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ABSTRACT 

 

 

 

COMPARING THE EFFECT OF RHYTHMIC AND MUSICAL CUEING ON A 

VOLITIONAL MOVEMENT IN OLDER ADULTS WITH PARKINSON’S DISEASE  

 

 

 Music therapists who work from a neuroscience-informed approach use auditory cueing 

to facilitate movement exercises when working on motor goals with older adults with 

Parkinson’s disease (PD). There is minimal research, however, comparing the effects of different 

auditory cueing techniques on the kinematic parameters of volitional arm movements in older 

adults with PD. Therefore, the purpose of this study was to compare the effects of auditory 

cueing types––no auditory cues, rhythmic cues, and sonified musical cues––on the movement 

smoothness and movement variance of repetitive, volitional arm movements in older adults with 

PD. Seven older adults with PD and ten college students completed three trials of a repetitive 

arm reaching task in each of three auditory cueing conditions. The position of each participant’s 

wrist was recorded in three dimensions using an infrared motion capture system at 120Hz. Data 

from the kinematics system were processed to compute two indicators of movement 

performance–normalized jerk (NJ), an indicator of movement smoothness; and spatiotemporal 

index (STI), a measure of movement path variance–for each participant. No significant 

differences in STI or NJ were observed between groups in the no cueing condition. Between-

condition analysis demonstrated a significant difference in NJ between the no cueing condition 

and rhythmic cueing condition such that NJ values were larger, and therefore movements were 

less smooth, in the rhythmic cueing condition. There were no statistically significant differences 

in STI between cueing conditions. Exploratory analysis, however, revealed that there is a trend 



 iii 

of decreased movement performance in the rhythmic cueing condition and improved movement 

performance in the sonified musical cueing condition for participants in the PD group. These 

findings were unexpected and warrant future research to determine which working mechanisms 

are the facilitators of change in auditory cueing-based rehabilitation of volitional movements.  
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CHAPTER 1. INTRODUCTION 

 

 

 

Parkinson’s disease (PD) is an age-related, chronic, and progressive neurodegenerative 

disorder caused by cell death in the substantia nigra pars compacta (SNpc), a basal nucleus 

located in the midbrain (Gutman, 2017). PD causes a decrease of dopamine in the brain, which 

leads to motor symptoms including tremors, bradykinesia, and rigidity (Gutman, 2017). Music 

therapists work with older adults with PD on goals including maintaining motor function. Music 

therapists may employ rhythmic cueing or the Neurologic Music Therapy (NMT) technique 

Patterned Sensory Enhancement (PSE) to help older adults with PD maintain or rehabilitate 

volitional and functional motor movements (C. P. Thaut, 2014). Although researchers have 

demonstrated improvements in motor movements in response to auditory cues (Thaut et al., 

2015), there is little research comparing the effects of different types of auditory cues on motor 

rehabilitation or examining the neurological working mechanisms of cueing-based rehabilitation 

techniques. By better understanding these working mechanisms, music therapists may be able to 

refine and optimize auditory cueing techniques. The present study aims to determine the effects 

of different auditory cues on the kinematic parameters of a repetitive volitional arm movement in 

older adults with PD. 

PD is caused by degeneration of dopamine-producing neurons in the SNpc. This 

degeneration leads to an insufficient concentration of dopamine in the nigrostriatal pathway. 

Dopamine in the nigrostriatal pathway is necessary for the regulation of voluntary motor 

function (Gutman, 2017). In older adults with PD, motor dysregulation manifests as a deficit of 

inhibition which leads to symptoms including tremors, rigidity, and a slowing of movement 

known as bradykinesia (Gutman, 2017). Early in the disease progression, older adults with PD 
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experience tremors when an affected limb at rest. As the disease progresses, however, they may 

experience tremors while performing volitional movements (Mure et al., 2011; Pasquini et al., 

2018). The combination of bradykinesia, rigidity, and tremors contributes to changes in 

kinematic parameters in older adults with PD (Dounskaia et al., 2009). Kinematic parameters 

that may be affected by PD include movement smoothness and movement path variance. These 

parameters may be operationalized and quantified using various validated measures, including 

normalized jerk (NJ) for movement smoothness and spatial-temporal index (STI) for movement 

path variance (Gulde & Hermsdörfer, 2018; Teulings et al., 1997).  

Clinicians have treated the motor symptoms of PD with pharmacological and non-

pharmacological interventions, including music therapy (Gutman, 2017; Thaut, 2013). Music 

therapists have worked with clients with PD to maintain motor functions that are necessary to 

complete activities of daily living and maintain independence (García-Casares et al., 2018). 

Music therapists may employ an NMT approach when working on motor skills with clients with 

PD. Therapists who work from an NMT approach implement formalized intervention techniques 

which are grounded in theories of neuroscience and music cognition (Thaut et al., 2014).  

The NMT technique that is indicated for rehabilitation of volitional and functional motor 

movements in clients with neurological disorders is PSE (C. P. Thaut, 2014). Music therapists 

who facilitate PSE interventions manipulate the rhythmic, harmonic, melodic, and dynamic 

elements of music to create musical cues that are intended to represent and inform the temporal, 

spatial, and force elements of target movements. The process of providing an auditory cue that 

represents characteristics of a movement is known as sonification (C. P. Thaut, 2014). 

Researchers affiliated with NMT have suggested that sonified musical cues optimize kinematic 
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outputs by proving the brain with an organized stimulus that allows the nervous system to 

structure, organize, and regulate complex movements (C. P. Thaut, 2014).  

An alternate explanation for changes in motor outputs in response to sonified cues is that 

these changes are the result of entrainment to rhythmic elements of these cues (Thaut et al., 

2015). Researchers have demonstrated improvements in motor functioning in response to 

rhythmic cues (Thaut et al., 2015), however the effects of spatial and force elements of sonified 

cues remains unexamined. Researchers have not compared the kinematic properties of 

movements facilitated by sonified cues to the kinematic properties of movements facilitated by 

rhythmic cues. It is therefore unknown if sonified cues contribute to different motor outputs than 

rhythmic cues. Research comparing motor responses to different auditory cues is critical to 

understanding the working mechanisms of auditory cueing-based motor rehabilitation. 

There is a critical need to understand the function of musical elements within auditory 

cues in order for music therapist to optimize client motor outcomes and maximize their own 

clinical efficiency. Therefore, the purpose of this study is to compare the effects of auditory 

cueing types–no auditory cues, rhythmic cues, and sonified cues––on the movement smoothness 

and movement variance of repetitive, volitional arm movements in older adults with PD. The 

present study will address the following research questions: 

R.Q.1: Do adults with PD demonstrate a difference in NJ of a self-paced volitional arm 

movement compared to adults without PD?   

R.Q. 2: Is there a significant interaction between cueing condition and NJ of volitional 

arm movements in adults with PD? 

R.Q. 3: Do adults with PD demonstrate a difference in the STI of a self-paced volitional 

arm movement compared to adults without PD?   
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R.Q. 4: Is there a significant interaction between cueing condition and STI of volitional 

arm movements in adults with PD?  
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CHAPTER 2. LITERATURE REVIEW 

 

 

 

Parkinson’s Disease  

 Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects 

approximately 0.57% of the North American population age 45 and older, including an estimated 

930,000 adults in the United States (Marras et al., 2018).  

Pathology 

The primary pathology of PD is neuronal cell death in the substantia nigra pars compacta 

(SNpc; Gutman, 2017). The SNpc is a basal nucleus located in the midbrain that produces the 

neurotransmitter dopamine. Dopamine has multiple functions in the brain, including modulating 

reward networks, promoting neuroplasticity, and regulating motor pathways in the basal nuclei 

(Gutman, 2017).  

The basal nuclei are groupings of neuronal cell bodies in the midbrain that are involved 

in regulation of motor movement through excitation or inhibition of the cerebral cortex. There 

are three basal nuclei pathways; 1) the direct pathway, 2) the nigrostriatal projection, and 3) the 

indirect pathway (Knierim, 2020). The function of the direct pathway is to stimulate the cerebral 

cortex in order to initiate actions, including motor movements. The direct pathway begins with 

an inhibitory projection from the striatum, a region of the basal nuclei that consists of the caudate 

and putamen, to the globus pallidus internal. A projection from the globus pallidus internal then 

relays inhibitory signals to neurons in the thalamus. This signal is then relayed as an excitatory 

input to the cerebral cortex. The two inhibitory synaptic connections in this pathway create a net 

disinhibition, meaning that the excitatory projection from the thalamus to cerebral cortex is more 

active when the direct pathway is active (Knierim, 2020).  
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The nigrostriatal projection, another component of the basal nuclei networks, is an 

excitatory connection from the SNpc to the striatum. Synapses in the nigrostriatal pathway are 

driven by dopamine that is produced in the SNpc (Knierim, 2020). When the nigrostriatal 

projection is active, dopaminergic excitation of the striatum drives activity in the direct pathway. 

Parkinson’s-related cell death in the SNpc reduces the availability of dopamine in the 

nigrostriatal projection, therefore decreasing activity in the direct pathway and allowing the 

inhibitory indirect pathway to regulate output from the basal nuclei to cortex via the thalamus 

(Knierim, 2020).  

The indirect pathway is a basal nuclei network that results in inhibition of the cortex. The 

indirect pathway begins with inhibitory projection from the striatum to the globus pallidus 

external. A projection from the globus pallidus external subsequently inhibits the subthalamic 

nucleus. From the subthalamic nucleus, an excitatory projection synapses in the globus pallidus 

internal. An inhibitory projection then extends from the globus pallidus internal to the thalamus. 

From the thalamus, the indirect pathway shares a common output to the cortex with the direct 

pathway (Knierim, 2020). When the indirect pathway is predominant in this final projection, as 

is the case in people with PD, excitation of the cortex is decreased. Cortical input controlled via 

the indirect pathway results in less robust excitation of the cortex, which causes the symptoms of 

PD (Knierim, 2020).  

Symptomology  

 PD affects multiple domains of function including cognition, sleep, (Feng et al., 2020), 

time perception (Schwartze & Kotz, 2016), communication, affect, and motor function (Gutman, 

2017). The motor symptoms of PD tend to be the most pronounced and debilitating, such that PD 

is often labeled a movement disorder (Gutman, 2017). Hallmark motor symptoms of PD include 
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tremors, bradykinesia, and rigidity (Gutman, 2017). Tremors that are present in the early stages 

of PD tend to be unilateral and occur when the affected area, often an upper limb, is at rest 

(Pasquini et al., 2018). As the disease progresses, however, tremors may occur during volitional 

movement of the affected limb, as well as additional areas of the body. Tremors that occur 

during volitional movements add complexity to the paths of these movements and reduce 

movement smoothness (Pasquini et al., 2018).  

Bradykinesia is another motor symptom of PD. Bradykinesia is a slowing of motor 

movement that is caused by a decrease in the recruitment of neuromuscular motor units at the 

level of the cerebellar cortex. People who experience bradykinesia often need to execute multiple 

activation cycles of muscle groups in order to complete movements that people without PD 

execute in a single muscular activation cycle (Hallett & Khoshbin, 1980). This increase in the 

number muscle activation cycles means that the movements of people with bradykinesia are 

characterized by multiple accelerations and decelerations (Hallett & Khoshbin, 1980). Multiple 

accelerations within a single movement is an indicator of poor movement smoothness (Gulde & 

Hermsdörfer, 2018). In addition to affecting ongoing movements, bradykinesia is associated with 

a delay in the onset of muscle activation. This delay between the initiation of neural signaling 

and muscle activation further slows the motor response and contributes to functional disabilities 

associated with bradykinesia. Older adults with PD who experience bradykinesia also tend to 

demonstrate an acute, progressive decrease in motor velocity as a movement is repeated 

(Bologna et al., 2020).  

Rigidity, the third hallmark motor symptom of PD, contributes to functional disabilities 

because older adults with PD may lack the range of motion necessary to complete activities of 

daily living (Gutman, 2017). Health care providers across multiple disciplines have developed a 
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range of treatment options to help older adults with PD slow the progression of the disease and 

manage motor and non-motor symptoms.  

PD Treatment 

Pharmacological Therapies 

 The dopaminergic medication levodopa was introduced in the 1960s and remains the 

most prevalent pharmacological treatment for PD (Cilia et al., 2020). Levodopa is a chemical 

precursor to dopamine that is able to cross the blood-brain barrier and is converted to dopamine 

in the brain (Gutman, 2017). The transformation of levodopa into dopamine results in an increase 

of available dopamine in the brain. This increased dopamine concentration allows the 

nigrostriatal pathway to function more typically. Activity in the nigrostriatal pathway, in turn, 

increases activity in the direct pathway and ameliorates the motor symptoms of PD (Bologna et 

al., 2020; Cilia et al., 2020; Gutman, 2017). Levodopa treatment, however, has multiple 

limitations. First, the effects of the medication are short-term and peak in an “ON” phase within 

two hours of administration, then quickly subside. Additionally, patients taking levodopa tend to 

become less responsive to the medication over time (Feng et al., 2020; Gutman, 2017). The long-

term effects of levodopa on the brain are not fully understood, however the drug has not been 

shown to reverse or stop neurodegeneration (Cilia et al., 2020). In an effort to mitigate these 

limitations, researchers have developed non-pharmacological treatments for PD.  

Non-Pharmacological Therapies  

One non-pharmacological treatment for PD is deep brain electrical stimulation via a 

surgically implanted device. Deep brain stimulation directly activates the basal nuclei and can 

improve motor function in older adults with PD while decreasing their reliance on dopaminergic 

medication (Gutman, 2017). Deep brain stimulation, however, is invasive and is not documented 
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to affect the progression of PD (Gutman, 2017). Researchers and clinicians have therefore sought 

to develop treatments that are non-invasive, effectively ameliorate symptoms, and ideally slow or 

reverse neurodegeneration.  

 Researchers have found that various movement-based interventions show promise in 

decreasing the motor, emotional, and cognitive symptoms of PD, as well as physiologically 

protecting or restoring damaged neural circuits (Feng et al., 2020). Researchers have 

demonstrated the feasibility of using resistance exercise (David et al., 2012), aerobic exercise 

training, gait training programs (Feng et al., 2020), dance (Batson et al., 2016; Blandy et al., 

2015), boxing (Morris et al., 2019), yoga (Cheung et al., 2018), and tai chi (Kim et al., 2014) to 

address PD symptoms. Exercise physiologists have suggested that the aerobic element of these 

interventions may promote neuroplasticity, improve neuronal function, and the promote the 

release of neurotrophic factors (Feng et al., 2020). These physiological changes may be working 

mechanisms that contribute to decreased motor and non-motor symptoms of PD and potentially 

slow the progression of the disease (Feng et al., 2020). The literature describing movement-based 

interventions, however, has considerable limitations. Researchers have only collected sparce data 

on the effects of so-called “complementary exercise” (Feng et al., 2020, p. 6) interventions such 

as yoga and boxing. Furthermore, the results of empirical studies of movement-based treatment 

approaches tend to be exaggerated in the popular press. Further research is therefore warranted to 

examine the validity and efficacy of movement-based therapies for PD (Morris et al., 2019).  

In addition to long-term training effects, researchers have also indicated immediate motor 

benefits of exercise-based interventions for PD. These benefits include increased movement 

force and decreased movement variability (David et al., 2012). David et al. (2012) suggested that 

the mechanism underlying immediate changes in motor outcomes is the recruitment of additional 
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motor units––systems of skeletal muscles and the nerves by which they are innervated. An 

increase in the number of active motor units may be independent of damaged basal nuclei 

pathways, meaning older adults with PD may experience the immediate motor advantages of 

preforming goal-directed movements (David et al., 2012). The goal-directed nature of 

movements in music therapy sessions may similarly contribute to immediate and long-term 

motor changes experienced by older adults with PD who receive music therapy services 

(Braunlich et al., 2019; Thaut et al., 1996).  

Music Therapy 

 The American Music Therapy Association (AMTA, n.d.) defines music therapy as “the 

clinical and evidence-based use of music interventions to accomplish individualized goals within 

a therapeutic relationship by a credentialed professional who has completed an approved music 

therapy program.” Music therapy interventions for older adults with PD can be divided into two 

major categories, relational and rehabilitative, which differ in both methods and goals (Raglio, 

2015). Music therapists who work from a relational approach tend to work on goals in the 

psychosocial domain and employ a combination of receptive, recreative, compositional, and 

improvisational therapeutic musical experiences. A primary function of music in relational music 

therapy is to create a therapeutic relationship and environment that are conducive to clients 

working on their psychosocial goals (Raglio, 2015). Treatment models that fit into relational 

music therapy include humanistic, psychoeducational, psychodynamic, and wellness music 

therapy. 

In contrast to relational music therapy, the goals of rehabilitative music therapy are to 

restore, maintain, or develop functional skills that are impacted by a disease or injury. The 

function of music in rehabilitative music therapy is to create structures and opportunities that 
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facilitate the completion of a target behavior, as well as to promote physiological changes that 

may improve permanence on target behaviors (Raglio, 2015; Thaut et al., 2014). Neuroscience-

informed music therapy is an example of a rehabilitative approach. Music therapists who practice 

from a neuroscience-informed approach consider the ways in which music perception and 

production affect the nervous system and develop interventions that leverage the influence of 

music on the nervous system to facilitate progress toward therapeutic goals. Neurologic Music 

Therapy (NMT) is an example of a rehabilitative and neuroscience-informed approach to music 

therapy (Thaut et al., 2014).  

Neurologic Music Therapy  

 Neurologic Music Therapy is a formalized treatment approach in music therapy that 

consists of 20 therapeutic music techniques designed to meet client needs in the sensorimotor, 

communication, cognitive, and psychosocial domains (Thaut et al., 2014). Clinicians and 

researchers design NMT techniques and other neuroscience-informed music therapy 

interventions using the Transformational Design Model (TDM; M. H. Thaut, 2014).  

The TDM is a process through which researchers and interventionists identify the 

techniques and exercises used to meet client objectives in non-music based therapy and adding 

music as a functional element to structure, organize, or facilitate the execution of a target 

behavior. M. H. Thaut (2014) referred to the process of creating threptic music experiences as an 

isomorphic translation from a non-musical to a musical intervention. The purpose of the TDM is 

to ensure that musical interventions directly address the target behavior, that music is a core 

functional element of interventions, and that therapeutic outcomes generalize to non-musical 

settings. For example, a music therapist working on a motor goal may add musical cues to an 

exercise that has been prescribed by a physical therapist. By applying the TDM to motor goals, 
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clinicians developed and formalized NMT techniques that are indicated for use in motor 

rehabilitation with older adults with PD. These techniques are Rhythmic Auditory Stimulation 

(RAS; Thaut & Rice, 2014) and Patterned Sensory Enhancement (PSE; C. P. Thaut, 2014).  

Rhythmic Cueing and Rhythmic Auditory Stimulation  

 Rhythmic cuing is the use of periodically regular external auditory prompts to promote 

motor and speech outcomes. Music therapists who use rhythmic cueing provide a predictable 

temporal stimulus that indicates the timing of a movement. Rhythmic cueing is the basis of RAS, 

a protocolized NMT technique in which clients perform a series of gait exercises that are 

facilitated by rhythmic cues. Interventionists select and modulate the cadence or tempo of 

rhythmic cues for each client in order to optimize their unique gait pattern (Thaut & Rice, 2014).  

 An established literature supports the use of rhythmic cueing for gait rehabilitation in 

adults with PD (Devlin et al., 2019; Ford et al., 2010). Thaut et al. (1996) found that adults with 

PD demonstrated increased velocity, stride length, and cadence following an RAS gait training 

program but not following a gait protocol that did not include auditory cues. In a literature 

review on the effects of music-based intervention on movement disorder symptoms, Devlin et al. 

(2019) indicated that the authors of five empirical studies found improvements in velocity, 

cadence, or stride length in response to rhythmic cueing. Likewise, Nombela et al. (2013) 

reviewed 10 studies, each of which demonstrated velocity, cadence, or stride length benefits of 

gait training with rhythmic cues. Pau et al. (2016) increased the measurement precision of 

spatiotemporal parameters of gait using infrared camera motion capture. In addition to 

previously documented improvement in velocity, stride length, and cadence, Pau et al. (2016) 

found that participants demonstrated a decrease in the duration of the double support phase of 

gait following RAS, which suggests that participants were less reliant on double support to 
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maintain stability. Furthermore, Pau et al. (2016) analyzed kinematic data and computed 

quantitative indicators of variability of movement patterns in individual joints and suggested that 

rhythmic cueing contributed to decreased variability in hip flexion.  

Use of motion capture to identify changes in specific gait components supports the 

validity of using quantitative kinematic parameters to detect motor differences in auditory cueing 

research. In addition to the documented benefits of RAS gait training on spatiotemporal and 

kinematic parameters of gait, researchers have suggested that RAS may improve movement 

quality indicators including freezing of gait (Nieuwboer et al., 2007), variability in muscle 

activation (Thaut et al., 1996), falls, and cadence variability (del Olmo & Cudeiro, 2005; Devlin 

et al., 2019; Nombela et al., 2013).  

Researchers have also published preliminary evidence that suggests rhythmic cueing may 

also be beneficial in non-gait motor rehabilitation. For example, Thaut et al. (2002) examined the 

effects of rhythmic cueing on reaching movements of hemiparetic upper extremities in stroke 

survivors. Thaut and colleagues found that the timing of movements was less variable in a 

rhythmic cueing condition than in an un-cued condition. This research team also found that 

participants’ movement trajectories were less variable and velocity profiles were smoother in the 

rhythmic cueing condition than the un-cued condition. Together, these findings suggest that 

auditory rhythmic cues may contribute to kinematic stability and optimized motor output of 

upper extremity movements. Additionally, the method and results published by Thaut and 

colleagues demonstrated the validity of using kinematic analysis of motion capture data to 

examine upper extremity motor responses to auditory cueing.  

The extant literature indicates that music therapists use rhythmic cueing, among other 

techniques, to address motor needs in adults with neurological movement disorders. There is a 
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lack of literature, however, examining the effects of rhythmic cueing and other auditory cueing 

techniques on upper extremity movements in older adults with PD. Specifically, there is a dearth 

of research comparing the effects of rhythmic cueing to other music therapy techniques, such as 

PSE.  

Patterned Sensory Enhancement  

 Patterned Sensory Enhancement is an NMT technique that is indicated for rehabilitation 

of motor function in clients with neurological and orthopedic needs (C. P. Thaut, 2014). Music 

therapists use PSE to target two primary goals: 1) to improve physical characteristics of 

movements including strength, endurance, balance, and posture, and 2) to rehabilitate specific 

functional movement sequences of the upper limbs (C. P. Thaut, 2014). The goals music 

therapist implement PSE to address are distinct from the goals addressed with RAS because 

music therapists employ PSE to target and improve non-intrinsically rhythmic movements. These 

non-intrinsically rhythmic movements include volitional upper extremity movements and 

complex movement sequences. The primary methodological distinction between PSE and 

rhythmic cueing is that, when implementing PSE, music therapists deliberately incorporate 

multiple musical elements, in addition to rhythmic cues, into auditory cues in order to structure 

and facilitate the target movement (C. P. Thaut, 2014).  

 When implementing PSE, music therapists incorporate purposefully selected rhythmic, 

melodic, harmonic, dynamic, and timbral elements into musical cueing patterns. These musical 

elements are hypothesized to function as temporal, spatial, and force cues that represent the 

properties of the target movement. C. P. Thaut (2014) suggested that the timing, muscular force, 

and spatial displacement of movements may be represented by a “musical gestalt” (p. 106) that is 

created by music therapists to represent and train specific motor patterns. The process of creating 
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and presenting a musical cue that represents a motor movement is known as sonification (C. P. 

Thaut, 2014). For example, the temporal elements of a sonified musical cue for bicep curls may 

involve a predictable duple meter at a moderato tempo to represented the temporal boundaries of 

each repetition.  

Spatially, the melody of a sonified cue for bicep curls may ascend to indicate the lift 

phase of the movement and descend to represent the controlled lowering phase. In order to 

indicate force in this sonified cue, a music therapist may play harmonies that imply tension, such 

as dominant chords, during the ascending phase of the movement and harmonically resolve to 

represent the relative decrease in muscular force required during the descending phase. A music 

therapist may also use dynamic contrast to represent the force of a bicep curl by playing a 

crescendo through the ascending phase of the movement and a decrescendo during the 

descending phase. C. P. Thaut (2014) suggested that, through sonification, musical cues may 

serve to regulate neurological and muscle activations an optimize the execution of target 

movements. It should be noted that it is not clinically typical for a music therapist to include all 

of the sonification elements listed above into a PSE experience. Clinically typical PSE involves 

rhythmically predictable chordal facilitation on piano or autoharp with the dynamics and 

direction of the chords representing the force and spatial element of the target movement. Music 

therapists often sing familiar melodies over this chordal facilitation.  

Although researchers have conducted observational studies on the effects of PSE, there is 

liminal empirical support to suggests that musical elements that contribute to the “musical 

gestalt” (C. P. Thaut, 2014, p. 109) neurologically represent movements or contribute to 

improved motor outcomes. Specifically, there is a lack of literature that examines differences in 

motor responses between PSE and other auditory cueing conditions.  
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Researchers have conducted observational research on the effects of PSE on exercise 

adherence, observer-rated range of motion, observed temporal synchrony with the movement 

facilitator, and execution of exercise technique (Clark et al., 2012; O'Konski et al., 2010; 

Yamada, 2009). Results from these existing PSE studies have seldom indicated differences in 

parameters of interest between PSE and other auditory conditions or exercise formats. For 

example, O'Konski et al. (2010) compared the effects of PSE to a background jazz recording on 

four visually observed parameters of exercise execution in a sample of residents at long-term 

care facilities. Of the 76 comparisons the researchers completed (four outcome parameters for 

each of 19 exercises), only three comparisons–the number of repetitions completed in sync with 

the facilitator for three exercises–were found to be significantly higher in the PSE condition than 

the background jazz condition. Similarly, Yamada (2009) used a between-groups design to 

compare the effects of PSE to non-PSE music on exercise adherence among healthy older adults 

and found no significant between-group differences in the number of repetitions completed, 

direction of movement, range of motion, or overall exercise execution. Also consistent with these 

findings, Clark et al. (2012) found that participants demonstrated no significant difference in 

exercise adherence or perceived exertion between PSE sessions and exercise sessions without 

music.  

Collectively, the extant PSE literature indicates only scant differences in movement 

quality between PSE and other movement facilitation techniques. Furthermore, the outcomes 

presented by Clark et al. (2012), O'Konski et al. (2010), and Yamada (2009) are related to the 

endurance, strength, and postural goals of PSE, rather than the rehabilitation of specific 

movement patterns. These general goals are often addressed in populations of older adults 

without diagnosed neurological movement disorders using clinically typical PSE. It is therefore 
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unknown if the results of these studies are generalizable to neurorehabilitation populations with 

whom music therapists may work on functional motor sequence rehabilitation goals. Further 

research is warranted to examine the effects of PSE on motor outcomes in neurorehabilitation 

settings. This future research may utilize increasingly accessible quantitative measurement and 

analysis techniques to perform more sensitive comparisons of motor parameters between cueing 

conditions. Kinematic analysis of motion capture or wearable device data may be among such 

techniques.  

Kang et al. (2020) used wearable movement trackers to examine the effects of different 

auditory cues on kinematic properties of a shoulder abduction, hold, and adduction task with 

stroke survivors. The researchers found that the angle at which participants held their shoulder in 

the hold phase of the task was more consistent in a melodic cuing condition that incorporated 

concepts of spatial cuing that are characteristic of PSE than in an un-cued condition and a 

rhythmic cueing condition. The researchers did not, however, find significant kinematic 

differences during active movement phases. Although Kang and colleagues interpreted their 

results as suggesting an advantage of melodic cueing for motor rehabilitation, they only observed 

differences in the hold phase, during which the melodic cue consisted of a single pitch repeated 

as quarter notes for eight beats. These results do little to suggest that melodic contour contributed 

to the observed movement differences. Further examination of the potential clinical implications 

and working mechanisms of musical cueing are therefore warranted.  

Proposed Working Mechanisms of NMT Techniques 

Music therapy clinicians and researchers who work from a neuroscience-informed 

approach are interested in understanding the neurological working mechanisms that contribute to 

the effects of music-based interventions in order to develop new techniques and optimize 



 18 

existing techniques. In the NMT approach, researchers and clinicians follow the Rational-

Scientific Mediating Model (R-SMM) to theorize and examine the neurological working 

mechanisms of music-based interventions (Thaut et al., 2014). The goal of the R-SMM is to 

promote understanding of the neurological activity involved in functional skills, music 

perception, and music production. Researchers mediate, or consider the similarities between, the 

neurological activations of musical and functional non-musical skills. The premise of mediation 

is that engaging in musical experiences that use shared or extended neural networks to those used 

in functional skills may be utilized to alter or re-train neurological pathways involved in these 

skills. Working under this premise, NMT clinicians develop therapeutic musical experiences that 

are intended to activate specific neural networks in order to help clients habilitate or rehabilitate 

target skills (Thaut et al., 2014). 

Researchers have suggested four conceptual frameworks that may contribute to the 

effects of auditory cues in motor rehabilitation; 1) entrainment, 2) priming, 3) motor plan 

monitoring, and 4) engagement (Clark et al., 2012; Thaut et al., 2015). Within each of these 

frameworks, researchers have further suggested specific patterns of brain activation, or 

neurological working mechanisms, that may contribute to the motor effects of auditory cues. 

Researchers have implicated networks involving numerous cortical, subcortical, cerebellar, and 

brainstem structures in auditory-motor responses. Activation of these networks are potential 

neurological working mechanisms underlying auditory cueing (Crasta et al., 2018; del Olmo et 

al., 2006; Schwartze & Kotz, 2016; Thaut et al., 2015). The specific neural networks through 

which entrainment, priming, motor plan monitoring, and engagement effect movement patterns, 

however, have not been thoroughly explored (Braunlich et al., 2019; Devlin et al., 2019).  
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Entrainment. Researchers have frequently identified the conceptual framework of 

rhythmic entrainment as a possible explanation for the effects of rhythmic cueing and PSE on 

motor rehabilitation. Entrainment is the capacity of, and tendency for, periodic events known as 

oscillators to synchronize their temporal period in order to optimize their efficiency (Thaut, 

2013). The phenomenon of entrainment applies to cueing-based rehabilitation because neuronal 

firing in the human nervous system function as an internal oscillator that has the capacity to 

entrain to the period of an external oscillator, such as an auditory cue (Nombela et al., 2013; 

Thaut, 2013; Thaut et al., 2002). Grahn and Watson (2013) suggested that the basal nuclei may 

be directly activated by rhythmic stimuli and may be the neurological locus of entrainment. 

Direct activation of the basal nuclei may compensate for damage to basal nuclei structures in 

older adults with PD and contribute to more typical motor function. Neurological evidence for 

this proposed stimulation of the basal nuclei, however, is scant. Rather, numerous researchers 

have suggested that the neurological working mechanism of entrainment is temporally 

predictable recruitment of un-damaged compensatory neural resources (Braunlich et al., 2019; 

Devlin et al., 2019; Mainka, 2015).   

Thaut et al. (2015) proposed that the neurological working mechanism of entrainment is 

temporally predictable activation of motor circuits via neural networks that are involved in 

auditory processing and independent of damaged basal nuclei pathways. The theory underlying 

this proposed mechanism is that damage to the basal nuclei affects time perception and interferes 

with time-based signals from the basal nuclei to motor regions of the cortex. Researchers have 

implicated basal nuclei structures including the putamen in time perception (Nombela et al., 

2013; Schwartze & Kotz, 2016), suggesting the validity of Thaut’s (2015) premise. Drucker et al. 

(2019) observed that adults with PD exhibited reduced activation of the striatum. When the 
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putamen–a part of the stratum–does not receive adequate dopaminergic input from the SNpc, 

adults with PD may experience deficits in time perception that may contribute to deficits in 

motor performance and motor sequencing (Ashoori et al., 2015; Cameron et al., 2016; Schwartze 

& Kotz, 2016). Therefore, if a compensatory extended neural network is able to deliver 

temporally predictable neural signals, similar to those from the basal nuclei, to motor areas of 

cortex, motor symptoms of PD may be ameliorated.  

As a time-based stimulus, rhythmic or musical cues may, through entrainment, promote 

activation of proposed non-basal neural networks that convey timing information (del Olmo et 

al., 2006; Schwartze & Kotz, 2016). Rhythmic cues may help the brain compensate for decreased 

putamen function by facilitating time perception and time-linked neuronal firing in non-basal 

brain regions including the premotor cortex, supplementary motor area (SMA), medial cortical 

areas, and cerebellum (Grahn & Brett, 2007; Grahn & Watson, 2013; Nombela et al., 2013; 

Pecenka et al., 2013; Stegemöller, 2018). If time-constrained stimulation from any of these 

proposed areas is the sole working mechanism underlying auditory cueing-based rehabilitation, 

these networks would be active in both rhythmic cueing and PSE. Therefore, an absence of 

motor differences in response to different auditory cueing conditions would suggest that 

entrainment of temporally responsive compensatory networks may be the neurological working 

mechanism behind entrainment, as well as auditory-motor responses more generally. The 

existence of connections between auditory and motor brain regions is foundational to the 

neurological plausibility of entrainment via non-basal compensatory networks as a working 

mechanism of auditory cueing in motor rehabilitation. 

 Numerous researchers have suggested that a connection is present between the cortical 

auditory system and the cortical motor system, particularly the SMA (Ashoori et al., 2015; del 
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Olmo et al., 2006; Mainka, 2015; Nombela et al., 2013; Schwartze & Kotz, 2016). Grahn and 

Brett (2007) used functional magnetic resonance imaging (fMRI) to examine the nature of 

auditory-motor connections that have been proposed as being involved in rhythmic entrainment. 

These researchers reported that participants showed greater activation in the SMA during a 

motor task in a metered cueing condition than a non-metered cueing condition. Grahn and Brett 

(2007) interpreted these findings as an indication that beat perception increases activation in the 

SMA. A coupling between the auditory system and the SMA would suggest that information 

processed by the auditory cortex is relayed to motor areas with intact temporal fidelity, meaning 

that the timing of an auditory cue would be represented in the neural signals that reach the SMA.  

 Crasta et al. (2018) supported the idea of temporal fidelity of neural signals by 

demonstrating that auditory-related and motor-related neural oscillations are sequential and 

coupled. Neural signals from the auditory cortex to the SMA may facilitate time-constrained 

motor functions via a pathway that does not involve the basal nuclei and would therefore likely 

be unaffected by PD (Ashoori et al., 2015). Researchers have not reached a consensus, however, 

as to the role of the proposed auditory-SMA network in rhythmic cueing and suggested that 

additional neural resources, including the cerebellum, may be functional elements of auditory 

cue-based rehabilitation (Braunlich et al., 2019).  

Drucker et al. (2019) demonstrated that the cerebella of older adults with PD were active 

during a tactile-cue based repetitive motor task. These researchers suggested that the cerebellum 

may function as a compensatory extended network by regulating the pace of motor function 

when the basal nuclei are damaged (Drucker et al., 2019; Schwartze & Kotz, 2016). 

Furthermore, there is a documented connection between the SMA and cerebellum such that 

researchers sometimes discuss these neural components together as the cerebellar-SMA loop or 
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motor-cerebellar loop (Nombela et al., 2013). Devlin et al. (2019) suggested that rhythmic 

stimuli may activate the cerebella of older adults with PD, thereby bypassing damaged timing 

mechanisms in the basal nuclei and regulating motor output through the cerebellar-SMA loop. 

del Olmo et al. (2006) found that adults with PD demonstrated increased activation in the right 

anterior lobule of the cerebellum following four weeks of gait and finger tapping training with 

rhythmic cueing. These results suggest that rhythmically entrained activation of the cerebellum 

may be a neurological working mechanism of cueing-based motor rehabilitation, including 

rhythmic cueing and PSE. Researchers have not reached a consensus, however, as to whether 

differential activations in the cerebella of older adults with PD are compensatory or pathological 

(Schwartze & Kotz, 2016). A null difference in motor responses between PSE and rhythmic 

cueing would suggest that temporally-sensitive compensatory networks such as the motor-

cerebellar loop are the working mechanism underlying both PSE and rhythmic cueing. 

Researchers have not reached a consensus, however, as to the role of specific brain regions in 

entrainment.  

 Stegemöller (2018) suggested that PD may cause damage to the SMA in addition to the 

basal nuclei. Therefore, a function of rhythm in rehabilitation may be to reduce the brain’s 

reliance on the SMA for motor planning by providing precise timing signals and recruiting 

compensatory pathways for movement initiation. Although Stegemöller (2018) did not specify 

the neural pathways by which auditory signals may reach the SMA, she suggested that rhythmic 

cueing may contribute to more precise motor timing by allowing the SMA to activate at closer 

and more predictable intervals to the onset of a movement. This predictable activation is an 

example of entrainment of the SMA to a rhythmic cue. 
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Braunlich et al. (2019), however, did not concur that a connection between the auditory 

cortex and SMA may be a working mechanism in rhythmic cueing for motor rehabilitation. 

These researchers did not find an effect of rhythmic cueing on motor-cerebellar networks and 

therefore suggested that auditory-motor connections are not a primary driver of motor responses 

to auditory cueing (Braunlich et al., 2019). One possible explanation for the discrepancy between 

the results of Braunlich et al. (2019) other research teams, including Grahn and Brett (2007), are 

differences in the paradigms research participants completed. The rhythm reproduction task used 

by Grahn and Brett (2007) likely evoked cognitive processing, which may have activated the 

frontal lobes, thereby introducing a potential mediating brain area into the proposed auditory-

motor connection. 

Entrainment and cognition. Although Braunlich et al. (2019) did not find evidence of a 

connection between the auditory and motor systems, they did find evidence to support the 

existence of a connection between the auditory system and frontal lobe executive networks, as 

well as between frontal lobe executive networks and the motor system. This sequence of 

connections documented by Braunlich et al. (2019) implies that, rather than a direct connection 

between the auditory cortex and SMA, the frontal lobe executive networks may be an 

intervening node in the proposed auditory-motor network. If executive networks mediate 

auditory-motor networks, the concept of rhythmic entrainment, as it is currently conceived, may 

be less vital in music-based motor rehabilitation than has been previously proposed. If frontal 

lobe executive networks are involved in the amelioration of the effects of PD, music therapists 

may seek to prioritize providing musical supports that produce the optimal activation in the 

frontal lobes, rather than providing a stimulus to which the brain can entrain.  
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Optimized activation in the frontal lobes may be achieved by modifying the cognitive 

load necessary to process and respond to auditory cues. Izbicki et al. (2020) demonstrated motor-

evoked potentials in the brain may be of different amplitudes in different musical conditions. 

This lends validity to the concept of differing arousal in the frontal lobes between auditory 

cueing conditions. Rhythmic cues are relatively simple and therefore require a low cognitive load 

to process. Comparatively, sonified PSE cues are complex and require a greater recruitment of 

cognitive resources to process. If frontal lobe activation is a working mechanism of auditory 

cueing, the differences in cognitive loads necessary to process rhythmic cues and sonified cues 

may manifest in differences in motor output between these cueing conditions. Furthermore, if 

motor outputs are different between rhythmic cueing and sonified cueing, this may indicate that 

the frontal lobe executive system responds differently to these cues.  

Frontal lobe cognitive involvement in the processing of auditory cues may explain why 

older adults with PD respond differently to auditory cues as the disease progresses. As the 

cognitive symptoms progress, people in later stages of the disease may have difficulty processing 

complex stimuli such as sonified cues (Lindaman & Abiru, 2013). Older adults in the later stages 

of PD may therefore respond best to rhythmic cueing because it provides the optimal cognitive 

load. If the validity is found for the cognitive model of auditory-motor responses, further 

research would be needed to examine the cognitive loading effects of different cue types in the 

brains of older adults in different stages of PD progression.  

 The executive-motor connection suggested by Braunlich et al. (2019) may explain why 

internally generated musical cues such as mental singing may contribute to motor improvements 

(Harrison et al., 2019). Harrison et al. (2019) found that older adults with PD demonstrated an 

increase in gait variability in a musical cueing condition and a decrease in gait variability in a 
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mental singing condition, both compared to an un-cued gait condition. If internally generated 

cues are produced in the frontal lobes, signals from the frontal lobes may drive activation in 

motor areas using the same executive-motor network as the auditory-executive-motor pathway 

implied by the findings of Braunlich et al. (2019). Pecenka et al. (2013) lent validity to the 

premise that frontal lobe-produced stimuli may affect the motor system by implicating the 

medial prefrontal cortex in cognitive processing of responding to changes in a rhythmic stimulus. 

Furthermore, internally generated cueing may produce a more optimal level of cognitive arousal 

than external musical cues.    

Priming. Priming of the motor system is another conceptual framework that may 

contribute to understanding the neurological working mechanism or mechanisms of rhythmic 

cueing and PSE. Priming refers to neurological activity that occurs in anticipation of an action 

(Thaut et al., 2015). Thaut (2013) suggested that priming puts the brain in a state of readiness to 

move and therefore may increase the quality of subsequent motor responses. Activation of the 

SMA approximately 100 milliseconds before an expected rhythmic stimulus, as suggested by 

Stegemöller (2018), is an example of nervous system priming.  

In addition to anticipatory neurological activations associated with a single event, 

researchers have suggested that priming also occurs over larger time scales in the range of 

minutes (Braun Janzen et al., 2019; Crasta et al., 2018). Braun Janzen et al. (2019) suggested that 

the working mechanism of priming is activation of a central time keeping mechanism in the 

brain. Braun Janzen et al. (2019) suggested that, once a timing mechanism is active, it remains 

primed and contributes to improvements in other movements. For example, an older adult with 

PD may prime the central time keeper by tapping their finger to a rhythmic cue. This priming 

may then contribute to improve gait parameters (Braun Janzen et al., 2019).  
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Crasta et al. (2018) used time-frequency analysis of electroencephalography (EEG) data 

to examine the neurological correlates of auditory-only and motor-only priming. These 

researchers found that auditory priming was associated with a decrease in the power of delta, 

alpha, and low beta (4 – 20 Hz) neural oscillations during a rhythmically cued tapping task. 

Crasta and colleagues suggested that this decrease in the power of slow oscillations may 

represent an optimization in the efficiency of neurological networks involved in motor outputs 

on subsequent trials. The authors labeled this increased efficiency of cortical activation as 

“repetition priming” (Crasta et al., 2018, p. 111). The neurological efficiency associated with 

repetition priming may be the working mechanism underlying the effects of rhythmic cueing and 

PSE on motor outputs.  

Motor Plan Monitoring. Thaut (2013) proposed that temporal constraints imposed by 

rhythm may allow the brain to form motor plans that are completed within the period of a beat. 

Neurological activations required to perform goal-directed and time-limited tasks may stimulate 

activity in the brain that helps overcome or bypass damage caused by PD, traumatic brain injury, 

stroke, or other neurological conditions (Braunlich et al., 2019; Thaut, 2013). Because the brain 

is able to predict the onset of a rhythmic stimulus (Stegemöller, 2018), the brain may be able to 

compare the physical position of the body in an ongoing motor movement to the temporal 

position within a beat. The brain may then modify the neural motor plan by sending signals to 

the muscles to change the rate or trajectory of the movement in order to complete it within the 

period of the beat. For example, bradykinesia or movement freezing may cause an older adult 

with PD to execute a motor movement more slowly than the ideal motor plan. If, for example, 

the brain recognizes that the arm is 25% of the way to a target when 50% of a constraining beat 
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has elapsed, the brain may recognize this disparity and send neural signals to the muscle to 

increase the velocity of the movement.  

In this example, the rhythmic stimulus increases the specificity of the motor plan 

template. This increased specificity may allow the cerebellum to more efficiently compare the 

rate, range, and force of an ongoing movement to the rate, range, and force of the motor plan. 

The cerebellum may then send signals to motor areas of the brain in order to make necessary 

modifications to signals sent to muscles. This real-time motor plan monitoring may help people 

with PD execute movements within a predictable period, thereby overcoming the motor 

symptoms of the disease (Thaut, 2013; Thaut et al., 2015). If motor plan monitoring based on the 

temporal predictability of an auditory stimulus is the primary working mechanism of rhythmic 

cueing and PSE, researchers could expect that the motor outcomes of these techniques would be 

indistinguishable because both rhythmic cues and sonified PSE both contain a temporally 

predictable beat stimulus. In addition to rhythm, researchers have suggested that pitch processing 

may be involved in motor plan monitoring (Kang et al., 2020). 

 Kang et al. (2020) suggested that non-rhythmic musical elements may be involved in 

motor plan monitoring. These researchers hypothesized that the tonotopic organization of 

auditory regions of the brain may relate to perception of the body in physical space. Kang et al. 

(2020) did not suggest a neurological network that could relate pitch information to 

proprioceptive and motor monitoring systems. In order to achieve the proposed pitch-space 

relationship, a neural network would relate the firing of frequency-specific cells in the auditory 

system with the activation of neural networks involved in proprioception and motor monitoring. 

There is negligible neurological evidence for the existence of neural networks that might 

facilitate such a connection. 
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Engagement. Engagement is another conceptual framework that may help researchers 

understand the neurological working mechanism of auditory cueing-based rehabilitation. Music 

may promote engagement in the therapeutic process and this engagement may contribute to 

better treatment motivation and execution of therapeutic exercises. Mainka (2015) suggested that 

the musical gestalt of sonified cues promotes attention to the cueing stimulus. Similarly, Grahn 

and Watson (2013) called for an examination of the potential effects of musical concepts on 

engagement. These concepts include client preference, genre, and the level of musical energy. 

Beyond incorporating attentionally salient musical elements within rhythm cues, Street (2012) 

suggested using an eclectic approach to addressing neurological needs in music therapy. Street 

(2012) reported a case study in which he used rhythmic cueing to promote gait rehabilitation and 

songwriting to promote therapeutic engagement. He suggested that increased engagement from 

non-motor experiences contributed to success on motor outcomes.  

Cameron et al. (2016) suggested that older adults with PD may have better beat 

perception in a musical context than a non-musical context, stating “additional information in 

real music may give listeners with PD sufficient cues regarding the beat” (p.6). The authors do 

not, however, indicate what musical elements may be the source of this “additional information” 

(p.6). Increased engagement may be involved in the proposed beat perception advantage within 

music because older adults with PD may be more likely to attend to a musical stimulus than a 

metronome. Additionally, the presence of multiple musical elements may provide older adults 

with PD multiple potential sources of beat information, such as a vocal line or a bass line.  

If engagement is a working mechanism of rhythmic cueing and PSE, there would likely 

be differences in the motor outcomes between these techniques. These motor differences would 

likely include better motor performance in a PSE condition because sonified cues are widely 
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considered to be more engaging than rhythmic cues. Despite the emphasis placed on engagement 

by numerous music therapy researchers, C. P. Thaut (2014) did not discuss engagement in the 

initial hypothesis regarding the effect of the musical gestalt on motor performance. 

Working Mechanism Summary. Few of the conceptual frameworks and specific 

neurological working mechanisms described above suggest a function of non-rhythmic musical 

elements or spatial and force cues in motor rehabilitation. Furthermore, proposed working 

mechanisms are supported by inconsistent levels of empirical research. Researchers have 

therefore not reached a consensus as to whether multi-element musical cues contribute to 

differences in motor function compared to rhythmic cueing alone (Raglio, 2015).  

Regardless of the working mechanism or mechanisms that underly rhythmic cueing and 

PSE, the goal of these techniques is to improve motor function by improving brain function. It is 

therefore relevant to consider how neuroplasticity, or changes in the brain, occurs. 

Neuroplasticity is the capacity for the brain to make structural changes to promote learning and 

compensate for damage (Stegemöller, 2014). Neuroplasticity may involve the formation of new 

synapse or the reorganization of entire neural pathways (Stegemöller, 2014). Older adults with 

PD may benefit from increased neuroplasticity because the process of plasticity may help 

compensatory neural networks, such as those described in the sections above, become more 

permanent. Researchers have demonstrated that music listening promotes activation in 

dopaminergic regions of the brain and that dopamine promotes neuroplasticity (for review see 

Stegemöller, 2014). Sonified cues and rhythmic cues may produce different concentrations of 

dopamine in the brain and therefore differences in neuroplasticity. Although neuroplasticity is 

not directly a working mechanism of rhythmic cueing and PSE, this framework may contribute 

to differences in the generalizability of the outcomes of these techniques. If, for example, the 
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sonified cues contribute to a greater dopamine concentration than rhythmic cues, more plasticity 

may occur and contribute to PSE being more generalizable than rhythmic cueing. 

There is a need for quantitative methods to examine the effects of rhythmic and musical 

cueing techniques on the motor system in order better understand the working mechanisms that 

contribute to these effects. Kinematic analysis of motion capture data is an established and valid 

tool in movement studies.  

Motor Kinematics 

Motion Capture 

 Motion capture is a technique in which the position of anatomical locations of a 

participant’s body are recorded by a system of cameras, markers, and computers. Prior to 

beginning a motion capture recording, researchers place reflective markers at designated points 

on the participant’s body. The purpose of the reflective markers is to ensure that the motion 

capture system consistently detects anatomical locations of interest. Cameras in the motion 

capture system detect infrared light that is reflected by the markers and the computer determines 

the location of each marker at each recording interval––typically more than 100 times per 

second. The output of a motion capture recording is a table of the coordinates, in three 

dimensions, of each marker at each capture interval. Researchers use these data to quantify 

characteristics of the recorded movement, including velocity, acceleration, jerk, joint angles, 

movement variability, and movement path (Isenberg & Conrad, 1994; Mündermann et al., 2006).   

Movement Smoothness 

 Movement smoothness is a vital kinematic parameter in neurorehabilitation because 

smoothness is thought to reflect the ability of the nervous system to form and execute a motor 

plan (Gulde & Hermsdörfer, 2018). Thaut (2013) theorized that the benefits of auditory cueing 
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are in part attributable to the formation and monitoring of motor plans. Movement smoothness 

measures may therefore be sensitive to motor changes that occur in response to auditory cueing. 

Furthermore, smooth movements are more efficient and may contribute to safer completion of 

activities of daily living in older adults with PD. Measures of movement smoothness may 

therefore indicate rehabilitative progress and predict functional motor outcomes. 

 Researchers use three primary approaches to determine the smoothness of a movement; 

velocity-based, acceleration-based, and arc length-based parameters (Gulde & Hermsdörfer, 

2018). Jerk is an example of an acceleration-based movement smoothness parameter. Jerk is the 

mathematical derivative of acceleration, meaning that the summed value of jerk within a time 

interval represents the change in acceleration within that time interval. An optimally smooth 

movement would have a jerk value of zero because movement accelerations would occur at 

constant rate. In kinematic analysis of complex human movement patterns, however, jerk is 

detectable and has been documented as a valid and sensitive measure of movement smoothness 

(Gulde & Hermsdörfer, 2018).  

Researchers have used normalized jerk (NJ, Teulings et al., 1997) as a parameter with 

which to compute and report jerk in kinematic research with multiple neurologic population, 

including PD (Alberts et al., 2000; Romero & Stelmach, 2003; Romero et al., 2003), stroke 

(Konieczny et al., 2020; Rohrer et al., 2002), cerebral palsy (Aboelnasr et al., 2017), and Autism 

Spectrum Disorder (Fukui et al., 2018). The result of NJ analysis is a unitless quantitative 

indicator of summed jerk that is normalized for path length and duration.  

In auditory cuing research, differences in NJ between auditory cueing conditions would 

indicate changes in smoothness that may be attributable to the auditory cues. Peng et al. (2011) 

used NJ to examine the effects of PSE on sit-to-stand movements in children with cerebral palsy. 
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They found that participants exhibited lower NJ scores during sit-to-stand repetitions that were 

facilitated by PSE cues as compared to an un-cued condition.  

Movement Variance  

 In addition to movement smoothness, researchers have used indicators of movement 

variance to assess the kinematic properties of movements (Smith et al., 2000). Movement 

variance parameters are numerical indicators of the consistency of movement paths across 

multiple repetitions. Spatiotemporal index (STI) is one parameter of movement path variance 

(STI; Smith et al., 2000). Researchers calculate STI by creating a model of average movement 

path for all repetitions of a movement and then taking the sum of standard deviations of each 

repetition from this model. This sum of standard deviations, STI, is a unitless numerical indicator 

of movement variance in which a smaller number represents less variance, which is an indicator 

of healthy neuromuscular output (LaGasse, 2013; Smith et al., 2000). Researchers have used STI 

to examine the variability of oral motor output in various conditions including different utterance 

lengths (Sadagopan & Smith, 2008) and speech rates (Smith et al., 1995). LaGasse (2013) used 

STI to examine the effects of rhythmic cueing on trajectory stability of oral motor movements, 

thereby establishing the validity of STI as an outcome parameter in auditory cueing studies.  

Kinematic Characteristics of PD 

 The motor symptoms of PD, including tremors, bradykinesia, and rigidity, contribute to 

decreased movement smoothness and increased movement variability (Gutman, 2017; Viviani et 

al., 2009). Isenberg and Conrad (1994) established a connection between bradykinesia and 

decreased movement smoothness by demonstrating that adults with PD exhibited multiple 

velocity peaks within each repetition of a slow movement. Multiple velocity peaks is indicative 

of poor movement smoothness and suggests that participants with PD required multiple muscle 



 33 

activation cycles to complete each repetition of the task (Gulde & Hermsdörfer, 2018; Hallett & 

Khoshbin, 1980). Viviani et al. (2009) and Romero et al. (2003) further linked bradykinesia and 

movement smoothness by demonstrating that adults with PD who experience bradykinesia 

demonstrated reduced motor fluidity during handwriting-like tasks and line-drawing tasks 

respectively. These differences between older adults without a neurologic diagnosis and older 

adults with PD demonstrate that movement smoothness is affected by PD more than it is affected 

by typical ageing. Kinematic parameters of smoothness and variability may therefore be valid 

tools to assess the efficacy of interventions on motor symptoms in adults with PD.  

Purpose and Research Questions 

The motor symptoms of PD contribute to quantifiable kinematic changes and functional 

disabilities. Music therapists who work from a neuroscience-informed approach may use 

rhythmic cueing and/or PSE to help older adults with PD restore or maintain motor function. 

Understanding the working mechanisms of these techniques may help music therapist select and 

refine therapeutic musical experiences by providing cues that promote optimal neurological 

activations. The motor responses to, and neurological working mechanisms of, auditory cueing 

have not been thoroughly explored. Specifically, researchers have not compared the effects of 

rhythmic cues and sonified PSE cues on volitional movements in older adults with PD. 

Differences in motor responses to rhythmic and sonified cues may imply that the neurological 

working mechanisms of PSE are distinct from the neurological working mechanisms of rhythmic 

cueing.  

Within-participant analysis of movement smoothness and movement variability may 

indicate differential effects of auditory cueing conditions. Kinematic differences in motor 

responses to rhythmic cues and sonified musical cues may suggest that musical elements other 
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than rhythm recruit distinct neural resources to regulate motor patterns, as proposed by C. P. 

Thaut (2014). Kinematic differences between auditory cueing conditions may also imply that 

different cueing conditions contribute to different cognitive loads. The purpose of this study, 

therefore, is to compare the effects of auditory cueing types––no auditory cues, rhythmic cues, 

and sonified musical cues––on the movement smoothness and movement variance of repetitive, 

volitional arm movements in older adults with PD. This study will answer the following research 

questions:  

R.Q.1: Do adults with PD demonstrate a difference in NJ of a self-paced volitional arm 

movement compared to adults without PD?   

Hypothesis 1: There will be a significant difference in NJ of a self-paced volitional arm 

movement between adults with PD and adults without PD. 

R.Q. 2: Is there a significant interaction between cueing condition and NJ of volitional 

arm movements in adults with PD? 

Hypothesis 2: There will be a significant interaction between cueing condition and NJ in 

adults with PD. 

R.Q. 3: Do adults with PD demonstrate a difference in the STI of a self-paced volitional 

arm movement compared to adults without PD?   

Hypothesis 3: There will be a significant difference in STI of a self-paced volitional arm 

movement between adults with PD and adults without PD. 

R.Q. 4: Is there a significant interaction between cueing condition and STI of volitional 

arm movements in adults with PD? 

Hypothesis 4: There will be a significant interaction between cueing condition and STI in 

adults with PD.  
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CHAPTER 3. METHOD 

 

 

 

Participants  

 A convenience sample of older adults with Parkinson’s Disease (PD) (n =  7; 5 female, 2 

male; 2 left handed) ages 68 to 82 (M = 74.9, SD = 4.43) were recruited based on their 

participation in PD exercise and vocal health groups at a University music therapy clinic. 

Additionally, a convince sample of college students (CS, n = 10; 7 female, 3 male; 1 left handed) 

ages 19 to 21 (M = 19.9, SD = 0.74) were recruited as a comparison group. Movement patterns 

change with normative aging (Dixon et al., 2018) and therefore the researchers anticipated that 

groups would be non-equivalent. The researchers also intended to include a sample of older 

adults with no neurological disorders, however data collection was stopped due to restrictions in 

response to the COVID-19 pandemic.  

 The inclusion criterion for participants in the PD group was to have a primary diagnosis 

of PD. Inclusion criteria for the CS group was to be at least 18 years of age, have no documented 

hearing impairment, and have no diagnosed movement or neurological disorder. All participants 

who were recruited completed the study procedure and were included in all data analyses (see 

Figure 1).  

Design 

 The present study used two non-randomized, quasi-experimental, 2x3 factorial analyses. 

Participants in both the PD and CS groups completed three trials of a repetitive arm reaching task 

under each of three auditory cueing conditions. The independent variables in both designs were 

group (PD and CS) and auditory cueing condition (no cueing, rhythmic cueing, and sonified 

cueing). In the first design, the dependent variable was normalized jerk (NJ), a measure of 
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movement smoothness. In the second design, the dependent variable was spatiotemporal index 

(STI), a measure of movement path variance. Parameters of movement smoothness and 

movement path variance were calculated from the same raw data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Participant Flow Diagram 

Materials 

Motion Capture System  

 Upper extremity movements were recorded using a six-camera OptiTrack Infrared 

Motion Capture System (NaturalPoint Inc., Corvallis, OR, USA). Motion capture cameras were 

arranged in two columns such that three cameras to the participant’s and three cameras were to 

their right. The center camera in each column was aligned with the participant in the frontal 

Participants recruited (n = 17) 

Met eligibility criteria  (n = 17) 

Grouped by trait 

College student (n = 10) Parkinson’s disease (n = 7) 

Competed protocol and included 

in analysis (n = 7) 

Competed protocol and included 

in analysis (n = 10) 

Upper extremity reaching protocol 

No cueing condition: 3 trials  

Rhythmic cueing condition: 3 trials 

Sonified cueing condition: 3 trials 
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plane. The additional cameras in each column were located in front of and behind from the 

center camera (see Figure 2).  

 
Figure 2. Experimental Setup and OptiTrack Camera Arrangement 

Note. This figure is not to scale. Rectangles with circle in the center represent OptiTrack 

cameras. 

 

 The OptiTrack system recorded the position of infrared-reflective markers that were 

placed by research assistants at the participant’s shoulder, elbow, forearm, wrist, knuckle of the 

middle metacarpal, and pointer finger phalangeal knuckle. Motion capture data were output as 

coordinates of each marker in the x, y, and z axes at a rate of 120 Hz. Only data from the wrist 

maker were analyzed in the present study. 

Target Board  

  A black plywood board (approximately 30 in x 30 in) with holes drilled on a 2 in x 2 in 

grid and placed on top of a table was used to provide endpoint targets for the arm reach task. 

Target discs were affixed to holes in the board. For this study, the proximal target was placed 12 

inches from the proximal edge of the board and in the center sagittal plane. The distal target was 
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placed in the same sagittal plane as the proximal target and 12 inches further away from the 

participant (see figure 2). The target board was sloped slightly toward the participant at a 15° 

angle.  

Audio System 

A research assistant played pre-recorded auditory cues using a computer with two 

external speakers. The speakers were placed approximately 8’ in front of the participant and 

offset to the participant’s left and right. Before each participant completed arm movement trials, 

a research assistant checked the volume of the audio system to ensure that the participant was 

able to hear the auditory cues clearly without them being too loud. 

Rhythmic Cueing Track 

 For trials in the rhythmic cueing condition, a research assistant played a track of a digital 

metronome set to 70 beats per minute (BPM). The researchers selected a cueing rate of 70 BPM 

because it is near the low end of the range at which adults can entrain (Rose et al., 2019). 

Participants who experience bradykinesia are therefore likely able to complete each repetition of 

the movement within the period of one beat.  

Sonified Cueing Track 

 During sonified cueing trials, a research assistant played a pre-recorded of a well-known 

folk tune arranged for piano at 70 BPM. The sonified cueing track also included an embedded 

metronome. The same track was used for each of the three trials and for all participants. The 

piano arrangement of the folk tune was created to provide temporal, spatial, and force cues as 

outlined by C. P. Thaut (2014) in the Handbook of Neurologic Music Therapy. The sonified cue 

track met the principles of Patterned Sensory Enhancement (PSE) because it represented the 

spatial, temporal, and force elements of the arm reaching movement. The sonified cueing track 
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included temporal cues including a salient quarter note beat and embedded metronome. The 

sonified cueing track included force cues by emphasizing the arm extension with accented 

chords. The track represented the spatial difference between the proximal and distal targets as the 

pitch range of the top note in the left hand on each beat. Additionally, the cueing track and 

matched the light style of contact with the target board with a staccato pattern. An example of a 

piano arrangement for sonified cueing is presented in Figure 3. 

  

Figure 3. Sonified Cue Piano Arrangement  

Note. The sonified cueing arrangement used in this study was of a different folk tune.  

Study Procedure  

 All participants provided written informed consent on a form approved by the IRB of the 

affiliated institution. Participants were then seated in front of a table in the center of six motion 

capture cameras. The target board was placed on a table directly in front of the participant (see 

Figure 2). A research assistant affixed infrared-reflective markers at the shoulder, elbow, 
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forearm, wrist, knuckle of the middle metacarpal, and phalangeal knuckle of the pointer finger of 

the participant’s dominant upper extremity. 

 Each participant completed three 60-second trials of a repetitive arm reach task for each 

of three auditory cueing conditions including: 1) no auditory cueing, 2) rhythmic cueing at 70 

beats per minute, and 3) sonified cueing at 70 beats per minute. To complete the repetitive 

reaching paradigm, a participant began with the index finger of their dominant hand on the 

proximal target of the target board. When instructed, the participant began moving their hand 

between the proximal and distal targets, tapping the target at each end. Participants repeated this 

movement until they were instructed to stop by a research assistant after 60 seconds. The 

coordinates of each infrared marker during each trial were recorded by the OptiTrack Infrared 

Motion Capture System. Participants took breaks of approximate 30 seconds between trials. 

During this time, research assistants saved files and provided verbal instructions.  

Participants completed three trials in the no cueing condition first to ensure that it was 

self-paced and not influenced by the tempo of the auditory cues. A research assistant instructed 

the participant by stating “You are now going to tap the lower target and then the upper target, 

going back and forth at a comfortable pace until I say stop.”  

Participants completed three trials in both the rhythmic cueing and sonified cueing 

conditions. The three trials of each condition were consecutive, however the order of the 

conditions was randomized based on a pre-established randomization table. The purpose of 

randomization was to counterbalance any order effects that may be present. In the rhythmic 

cueing condition, a research assistant used the audio system to play the rhythmic cueing track. A 

research assistant instructed participants to match the pace of the metronome, saying “this time 

you will tap with the metronome to the best of your ability.” The rhythmic cueing track began 
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before the trail began and a research assistant instructed the participant to begin moving by 

saying “ready, go” in rhythm with the stimulus. Each participant completed three trials in the 

rhythmic cueing condition with a 30 second break between each trial.  

 In the sonified cueing condition, a research assistant used the audio system to play the 

sonified cueing track. A research assistant instructed participants to match the pace of the music, 

saying “this time you will tap with the music to the best of your ability.” The sonified cue track 

began with four preparatory beats, during which a research assistant provided the verbal cues 

“ready, go” in rhythm with the cueing track. Each participant completed three trials in the 

sonified cueing condition with a 30 second break between each trial. 

Kinematic Analysis Parameters 

 Motion capture data from the wrist marker were processed using custom MatLab scripts 

(MathWorks, Natick, MA, USA) to determine two kinematic parameters for each trial–NJ and 

STI.  

Normalized Jerk 

 Normalized jerk (NJ) is a quantitative indicator of movement smoothness (Teulings et al., 

1997). In physics, jerk is the rate of change of acceleration and is calculated as the third 

derivative of position with respect to time (Gulde & Hermsdörfer, 2018). Jerk and movement 

smoothness are inversely correlated such that movements that are smooth have minimal jerk and 

movements that are not smooth have more jerk. Measures of jerk, therefore, can be used as 

quantitative indicators of the smoothness of human movements (Rohrer et al., 2002). Kinematics 

researchers often compute jerk as NJ in order to account for differences that may result from 

variation in path length or trial duration. A lower NJ value represents a smoother movement, 

which is considered optimal. Researchers calculate NJ by taking the square root of the quantity 

(1) 
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of ½ of the integral of jerk (indicated as j) with respect to time multiplied by duration to the fifth 

over length squared (Teulings et al., 1997). See Equation 1 for the formula used to calculate NJ. 

NJ = $12' 𝑗! ∗ 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
"

𝑙𝑒𝑛𝑔𝑡ℎ!  

 The author calculated the NJ of each trial using a custom MatLab script. The mean NJ of 

three trials of each cueing condition and participant were then calculated. These mean values 

were used in comparative statistical analyses.  

Spatiotemporal Index 

 Spatiotemporal index (STI) is a single-value quantitative representation of the variability 

of the path of a movement (LaGasse, 2013; Smith et al., 2000). A lower STI value indicates less 

trajectory variability, which is considered an optimal kinematic pattern. A custom MatLab script 

was used to calculate STI. This MatLab script analyzed the first 10 movement segments in each 

trial (five extension and five flexion segments) at the wrist marker and created a model of an 

average repetition of the movement. The observed distance of the wrist maker from the modeled 

location was computed at 200 specified time points over the ten segments. The standard 

deviation of these differences in distance for flexion and extension segments was summed to 

produce the STI. For each participant, the mean STI for three trials of each cueing condition was 

calculated. These mean STI values were used in comparative statistical analyses. 

Data Analysis  

 To answer R.Q. 1, a two-tailed independent samples t-test was run using Excel to 

compare NJ in the no cueing condition between the PD and CS groups. Similarly, to answer R.Q. 

3, a two-tailed independent samples t-test was run using Excel to compare STI in the no cueing 

condition between the PD and CS groups. 

(1) 



 43 

 To answer R.Q. 2 and R.Q. 4, a repeated measures analysis of variance (RMANOVA)  

was run using SPSS (IBM Inc., Armonk, NY, USA). Post-hoc tests were conducted using paired 

t-Tests to determine the source of any significance.   
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CHAPTER 4. RESULTS 

 

 

 

Participant Characteristics   

 All participants in the college students (CS) group (n = 10; ages 19 to 21, M = 19.9, SD = 

0.74) completed three trials in each of the three auditory cueing conditions. All data from these 

trials were included in statistical analyses. All participants in the Parkinson’s disease (PD) group 

(n =  7; ages 68 to 82, M = 74.9, SD = 4.43) completed three trials in each of three cueing 

conditions. Demographic characteristics of participants in the PD group are presented in Table 1. 

Motion capture data from one trial (participant PD4, no cueing trial 1) were intermittently 

missing. As a result of these missing data, spatiotemporal index (STI) and normalized jerk (NJ) 

were not able to be computed for this trial. The STI and NJ values in the no cueing condition for 

participant PD4 are therefore reported and analyzed as the mean of the two trials for which 

motion capture data were fully recorded.  

Table 1. Parkinson’s Disease Group Participant Demographics 

Participant ID Age Gender Dominant Hand 

PD1 72 Female Right 

PD2 68 Male Right 

PD3 74 Female Right 

PD4 76 Female Left 

PD5 77 Female Right 

PD6 75 Female Right 

PD7 82 Male Left 
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Movement Smoothness  

The kinematic parameter normalized jerk (NJ) was computed as an indicator of 

movement smoothness. 

Group Differences With No Auditory Cueing 

 A two-tiled t-test for independent samples was run in Excel (Microsoft Corporation, 

Redmond, WA, USA) to examine the effects of group membership on NJ in the no cueing 

condition. The PD group demonstrated a larger mean NJ (M = 3185.39, SD = 3819.33) than the 

CS group (M = 1138.35, SD = 484.66); however, this difference was not statistically significant 

(t(15) = 1.70, p = .11, see Figure 4).  

 
Figure 4. Group Mean Normalized Jerk in the No Cueing Condition 

Note: NJ = normalized jerk; CS = college students; PD = Parkinson’s disease 

Effects of Group and Cueing Condition 

 Participant NJ values for each cueing condition are displayed in Table 2. Participant 

mean NJ values for the PD group are also represented in Figure 5. Figure 5 indicates that 

multiple participants in the PD group demonstrated higher NJ values in the rhythmic cueing 

condition than the no cueing condition, as well as lower NJ values in the sonified cueing 
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condition than the no cueing condition. Group mean NJ values for each condition are displayed 

in Table 3 and Figure 6. Figure 6 indicates that the group mean NJ was greater for the PD group 

than the CS group in all three cueing conditions. Figure 6 also indicates that, for both groups, 

mean NJ values were greater in the rhythmic cueing condition than the no cueing and sonified 

cueing conditions. 

Table 2. Participant Normalized Jerk by Condition  

Participant  College Student Group Participant  Parkinson’s Disease Group 

 
No 

Cueing 

Rhythmic 

Cueing 

Sonified 

Cueing 
 

No 

Cueing 

Rhythmic 

Cueing 

Sonified 

Cueing 

CS1 828.57 1216.21 1248.00 PD1 1821.52 1800.89 1933.93 

CS2 2138.40 3485.66 2441.16 PD2 972.15 1109.17 1037.59 

CS3 1228.87 1481.86 1161.56 PD3 4081.41 4771.21 4316.00 

CS4 965.04 923.70 983.60 PD4 889.70* 892.23 882.01 

CS5 611.20 616.27 677.14 PD5 11487.73 12039.97 10396.93 

CS6 702.97 870.30 752.54 PD6 1864.24 1710.60 1716.16 

CS7 1465.74 1780.63 1766.77 PD7 1180.99 1311.75 1046.03 

CS8 1193.27 1232.87 1177.26     

CS9 676.56 683.76 698.76     

CS10 1572.94 1948.47 1695.16     

 

Note. *Mean in the no cueing condition for participant PD4 is represented as the mean of two 

trials due to missing data from the motion capture system.  
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Figure 5. PD Participant Normalized Jerk by Cueing Condition  

Note: NJ = normalized jerk; PD = Parkinson’s disease 

Table 3. Normalized Jerk Descriptive Statistics by Group 

Group n No Cueing Rhythmic Cueing Sonified Cueing 

  M SD M SD M SD 

CS 10 1138.35 484.66 1423.97 849.38 1260.19 562.40 

PD 7 3185.39 3536.01 3376.55 3738.49 3046.95 3193.09 

All 17 1981.25 2584.71 2227.97 2738.91 1995.92 2336.70 

 

Note: CS = college students; PD = Parkinson’s disease 
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Figure 6. Group Mean Normalized Jerk by Cueing Condition  

Note: NJ = normalized jerk; CS = college students; PD = Parkinson’s disease 

A 2x3 mixed design ANOVA was run in SPSS to examine the effects of group and 

cueing condition on NJ. This mixed design ANOVA indicated no significant cueing condition x 

time interaction effects (F(2,30) = .96,  p = .40, partial η2 = .22). The main effect of cueing 

condition was significant (F(2,30) = 4.32,  p = .02, partial η2 = .22). The main effect of group 

was not significant (F(1,15) = 2.59, p =.12, partial η2 = .15). Post-hoc paired samples t-tests with 

a Bonferroni correction revealed a statistically significant difference in NJ between the no cueing 

(M = 1981.25, SD = 2584.71) and rhythmic cueing (M = 2227.97, SD = 2738.91) conditions 

(t(16) = -2.80, p = .013, Cohen’s d = .09). No significant difference was found for other 

condition pairs (see Table 4).  
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Table 4. Post-Hoc Paired t-Tests for Normalized Jerk Between Conditions 

Condition Pair df t p Cohen’s d 

Pair 1 No Cueing 16 -2.80 .013* .09 

 Rhythmic Cueing     

Pair 2 Rhythmic Cueing 16 2.09 .053 .09 

 Sonified Cueing     

Pair 3 No Cueing 16 -.186 .854 .01 

 Sonified Cueing     

 

Note: * indicates significance, 2-tailed at α < .016. Post-hoc tests were conducted using data 

from all participants in the Parkinson’s disease and college student groups. See table 3 for means 

and standard deviation normalized jerk for each cueing condition.  

 

Movement Variance  

 Spatiotemporal index (STI) was computed as an indicator of movement path variance.  

Group Differences With No Auditory Cueing 

A two-tailed t-test for independent samples was run in Excel to examine the effects of 

group membership on STI in the no cueing condition. The PD group demonstrated a lower STI 

(M = 1.12, SD  = .50) than the CS group (M = 1.95, SD  = 1.21); however, this difference was not 

statistically significant (t(15) = 1.70, p = 1.1, see Figure 7). 

Effects of Group and Condition 

Participant STI values for each cueing condition are presented in Table 5. Individual STI 

values for participants in the PD group are additionally displayed in Figure 8. Figure 8 indicates 

that multiple participants in the PD group demonstrated greater STI in the no cueing condition, 

the rhythmic cueing condition, or both, than the sonified cueing condition. Group mean STI 

values for each cueing condition are presented in Table 5 and Figure 9. Figure 9 indicates that 

the CS group demonstrated higher STI values than the PD group in all three cueing conditions. 
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Figure 7. Group Mean Spatiotemporal Index in the No Cueing Condition 

Note: STI = spatiotemporal index; CS = college students; PD = Parkinson’s disease 

Figure 9 also indicates that the STI for participants in the CS group was greater in the no cueing 

condition than the rhythmic cueing and sonified cueing conditions. Figure 9 further indicates that 

the STI for participants in the PD group was largest in the rhythmic cueing condition.  

A 2x3 mixed design ANOVA was run in SPSS to examine the effects of group and 

cueing condition on STI. Mauchly's test of sphericity indicated that the assumption of sphericity 

was violated (χ2(2) = 8.11, p = .017) and therefore degrees of freedom were corrected using 

Greenhouse-Geisser estimates of sphericity (ε = .695). With this correction, the mixed design 

ANOVA indicated a significant cueing condition x time interaction effect (F(1.139,20.84) = 

4.15, p = .04, partial η2 = .22). The main effect of condition was also significant (F(1.139,20.84) 

= 4.28,  p = .04, partial η2 = .22). The main effect of group was not significant. 
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Table 5. Participant Spatiotemporal Index by Condition 

Participant  College Student Group Participant  Parkinson’s Disease Group 

 
No 

Cueing 

Rhythmic 

Cueing 

Sonified 

Cueing 
 

No 

Cueing 

Rhythmic 

Cueing 

Sonified 

Cueing 

CS1 2.38 1.47 1.85 PD1 1.02 1.07 1.07 

CS2 0.97 0.97 0.95 PD2 0.81 1.63 1.00 

CS3 0.77 0.89 1.11 PD3 0.89 0.92 0.70 

CS4 1.94 1.15 0.84 PD4 2.10* 1.65 1.16 

CS5 1.01 1.19 1.03 PD5 0.56 0.75 0.82 

CS6 1.78 1.10 1.25 PD6 1.42 1.18 0.97 

CS7 4.73 2.97 2.18 PD7 1.06 1.55 1.10 

CS8 1.55 0.97 0.77     

CS9 1.25 0.79 1.03     

CS10 3.14 1.48 2.06     

 

Note. *Mean in the no cueing condition for participant PD4 is represented as the mean of two 

trials due to missing data from the motion capture system. STI = spatiotemporal index; CS = 

college students; PD = Parkinson’s disease 
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Figure 8. PD Participant Spatiotemporal Index by Cueing Condition 

Note: STI = spatiotemporal index; CS = college students; PD = Parkinson’s disease.(F(1,15) = 

1.78, p = .20, partial η2 = 1.06). Post-hoc paired samples t-tests with a Bonferroni correction (α = 

.016) revealed no statistically significant differences in STI between conditions (see Table 7).  

 

Table 6. Descriptive Statistics of Spatiotemporal Index by Group 

Group n No Cueing Rhythmic Cueing Sonified Cueing 

  M SD M SD M SD 

CS 10 1.95 1.21 1.30 0.63 1.31 0.52 

PD 7 1.12 0.50 1.25 0.36 0.97 0.16 

All 17 1.61 1.05 1.28 .52 1.17 .44 

 

Note: CS = college students; PD = Parkinson’s disease 
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Figure 9. Group Mean Spatiotemporal Index by Cueing Condition 

Note: STI = spatiotemporal index; CS = college students; PD = Parkinson’s disease 

Table 7. Post-Hoc Paired t-Tests for Spatiotemporal Index Between Conditions 

Condition Pair df t p Cohen’s d 

Pair 1 No Cueing 16 1.97 .066 .40 

 Rhythmic Cueing     

Pair 2 Rhythmic Cueing 16 1.23 .237 .09 

 Sonified Cueing     

Pair 3 No Cueing 16 2.55 .022 .23 

 Sonified Cueing     

 

Note: Post-hoc tests were conducted using data from all participants in the Parkinson’s disease 

and college student groups. No paired tests reached the threshold of significance with the 

Bonferroni correction  (α < .016). See table 6 for means and standard deviations of 

spatiotemporal index for each cueing condition.   
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CHAPTER 5. DISCUSSION 

 

 

 

 The purpose of this study was to examine the effect of different types of auditory cueing 

on the smoothness and path variance of volitional arm movements in older adults with 

Parkinson’s disease (PD). Examining the effect of cueing type on volitional arm movements may 

inform music therapist’s practice in movement disorder rehabilitation, as well as provide insight 

into the conceptual and neurological working mechanisms that contribute to the effects of 

auditory cueing-based rehabilitation.  

Group Differences in the No Cueing Condition 

 Between-group comparisons of movement smoothness using normalized jerk (NJ) and 

movement variance using spatiotemporal index (STI) were conducted to serve as baseline 

measures and to answer research questions 1 and 3 respectively. Participants completed three 

trials in the no cueing condition before completing trials with auditory cueing in order to prevent 

the cues from informing their movement pace and to prevent priming effects. Differences in 

kinematic parameters between the PD group and the comparison group of college students (CS) 

would therefore suggest that either normative aging or the pathology of PD contributed to these 

differences. 

Movement Smoothness  

 With regard to R.Q. 1, the author hypothesized that there would be a significant 

difference in the NJ of trials with no cueing between the PD group and the CS group. The author 

conjectured that the motor symptoms of PD, namely tremors and bradykinesia, would contribute 

to the PD group demonstrating more variable movements, and therefore higher NJ values, than 

the CS group. Analysis revealed that the PD group demonstrated higher NJ (M = 3185.39, SD = 
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3819.33) than the CS group (M = 1138.35, SD = 484.66); however a two-tailed t-test revealed 

that this difference was not statistically significant. It is possible, however, that the large standard 

deviation in the PD group and the small sample size may have contributed to a type II error in 

the failure to reject the null hypothesis.  

The absence of a statistically significant between-group difference in the no cueing 

condition is unexpected in the context of previous research, particularly considering the 

nonequivalence in age between the CS and PD groups. Alberts et al. (2000) compared the jerk of 

a reach and grasp task between older adults with PD and an age-matched comparison group. 

Alberts et al. (2000) found that the PD group demonstrated higher NJ values than the comparison 

group when reaching for both a large and small object and noted a significant group x target size 

interaction effect. These results suggest that there is a difference in NJ of reaching movements 

between older adults with and without PD.  

The absence of between-group differences is also surprising because the expected 

differences may be exaggerated by the effects of normative ageing. The source of this anticipated 

confound is that normative aging contributes to changes in movement smoothness (Dixon et al., 

2018). In order to examine the potential confound of age, participant age was entered as a 

covariate in one model of the RMANOVA for NJ. The inclusion of age as a variable did not 

impact the results, which suggests that age may not have been a confound in between-group 

comparisons in this sample. Regardless of the effects of the potential cofound of age, future 

researchers should control for this variable by recruiting an age-matched comparison group. 

 Another possible reason that no statistically significant between-group difference was 

found at baseline is that participants in the PD group demonstrated a wide range of NJ values in 

the no cueing condition (range 889.70 to 11487.73, see Table 2 and Figure 5). Combined with 
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the small sample of the PD group (n = 7), the large standard deviation (SD = 3819.33) could 

mask significance that may be present in the populations from which convenience samples were 

drawn. The large standard deviation in the PD sample also suggests heterogeneity of the PD 

sample and the PD population more broadly. As PD is a progressive degenerative disorder, it 

may be hypothesized that movement smoothness decreases as the disease progresses, particularly 

after the point that tremors are present during volitional movements and not only when the 

affected limb is at rest (Pasquini et al., 2018). Measures of the progression of PD such as the 

Hoehn and Yahr (H&Y; 1967) scale may be analyzed as covariates to determine the effects of 

disease progression on movement smoothness. Hoehn and Yahr data, however, were not 

collected from the present sample. 

Movement Variance  

 To answer R.Q. 3, a two-tailed t-test was run to compare the STI of trials in the no cueing 

condition between the PD and CS groups. The author hypothesized that there would be a 

significant difference between these groups. The t-test, however, revealed no significant 

difference between groups. Despite the difference not being statistically significant, the PD 

group demonstrated lower STI values (M = 1.12, SD  = .50) than the CS group (M = 1.95, SD  = 

1.21) (see Table 6 and Figure 9). These results suggest that the PD group had less variability in 

the paths of volitional arm movements. The PD group demonstrating less path variability is 

unexpected because the author conjectured that the motor symptoms of PD may contribute to 

more variable movement paths.  

 One possible explanation for lower STI values in the PD group is that participants with 

PD may have used previously established cognitive or motor strategies to compensate for motor 

declines and complete the arm reaching task with little path variance. If participants applied the 
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same strategies to each of repetition of the task, the movement paths of each repetition may have 

been minimized. Such strategies may have included sub-vocalized auditory cueing (Harrison et 

al., 2019), increased trunk movement (Dounskaia et al., 2009), or increased attention to a goal-

directed movement (David et al., 2012). It should also be noted that STI is a measure of path 

variance across repetitions within a trial and does not represent variance between trials. Visual 

comparison of the motor paths is an alternate technique for evaluating the effects of group and 

cueing condition on movement performance; however, visual inspection techniques are less 

precise than quantitative measure such as STI and were not utilized in the present study.  

Effects of Cueing Type and Group 

Movement Smoothness 

 A repeated measures analysis of variance (RMANOVA) and post-hoc t-tests were run to 

answer R.Q. 2 and revealed that, for the full participant pool, movement smoothness was poorer 

in the rhythmic cueing condition (NJ M = 2227.97, SD = 2738.91) than the no cueing condition 

(M = 1981.25, SD = 2584.71). Significantly higher NJ in the rhythmic cueing condition than the 

no cueing condition is unexpected, considering the clinical use of rhythmic cueing in upper 

motor rehabilitation (Thaut et al., 2002). Higher NJ in the rhythmic cueing condition, as 

compared to the no cueing condition, may suggest that the neurological activations involved in 

rhythmic entrainment may contribute to undesirable changes in the motor patterns of volitional 

movements. This interpretation, however, should be considered cautiously due to the small 

sample size. Furthermore, the effect size of the difference between the rhythmic cueing and no 

cueing conditions is small (Cohen’s d = .09). This small effect size indicates that the magnitude 

of difference in movement smoothness between the conditions was small. Future research is 
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warranted to examine the possible effect of rhythmic cueing on movement smoothness and 

evaluate the neurological mechanisms that may contribute to this effect.  

One participant in the PD group (PD 5) exhibited NJ values that were greater than two 

standard deviations larger than the sample means, therefore indicating that this participant may 

have been an outlier. Therefore, a RMANOVA was run with participant PD5 excluded. This 

model did not change which effects were significant. The results of less modified and more 

conservative tests that include participant PD 5 were presented in this study. 

The present study was exploratory and likely had low statistical power, and therefore had 

a high likelihood of type II error. Although conclusions cannot be drawn based on the present 

data, additional auditory cueing research is warranted and future researchers may consider trends 

from the present study to formulate hypotheses for studies with larger samples. One trend that 

future researchers may consider exploring is that NJ was greater in the rhythmic cueing condition 

than the no cueing and sonified cueing conditions for both the PD and CS groups (see Figure 6). 

This trend of poorer movement performance in the rhythmic cueing condition also appears at the 

individual level. Five of the seven participants in the PD group had their highest NJ in the 

rhythmic cueing condition (see Table 2 and Figure 5). Future researchers may consider 

evaluating the effects of rhythmic cueing on volitional upper extremity movement in older adults 

with PD in order to assess the effects of rhythmic entrainment and other rhythm-dependent 

working mechanisms on non-intrinsically rhythmic movements.  

Another trend that future researchers may consider exploring is that the PD group had 

their lowest mean NJ in the sonified cueing condition (see Table 3). Furthermore, five out of the 

seven participants in the PD group had their individual lowest NJ in the sonified cuing condition 

(see Table 2). Although these findings were not statistically significant, the trend of better 
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movement smoothness in the sonified cueing condition, compared to the no cueing and rhythmic 

cueing conditions, warrants further research to examine the effects of individual elements of 

auditory cues on motor performance. Future research may also examine potential differences in 

neurological responses to various musical elements and auditory cueing techniques. 

Understanding the neurological and motor responses to particular elements of music may help 

music therapists optimize motor rehabilitation techniques for various types of movements with 

older adults with PD.  

Movement Variance 

A RMANOVA of STI data was run to examine the effects of group and cueing condition 

on movement path variance and answer R.Q. 4. After taking the Greenhouse-Geisser correction, 

the RMANOVA revealed a significant main effect of cueing condition. Post-hoc paired t-tests 

with the Bonferroni correction, however, did not find any significant differences between cueing 

conditions. The comparison between the no cueing (M = 1.61, SD = 1.05) and sonified cueing (M 

= 1.17, SD = .04) conditions, however, approached significance (p = .022, α = .016). The 

magnitude of this trend of difference, however, was small (Cohen’s d = .23) and therefore may 

not be clinically meaningful to music therapists. Considering the exploratory nature of the 

present study, further research is warranted to more thoroughly evaluate the potential differential 

effects of rhythmic cueing and sonified cueing on movement path variance.  

The comparison of STI between the no cueing and rhythmic cueing conditions had the 

greatest effect size of any paired condition test (Cohen’s d = .40). Cohen’s d = .40, however, is 

still considered a small effect size and the difference in STI between the no cueing and rhythmic 

cueing conditions was not statistically significant. The greater effect size than other comparisons 

within the present sample, as well as documented differences in spatial and temporal movement 
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parameters of an arm movement in response to rhythmic cueing in stroke survivors (Thaut et al., 

2002), warrants further examination of the effects of rhythm on volitional movements in older 

adults with PD.  

The RMANOVA indicated a significant cueing condition x group interaction effect. This 

interaction effect suggests that different cueing conditions may have affected the STI of 

participants in the PD and CS groups differently. The PD group had higher STI in the rhythmic 

cueing condition than the no cueing condition, while the CS group demonstrated the opposite 

trend (see Figure 9). The convergence of group STI values from the no cueing to the rhythmic 

cueing condition may have contributed to the significant interaction effect. Additional research is 

necessary to examine the factors that may contribute to this convergence. 

The PD group had a higher mean STI in the rhythmic cueing condition than the no cueing 

condition and four of the seven participants in the PD group had their highest STI in the 

rhythmic cueing condition (see Figure 8). These findings are similar to trends in the movement 

smoothness results. Future researchers may further examine possible differences in responses to 

rhythmic and musical cueing in order to evaluate the role of rhythm-dependent and non-rhythm-

dependent working mechanisms on motor function.  

Implications of Results for Working Mechanisms 

Rhythm-Dependent Working Mechanisms 

Theories related to the proposed neurological working mechanisms of entrainment, 

priming, and motor plan monitoring suggest that the effects of these mechanisms are dependent 

on neurological responses to rhythmic elements of auditory cues. Both the rhythmic and sonified 

cues in the present study contained salient rhythmic temporal information. Therefore, if rhythm-

dependent working mechanisms were the primary working mechanisms in auditory cueing of 
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volitional arm movements, it would be expected that the motor outcomes of the rhythmic and 

sonified cueing conditions would be the same (Nombela et al., 2013; Pecenka et al., 2013; Thaut 

et al., 2015). A trend of less smooth and more variable movement in the rhythmic cueing 

condition than the sonified cueing condition warrants future research to determine if entrainment, 

priming, or motor plan monitoring are the primary working mechanisms of auditory cueing of 

volitional movements.  

Entrainment, priming, and motor plan monitoring are distinct and not mutually 

exclusive—however, due to methodological decisions in the present study, it is difficult to 

further differentiate the potential effects of these working mechanisms. Furthermore, it is 

difficult to evaluate the potential role of long-term priming (Braun Janzen et al., 2019) and 

priming due to neurological oscillation suppression (Crasta et al., 2018) based on the present 

data. Additional research is warranted to examine the potentially independent roles of 

entrainment, priming, and motor plan monitoring and perhaps establish an integrated model of 

the effects of various neurological phenomena that may affect volitional movement performance.  

One explanation for why evidence of rhythm-based working mechanisms were not 

observably active in the present study is that these working mechanisms were proposed based on 

observations of gait training. Gait is neurologically distinct from upper extremity reaching 

because gait is regulated by central pattern generators, whereas each repetition of an upper 

extremity reaching movement is independently volitional. The documented effects of rhythmic 

cueing on gait may not be transferable to volitional upper extremity movements because the 

activation and entrainment of central pattern generators, which is the proposed neurological 

working mechanism of cueing-based gait rehabilitation, may not affect volitional movements 

(Devlin et al., 2019; Thaut & Rice, 2014). Working mechanisms that are not strictly rhythm-
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dependent may therefore be active in order for musical cues to contribute to improved 

performance on a volitional movement task.  

 A mechanism that may contribute to the effects of auditory cues on volitional movements 

is cognitive processing of rhythmic and musical cues. This cognitive processing may occur as 

part of a neurological sequence in which cues are detected in auditory brain regions, processed in 

the frontal lobe executive networks, and then conveyed to the premotor and supplementary motor 

areas where they are used to create and execute motor plans. Braunlich et al. (2019) supported 

the neurological validity of an auditory-frontal-motor compensatory pathway by demonstrating 

sequential neurological connectivity between each of the aforementioned brain areas. 

Exploratory results of the current study warrant further exploration of the frontal lobe 

compensatory hypothesis because participants tended to have better movement parameters in the 

sonified cueing condition than the rhythmic cueing condition. Within the frontal lobe 

compensatory framework, better performance in the sonified cueing condition may suggest that 

the frontal lobe executive networks are able to process and relay information from sonified cues 

more optimally than rhythmic cues.  

 The frontal lobe compensatory mechanism hypothesis may explain the observed 

differences in response to different cueing conditions and may also account for changes that 

occur as a result of disease progression. If the frontal lobe compensatory hypothesis is true, older 

adults with PD may regulate motor function using the frontal lobes, rather than the basal nuclei. 

The frontal lobes would therefore need to appropriately process sensory or other neurological 

input in order to effectively regulate activity in the pre-motor and supplementary motor areas. 

This input to the frontal lobes may include information from the auditory cortex. The observed 

differences between the rhythmic and sonified cueing conditions in the present study suggest that 
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sonified cueing, which included the melody of a well-known folk song, may have engaged the 

frontal lobes more optimally than did rhythmic cueing. Older adults with PD who are capable of 

effectively processing auditory cues may interpret musical elements in addition to rhythm as 

providing information about the target movement. Additional research would be needed to 

identify what musical components; such as harmony, melody, dynamics, accents, or the 

participant’s familiarity with the music; may contribute to neurological and motor responses to 

musical cueing.  

 As the cognitive symptoms of PD progress, older adults may have difficulty processing 

complex musical stimuli (Bellinger et al., 2017). In these later stages of disease progression, 

comparatively simple cues, such as the rhythmic cues used in the present study, may be the 

optimal input to the frontal lobes because the brain may be able to process rhythmic cues as 

representing the timing of the movement without being overwhelmed by other complex musical 

elements. Examining the covariation of indicators of the progression of PD with motor 

performance between auditory cueing conditions may suggest changes in cognitive processing of 

auditory cues as PD progresses. A relationship between motor performance, cognitive symptoms 

of PD, and cueing type may support the frontal lobe compensatory mechanism hypothesis 

because such findings may provide evidence for the involvement of frontal lobe executive 

networks in auditory cueing of volitional movements. Further research is warranted to explore 

the validity of the frontal lobe compensatory mechanism hypothesis. 

Engagement and Relational Mechanisms 

 Researchers including Street (2012), Cameron et al. (2016), and Mainka (2015) have 

suggested that a strong therapeutic relationship and a music therapy client’s engagement with the 

music may contribute to better motor rehabilitation outcomes. Data in this study, however, were 
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collected in a single session by trained research assistants, therefore controlling the potential 

effects of the therapeutic relationship on kinematic outcomes. Future researchers, however, may 

consider evaluating the therapeutic relationship as an independent variable in auditory cueing 

research. 

 Cameron et al. (2016) suggested that the function of musical engagement may be to 

increase clients’ attention to rhythmic elements of the cueing stimulus, thereby further improving 

the effects of rhythm-based working mechanisms. Clients’ familiarity with musical cues, 

particularly cues that include elements of well-known pieces of music, may also affect 

engagement with the music. Future research would be needed to evaluate the effects of musical 

characteristics of auditory cues on the accuracy of period matching among older adults with 

different stages of PD.   

Implications for Music Therapy Practice 

 The results of this study are exploratory and should be interpreted with caution by music 

therapy clinicians. These preliminary results suggest that musical cueing may contribute to more 

optimal kinematic performance than rhythmic cueing among older adults with PD (see Figure 6 

and Figure 9). Small effect sizes and a lack of statistical significance, however, suggest that the 

trends of differences between cueing conditions may not be clinically significant. Additionally, 

the brain may respond differently to different musical characteristics (Izbicki et al., 2020). 

Therefore, music therapists should consider musical elements in addition to rhythm when 

planning therapeutic musical experiences to address motor goals with older adults with PD. 

Selecting the characteristics of auditory cues is one of numerous considerations music therapists 

make in applying the principles of evidence-based practice. Clinicians should consider client 
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preferences, professional expertise, and interpersonal factors when planning and implementing 

therapeutic musical experiences.  

Limitations 

 The present study had numerous limitations. First, the sample in this study was small. 

Statistical power was therefore low, leaving a high likelihood of type II error. Significant 

differences may exist within and between the populations of college students and older adults 

with PD that were not captured in this sample. Another limitation of the sample in this study was 

the lack of a comparison group that was age-matched to the PD group. The lack of an age-

matched comparison group means that the between-group differences found in the study, albeit 

not statistically significant, cannot be attributed to PD because age confounded all of the 

between-group comparisons.  

 Another limitation of this study is the absence of measures representing the stage of 

disease progression, such as H&Y scores, for participants with PD. Despite the small sample 

size, H&Y scores would have allowed for preliminary analysis of disease progression as a 

covariate in between-condition comparisons. This comparison may have suggested whether older 

adults in the later stages of PD respond differently to auditory cues than those who are in the 

earlier stages of disease progression. For example, if auditory-motor responses are mediated by 

the frontal lobes and optimized by the level of cognitive load, older adults with PD may have 

poorer motor responses to sonified cues after the disease progresses to the extent that sonified 

cues become difficult for older adults to cognitively process. Considerable further research with 

a larger sample would be needed to evaluate this hypothesis.  

 The present study is also limited because only motion capture data from the wrist marker 

were analyzed. The wrist marker was selected because earlier PD motion capture research that 
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used a similar reaching movement analyzed the wrist marker (Bertram et al., 2005). The wrist 

marker may, however, be less sensitive to changes in movement smoothness than the knuckle or 

finger because the wrist remains relatively stationary during a rotational tremor, as compared to 

the finger. Motion capture data from markers on the hand may therefore be more sensitive to 

kinematic effects of the motor symptoms of PD. Future auditory cueing researchers using motion 

capture techniques may consider evaluating kinematic parameters from multiple markers in order 

to more thoroughly assess the effects of cueing on the motor symptoms of PD.  

 Finally, the generalizability of findings from this study are limited because the movement 

task and kinematic parameters used for analysis do not necessarily reflect the functional abilities 

of older adults with PD. Although poor movement smoothness and high movement path variance 

have been associated with functional disabilities, results from the present study cannot be 

interpreted as representing the effects of auditory cueing on functional skills such as activities of 

daily living.  

Future Directions 

 Future researchers may consider replicating the present study with a larger sample size 

and a comparison group of older adults with no neurological disorders in order to improve 

statistical power and eliminate the confound of age. Researchers who replicate this study should 

also collect data related to disease progression for participants in the PD group and analyze these 

data as a covariate in between-condition comparisons.  

Researchers may consider using electrophysiological data such as 

electroencephalography (EEG) and electromyography (EMG), in addition to motion capture, to 

examine the effects of auditory cueing on neurological motor control and movement parameters. 

Combining these techniques may help researchers understand the timing of neurological and 
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physical events and may therefore lead to a better understanding of the neurological pathways 

involved in the motor response to auditory cueing. Electrophysiological research may also 

contribute to a better understanding of the brain’s response to distinct musical characteristics 

(Stegemöller et al., 2018), which may inform the creation of optimal auditory movement cues.  

Future research is warranted to specifically examine the role of cognition and frontal lobe 

executive activity in auditory-motor responses. Such studies may involve both EEG and motion 

capture in order to compare the effects of frontal lobe activity in various cuing conditions to the 

resultant movement parameters. If there is a pattern of neurological activation, rather than a 

combination of musical factors, that is associated with improved upper extremity motor function, 

music therapists may be able to optimize cueing-based therapeutic musical experiences for older 

adults with different neurological profiles. 

Conclusion 

 The present study indicated that rhythmic cueing did not contribute to better kinematic 

performance of volitional movements for older adult participants with PD. The present study also 

indicated that participants demonstrated smoother and less variable movements in response to 

sonified musical cues; however this trend did not reach the threshold of statistical significance. 

Future research is warranted to examine the effects of auditory cueing on kinematic parameters 

and long-term rehabilitation of volitional movements of older adults with PD. Meanwhile, music 

therapists may use musical cues when working with older adults with PD in order to optimize the 

effects of relational, engagement, and proposed physiological working mechanisms within the 

therapeutic process. The present study adds to the music therapy literature by formalizing and 

presenting exploratory evidence for the frontal lobe compensatory mechanism hypothesis, which 

may account for differences in motor responses to different types of auditory cueing.  
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