (Ibáñez et al.,
2020). Finally, variability of responses increases if only a single CS intensity is used to
compare intracortical inhibition between participants and sessions (Orth et al.,
2003). One way to overcome this is to assess intracortical inhibition using a SICI
recruitment curve that includes different CS intensities. In future, we can use this
measure to probe how GotRhythm may influence the balance of inhibitory and
facilitation in the M1 to determine if GABA-ergic intracortical inhibition plays a role
in rhythmic auditory stimulation effects (Samusyte et al., 2018, Ibáñez et al., 2020).

7.12 Limitations
As with all experimental studies, those conducted here were subject to some
limitations. Several limitations have been identified already throughout the previous
chapters of this thesis and general discussion. Specifically, I will discuss in more
detail some experimental design issues and the limitations of the studies in this
thesis that have not been discussed.

7.12.1 Type of Music
We used neutral music throughout the studies in this thesis to control for under- or
over- engagement in music. One defining feature of GotRhythm is the ability to use
individualised music, as GotRhythm can increase or decrease tempo of music
without distorting pitch to match each user’s abilities. This means users can load
their favourite or familiar music to use during therapy, which is important as
familiarity and engagement with music can influence motor outcomes and CSE
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(Leow and Grahn, 2014, Stupacher et al., 2013). Unfortunately, it would have been
too logistically complex to include each participant’s favourite music in each
GotRhythm session as this would have introduced too many confounding factors
(tempo – how much the music is sped up or slowed down to fit with target BPM;
level of engagement with music; groove factors; different effects of genre).
However, rather than taking most neutrally rated songs from our list, another option
is to choose the highest rated songs from a pre-selected list and used the
engagement scores from the BMRI-2 as a covariate in analysis. Additionally, another
interesting avenue for future research would be to investigate and measure the
‘groove’ factor of music included in the experimental protocols by using a groove
definition questionnaire and groove rating scale previously used by Janata et al.
(2012) to determine if this has an effect on GotRhythm effects of engagement,
motor performance and CSE.

7.12.2 Rhythmic abilities
As mentioned throughout this thesis, we did not include measures of rhythm
perception and production abilities. I believe this would have given us deeper insight
into how rhythmic abilities influence GotRhythm and motor learning outcomes.
Inclusion of rhythm ability assessments would also have allowed us to categorise
participants based on rhythmic abilities and investigate if this influenced CSE
changes to GotRhythm training. Future research with GotRhythm should include
tests such as the BAT and Gold-MSI (Iversen and Patel, 2008, Müllensiefen et al.,
2014) to characterise how innate rhythmic perception and production abilities
influence motor and neurophysiological outcomes. This would also allow us to test if
GotRhythm training modifies rhythmic abilities and if this is correlated to motor
performance. This avenue of research could have clinical implications. If rhythm
abilities appear to significantly influence RAS responsiveness, they can be used a
predictive biomarker of treatment response for rhythm-based training to identify
likely responders and non-responders.
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7.12.3 Generalised motor learning assessment
We did not include general and standardised tests of motor performance to
elucidate if GotRhythm improvements could be generalised to un-cued motor tasks.
Ability to transfer learning to other motor tasks is a good measure of actual learning
and proficiency (Christiansen et al., 2018). In future, it will be important to extend on
our studies by including additional time points, such as 24 hours or 7 days later to
assess motor memory consolidation, which is another important element of motor
learning (Berghuis et al., 2015). The cortex continues to consolidate motor training
effects, with evidence indicating there is increased activation in premotor cortices,
as well as in parietal and cerebellar structures that assists with the stabilisation of
motor learning (Shadmehr and Holcomb, 1997). The inclusion of generalised motor
tasks immediately after training for both GotRhythm and control motor training and
at other time points after training would allow us to assess transferability and
retention of motor skills. These additional measures would also provide us with a
deeper understanding of how rhythmic-cued training influences different facets of
motor learning compared to conventional training.

7.12.4 Novel software
An important aim of this project was to test the usability and feasibility of
GotRhythm as a therapy app. As with all novel software, there were minor issues
with learning and using the system, such as with recording and uploading data sets.
One issue was the system freezing during or after experimental sessions before data
could be transferred onto a computer, which required a system reboot or deleting
and re-downloading the app. Every time GotRhythm was re-downloaded, existing
data sets that were stored on the system were erased resulting in the loss of
individual data sets. However, once these issues were identified they were resolved
by our system engineer, Dr. Shaykevich. This issue could also be overcome in future
studies by the incorporation of a back-up cloud storage system.
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7.13 Future directions
7.13.1 Cultural influence on RAS responsiveness
Music is a universal phenomenon of human societies, although the field of
comparative ethnomusicology has long recognised there is great diversity of
rhythmic structures across cultures (Thaut et al., 2014a). For example, metrical
organisation of beats is primarily found in Western music (e.g. 4/4, 2/4 beat
structure) and is not present in West African polyrhythmic music or Indian Raga,
which is performed without a fixed beat (Cross, 2003, Honing, 2002). Although music
and rhythm have been used throughout history and across cultures to stimulate and
co-ordinate movement, it is not known if current RAS protocols are universally and
cross-culturally effective. It is well established and accepted that our physiological
responses to music are influenced by the familiarity of music and musical
preferences (Leow et al., 2015, Stupacher et al., 2013). However, it is not currently
known how cultural background influences RAS responsiveness. This is relevant as
research has demonstrated that cultural background influences processing of
musical rhythms and performance on beat tapping tasks (Cameron et al., 2015).
Musical tastes and preferences can also be driven by distinct acoustic features that
depend on a listener’s cultural background (Midya et al., 2019). Current clinical RAS
research appears to be biased towards Western music, with experimental and
clinical studies almost exclusively using Western based music or rhythmic structures
(rhythms with regular metrical structure), which limits generalisability of findings to
other cultures (Berger and Turow, 2011, McIntosh et al., 1997, Thaut et al., 1997,
Thaut et al., 1996a, Ashoori et al., 2015, del Olmo et al., 2006, Conklyn et al., 2010,
Hausdorff, 2014, Hausdorff et al., 2007, Kadivar et al., 2011). Future research will
need to determine if cultural background can influence neural mechanisms of RAS
and if RAS is as effective across all cultures and music. This research will also advise
clinicians and researchers on whether rhythmic stimuli will need to be individualised
to participants’ abilities, musical preferences and cultural background, which will
further optimise RAS protocols.
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7.13.2 BDNF and music
An interesting avenue for research is to determine the influence of RAS on brain
derived neurotrophic factor (BDNF). BDNF is the most abundant growth factor in the
central nervous system (CNS) and is essential for the proliferation and differentiation
of new neurons and synapses, and the survival and maintenance of existing neurons
(Pearson-Fuhrhop and Cramer, 2010). BDNF is also important in the CNS for
enhancing synaptic transmission, facilitating LTP and mediating plasticity (Schinder
and Poo, 2000, Gottmann et al., 2009). The impact of music on genetic and cellular
mechanisms is currently not well understood, but evidence from animal studies
shows music can modulate the activity of the hippocampus and promote the
production of BDNF, which was associated with improved spatial learning in rodents
(Angelucci et al., 2007, Xing et al., 2016, Li et al., 2010, Kühlmann et al., 2018). One
study in humans found six-months of twice-weekly dance training was associated
with increases in plasma BDNF levels compared to normal training (combination of
strength, endurance and flexibility) in elderly (>60yrs) participants (Rehfeld et al.,
2018). A recent study also found greater BDNF plasma levels in musicians compared
to age- and gender-matched non-musicians, potentially indicating BDNF levels are
associated with enhanced potential for plasticity in musicians (Minutillo et al., 2020,
Wan and Schlaug, 2010, Schlaug, 2015, Rosenkranz et al., 2007b, Schlaug, 2001).
Plasma and serum BDNF levels are believed to be reflective of BDNF in the CNS
(Rasmussen et al., 2009). Future research should investigate if BDNF is associated
with or mediates RAS-induced changes in motor function in healthy and clinical
populations.

7.13.3 RAS and non-invasive brain stimulation
One final potential future avenue of RAS and GotRhythm research is to investigate if
non-invasive brain stimulation (NIBs) combined with RAS protocols with GotRhythm
can further enhance motor learning, motor function and use-dependent plasticity in
healthy and clinical populations. Non-invasive brain stimulation protocols, such as
rTMS and transcranial direct current stimulation (tDCS) can modulate plasticity in
healthy and clinical populations (Huang et al., 2005, Hinder et al., 2014, Hamada et
al., 2008, Yamaguchi et al., 2020). Furthermore, both rTMS and tDCS can modify
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motor learning in animals (Tang et al., 2018) and humans (Teo et al., 2011, Stöckel et
al., 2015). Research also indicates that NIBs protocols can be used to enhance motor
learning, increase use-dependent plasticity and facilitate motor recovery of strokesurvivors (Wessel et al., 2015, Bolognini et al., 2009, Takeuchi and Izumi, 2012b, Kuo
et al., 2020). In future, it would be interesting to assess if the effects of GotRhythm
on motor function can be facilitated in stroke-survivors with the addition of NIBs.
Researchers will need to assess at what point NIBs should be applied (e.g., before,
during, after) and the optimal parameters of NIBS when combining it is with RAS.

7.14 Conclusion
This thesis provides some evidence that GotRhythm has an effect on CSE and
potentially use-dependent plasticity, although the effects were small and specific to
particular tasks and training times. We have established that GotRhythm, on
average, can successfully induce rhythmic entrainment in healthy young and older
adults, and in a small sample of chronic stroke survivors with minimal impairments.
However, further research is required to determine if this improvement in motor
performance with GotRhythm is transferable to other motor tasks.
It is well known that individualisation lies of the heart of successful therapy.
GotRhythm is a novel intervention that can be tailored and individualised to each
user. Future research will focus on improving and optimising our intervention and
continuing to investigate how GotRhythm influences cortical mechanisms and motor
function in clinical populations, so we can introduce our app into rehabilitation
protocols. This thesis provides future avenues for research so we can optimise
protocols of music-motor training for recovery of motor function in those who need
it most.
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9 Appendix
9.1 Chapter 3
9.1.1 Methods
9.1.1.1 Music selection
Participants were presented 20 pre-selected, up-tempo songs ranging from 114-128
beats per minute (BPM). Music with a tempo of approximately 120BPM is both easy
to synchronise with and the most energising (Stupacher et al., 2013). For each song,
participants were instructed to rate the music as motivating and engaging or
oudeterous (neutral in terms of motivational qualities) according to the Brunel Music
Rating Inventory 2 (BMRI-2) (Karageorghis et al., 2006). A BMRI-2 score ≥ 36 is
considered motivating. The 6 songs considered most oudeterous were selected to
reduce any effect of over- or under-engagement with the music (Figure 9.1).
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What Do You Mean - Justin Beiber
Want You to Want Me - Jason Derulo
Uptown Funk - Bruno Mars
Toof Good - Drake
The Trouble With Use - Chet Faker
The Nights - Avicii
Take Me - Rufus
Elastic Heart - Sia
Shooting Stars - Bag Raiders
Say a Prayer For Me - Rufus
Rumour Mill - Rudimental
Roses - The Chainsmokers
Pompeii - Bastille
Outside - Clavin Harris
Love Lockdown - Kanye West
Lights - Ellie Goulding
Latch - Sam Smith
Keeping Your Head Up - Birdy
Earned It - The Weekend
Bad Romance - Lady Gaga
Animal - Miike Snow
All of Me - John Legend
Sky Full of Stars - Coldplay
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What Do You Mean - Justin Beiber
Want You to Want Me - Jason Derulo
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Toof Good - Drake
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The Nights - Avicii
Take Me - Rufus
Elastic Heart - Sia
Shooting Stars - Bag Raiders
Say a Prayer For Me - Rufus
Rumour Mill - Rudimental
Roses - The Chainsmokers
Pompeii - Bastille
Outside - Clavin Harris
Love Lockdown - Kanye West
Lights - Ellie Goulding
Latch - Sam Smith
Keeping Your Head Up - Birdy
Earned It - The Weekend
Bad Romance - Lady Gaga
Animal - Miike Snow
All of Me - John Legend
Sky Full of Stars - Coldplay
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Figure 9.1. Frequency of song selection (A) and average song rating (B) according to BMRI-2. Scores
>36 are considered motivating – songs with the most ‘neutral’ rating for each individual were
selected.
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9.2 Chapter 4.
9.2.1 Methods
9.2.1.1 Music selection
(A)

Disco Inferno - The Trammps
Young Hearts Run Free - Candi Staton
Sussudio - Phil Collins
Super Trouper - ABBA
September - Earth, Wind & Fire
I'm On My Way - The Proclaimers
I Will Survive - Gloria Gaynor
Hot Stuff - Donna Summer
My Baby Just Cares For Me - Nina Simone
Can't Take My Eyes Off You - Frank Vallis
Here Comes the Sun - The Beatles
Have You Ever Seen the Rain - Credance Clearwater Revival
Haven't Met You Yet - Michael Buble
Fly Me to the Moon - Frank Sinatra
California Dreamin' - The Mama and Pappas
Is This Love - Bob Marley
The Beat Goes On - The Whispers
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Can't Take My Eyes Off You - Frank Vallis
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Have You Ever Seen the Rain - Credance Clearwater Revival
Haven't Met You Yet - Michael Buble
Fly Me to the Moon - Frank Sinatra
California Dreamin' - The Mama and Pappas
Is This Love - Bob Marley
The Beat Goes On - The Whispers
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Figure 9.2. Songs available for selection, frequency of song selection (A) and average song rating (B)
according to BMRI-2. Seventeen songs were selected by investigators based on tempo (up-tempo),
genre (pop, disco) popularity at time of release (1954-2009). Scores >36 are considered motivating
and songs with the most neutral rating for each individual (18-36) were selected to account for
differences in engagement with the music.
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9.2.2 Data analysis
9.2.2.1 TMS Input-Output Curves (110-150% RMT)
A total of 21 participants were included in full IO curve analysis at the three time
points (12 young adults; 9 older adults). Participants were excluded from analysis if
they did not have the full IO curve data (110-150% RMT) or if over 50% of trials were
excluded from any stimulus intensity in the IO curve at any time point (pre, post 0 or
post 15-min) due to muscle activity detected in the EMG 100 sec before the TMS
pulse. Peak-to-peak MEP amplitude (in mV) was measured for each trial. IO curves
were measured for each condition at pre- and the two post-time points (post
training 0-min and post 15-min). Values were log-transformed to overcome violation
of normality and Greenhouse-Geisser correction applied when required. A three-way
mixed ANOVA (CONDITION, STIMULUS INTENSITY, AGE) was used to test for
differences in the baseline mean MEP amplitude between condition and age groups.
A four-way mixed measures ANOVA was used to test for differences in mean MEP
amplitude across age (AGE: young, older), condition (CONDITION: GotRhythm,
control motor task), time (TIME: baseline, post 0-min, post 15-min) and stimulus
intensity (STIMULUS INTENSITY: 110, 120, 130, 140, 150% RMT).

9.2.3 Results
9.2.3.1 TMS Input-Output Curves (110-150% RMT)
Figure 9.3 shows IO curves for GotRhythm and control motor task for young (A, B)
and older adults (C, D). The three-way ANOVA performed on the baseline IO curves
to test for any differences in baseline corticospinal excitability between age groups
or separate sessions showed baseline corticospinal excitability was not significantly
different between sessions or age groups, with a main effect of STIMULUS INTENSITY
(F1.93, 48.28 = 129.99, p= .000, ηp²=.829), no significant main effect of AGE (F1,25 = .891,
p=.354, ηp² = .034) or CONDITION (F1,25 = .356, p=.556, ηp² = .014) and no
significant interactions.
MEP amplitude increased with increasing stimulus intensity, as expected, but IO
curves were similar across training session compared to baseline for both
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GotRhythm and control motor training in young and older adults. Interestingly, the
GotRhythm post-0min IO curves for both young and older adults followed the same
pattern by decreasing slightly in MEP amplitude immediately after training and
increased at post-15min. However, these changes were not statistically significant or
different to control motor task values.
There was no significant difference in MEP amplitude between GotRhythm and
control motor task training. The four-way mixed ANOVA performed on IO curves at
baseline and the two time-points after 20-min of training showed a significant main
effect of STIMULUS INTENSITY, (F1.39, 26.56 = 89.12, p= .000, ηp²=.824), no main effect
of AGE (F1,19 = .123, p=.730, ηp² = .006), and no main effect of CONDITION (F1, 19
=.827, p=.375, ηp²= .042). A significant main effect of TIME (F2, 38 = 3.05, p= .059,
ηp²= .138) was evident but the CONDITION*TIME interaction did not reach
significance (F 2, 38 = 3.18, p= .053, ηp²= .143). As direct comparison between
conditions and age-groups did not reveal any differences, results suggest change in
MEP amplitude may reflect non-specific factors related to time with no further
comparison required.
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Figure 9.3. Full Input-Output curves constructed for GotRhythm and control motor task for young
(solid symbols, n=12) and older adults (open symbols, n=9). No significant difference in corticospinal
excitability was exhibited for either condition or age-group at the time-points measured.
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9.3 Chapter 5.
9.3.1 Methods
9.3.1.1 Music Selection
(A)

Disco Inferno - The Trammps
Young Hearts Run Free - Candi Staton
Sussudio - Phil Collins
Super Trouper - ABBA
September - Earth, Wind & Fire
I'm On My Way - The Proclaimers
I Will Survive - Gloria Gaynor
Hot Stuff - Donna Summer
My Baby Just Cares For Me - Nina Simone
Can't Take My Eyes Off You - Frank Vallis
Here Comes the Sun - The Beatles
Have You Ever Seen the Rain - Credance Clearwater Revival
Haven't Met You Yet - Michael Buble
Fly Me to the Moon - Frank Sinatra
California Dreamin' - The Mama and Pappas
Is This Love - Bob Marley
The Beat Goes On - The Whispers
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I Will Survive - Gloria Gaynor
Hot Stuff - Donna Summer
My Baby Just Cares For Me - Nina Simone
Can't Take My Eyes Off You - Frank Vallis
Here Comes the Sun - The Beatles
Have You Ever Seen the Rain - Credance Clearwater Revival
Haven't Met You Yet - Michael Buble
Fly Me to the Moon - Frank Sinatra
California Dreamin' - The Mama and Pappas
Is This Love - Bob Marley
The Beat Goes On - The Whispers
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Figure 9.4. Frequency of song selection (A) and average song rating (B) according to BMRI-2. Songs
available for selection are listed. We used the same songs and music selection process as our young
and older adult study. Scores of >36 on the BMRI-2 are considered motivating. Songs with the most
neutral rating for each individual (18-36) were selected to account for differences in engagement with
the music.
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9.3.2 Data analysis
9.3.2.1 TMS Input-Output Curves – 110-150% RMT
A total of 24 participants were included in IO curve analysis at the three time points.
Participants were excluded from this analysis if they did not have the full IO Curve
(n=9) or EMG activity exceeded >40 µV in the 100ms before the TMS pulse in any of
the muscles measured (n=2). Peak-to-peak MEP amplitude (in mV) was measured for
each trial. Input-output curves were measured for each condition at pre- and the
two post-time points (post- training 0-min and post 15-min). Data were transformed
using a square-root transformation to correct for violation of normality and a
Greenhouse-Geisser correction was applied when necessary to adjust for violation of
sphericity (Field, 2005). All other assumptions were met. A two-way ANOVA
(CONDITION, STIMULUS INTENSITY) was used to test for differences in the baseline
mean MEP amplitude between sessions. A three-way repeated-measures ANOVA
was used to test for differences in mean MEP amplitude across condition
(CONDITION: GotRhythm, control motor task), time (TIME: baseline, post 0-min, post
15-min) and stimulus intensity (STIMULUS INTENSITY: 110, 120, 130, 140, 150%
RMT). In the presence of significant main effects, pairwise comparisons were further
performed with Fisher’s least significant differences (LSD) post-hoc test to maximise
the power of the test detecting pairwise differences.

9.3.3 Results
9.3.3.1 TMS Input-Output Curves (SI 110-150% RMT)
9.3.3.1.1 APB
Figure 9.5 (A, B) shows IO curves for GotRhythm and control motor task elicited from
APB. A two-way repeated measures ANOVA performed on baseline IO curves to test
for any difference in baseline corticospinal excitability between sessions showed no
difference in baseline corticospinal excitability, with a main effect of STIMULUS
INTENSITY (F1.83,42.14 = 126.48, p=.000, ηp² = .846) and no main effect of CONDITION
(F1,23 = .596, p=.448, ηp² = .025).
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For APB, MEP amplitude increased with increasing stimulus intensity, as expected.
There was no difference between baseline and post-training IO curves for
GotRhythm and control motor training. A three-way ANOVA performed on IO curve
results on all timepoints show a significant main effect of STIMULUS INTENSITY,
(F1.52, 35.04 = 146.16, p=.000, ηp² = .864), no main effect of CONDITION (F1,23 = .347,
p=.562, ηp² = .015) and a significant main effect of TIME (F2,46 = 3.28, p=.047, ηp² =
.125). No significant interactions were found between variables.

9.3.3.1.2 ECR
Figure 9.5 (E, D) shows IO curves for GotRhythm and control motor task elicited from
ECR. A two-way ANOVA performed on baseline IO curves showed no difference in
baseline corticospinal excitability between session, with a main effect of STIMULUS
INTENSITY (F1.61, 37.04 = 94.16, p=.000, ηp² = .804) and no main effect of CONDITION
(F1,23 = .2.28, p=.145, ηp² = .090).
For ECR, MEP amplitude increased with increasing stimulus intensity, as expected.
There was no difference in between at baseline and post-training IO curves for
GotRhythm and control motor task training. A three-way ANOVA performed on IO
curve results at baseline, immediately and 15-min after training show a significant
main effect of STIMULUS INTENSITY, (F1.25, 28.77 = 100.27, p=.000, ηp² = .813), no main
effect of CONDITION (F1,23 = 2.15, p=.156, ηp² = .085) and a main effect of TIME (F2,46
= 3.75, p=.031, ηp² = .140). No significant interactions were found between variables.

9.3.3.1.3 FCR
Figure 9.5 (E, F) shows IO curves for GotRhythm and control motor task elicited from
FCR. A two-way ANOVA revealed no significant difference in baseline corticospinal
excitability between sessions, with a significant main effect of STIMULUS INTENSITY
(F2.05, 47.24 = 53.51, p=.000, ηp² = .699) and no main effect of CONDITION (F1,23 = 3.84,
p=.062, ηp² = .143).
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For FCR, MEP amplitude increased with increasing stimulus intensity, as expected.
There was a significant difference in IO curves between GotRhythm and control
motor task training, suggesting an effect of task on corticospinal excitability,
measured from FCR. A three-way ANOVA performed on IO curve results at baseline
and after training show a significant main effect of STIMULUS INTENSITY (F1.22, 28.05=
52.28, p=.000, ηp² = .694), a significant main effect of CONDITION (F1,23 = 5.36,
p=.030, ηp² = .189) and a significant main effect of TIME (F2,46 = 3.64, p=.034, ηp² =
.137). No significant interactions were found between variables.
Fisher’s LSD post hoc comparing condition, regardless of stimulus intensity, revealed
control motor training only increased MEP amplitude from post 0-min to post 15min (p= .005), when comparing TIME. And MEP amplitude was significantly increased
with GotRhythm compared to control motor training at post 0-min, (p= .043), when
comparing across CONDITION.
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Figure 9.5. Input-Output curves constructed for GotRhythm and control motor task measured from
APB (A, B), ECR (C, D) and FCR (E, F). No significant changes in corticospinal excitability were found
for either condition in APB or ECR. A change in corticospinal excitability was detected for FCR but
post-hoc test only showed an increase in MEP amplitude from post 0 and post 15-min for control
motor task.
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9.4 Chapter 6
9.4.1 Methods
9.4.1.1 Music selection
Table 9.1 Song list with tempos. The same songs as experimental study 2 and 3 were used for our
first clinical study. Participants rated their engagement with each song during their session using the
BMRI-2 with the assistance of investigator. As with previous studies, songs with the most neutral
rating (18-36) were selected for each participant.
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9.4.1.2 Intervention materials
Table 9.2 Physiotherapist checklist. Examples of exercises participants may complete with the
GotRhythm intervention. All exercises are assigned and supervised by a clinician.
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Figure 9.6 Screenshot of a logbook provided to clinical staff. Time spent engaged with app, exercise
selected, start and end angles of movement, target BPM and tolerance range are recorded by clinician
overseeing the GotRhythm intervention session. Specifics of training and music selection are recorded
in notes section.
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