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Abstract: Rhythmic Auditory Stimulation (RAS) is a rhythm-based therapeutic technique used for
gait and motor rehabilitation. It is a technique that has shown positive impact in several neurological
conditions such as Parkinson’s disease, multiple sclerosis, cerebral palsy etc. It is important to note
that in addition to improving movement and balance, RAS is also found to have a positive effect on
neurocognition, such as attention, memory, speech and language functions. Indeed, neural networks
do not work in silos. There are always interactions and distal effects. In this manuscript, we aim to
delineate further the mechanism by which RAS, typically used for improvement in gait is found to
have a secondary effect on cognition. Automaticity is the capacity to execute motor movements
without the allocation of attention, achieved through training and consolidation; in individuals with
gait deficit, automaticity is compromised or lost therefore movement performed is facilitated by
executive or attentional control. Application of RAS, utilizing rhythmic cues that serve as an extrinsic
reference for the initiation and ongoing timing of movements through the process of entrainment,
stimulates the attentional areas of the brain via auditory stimulus to produce motor movement. Due
to stimulation of the attentional areas primarily the prefrontal cortex and anterior cingulate cortex,
the cognitive abilities associated with these areas of the brain is influenced. However, comprehensive
investigation in this area is essential to discern and solidify the proposed mechanism. And we believe
that the proposed mechanism will provide a basis for subsequent research along this avenue. RAS
is a viable and cost-effective rehabilitation technique that warrants the need for extensive research to
determine its long-term effect on neurocognition.
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1. Introduction

Over the past few years Rhythmic Auditory Stimulation (RAS) has become a widely used
technique to target motor functions in neurological conditions. RAS is directed to improve gait in
individuals with neurological impairment by influencing the physiological effects of auditory rhythm
on the motor system, consecutively enhancing the control of movement [1,2]. Neurological conditions
with deficits in gait that can benefit from the application of RAS include Parkinson’s disease, cerebral
palsy, cerebrovascular accidents (CVA)/stroke, traumatic brain injury, multiple sclerosis, and
orthopaedic patients [3]. Numerous meta-analytic studies and systematic reviews has investigated
the beneficial effect of RAS on gait and motor performance in patients with neurological conditions.
A recent systematic review of 21 studies and meta-analysis of 14 studies to determine the
effectiveness of RAS in improving motor and gait disturbances in Parkinson’s disease. The results
revealed improvement in gait parameters, walking and balance function as well as daily living
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activities in Parkinson’s disease patients [4]. Similarly, another systematic review of 22 studies and
meta-analysis of 18 studies was conducted to determine the effectiveness of RAS on the motor
performance in patients with stroke [4]. The results reported enhanced performance in gait
parameters, balance ability and walking functions in patients with stroke [4]. Another meta-analysis
of 5 studies involving 188 participants, to study the effectiveness of rhythmic auditory cueing in gait
rehabilitation in multiple sclerosis patients shows improvement in spatiotemporal parameters of gait
such as cadence (a large effect size, Hedge’s g: 1.00), stride length (a medium effect size, Hedge’s g:
0.71) and velocity (a medium effect size, Hedge’s g: 0.67) [5]. Similarly, distinct variation of music
therapy such as RAS, rhythmic harmonic stimulation and rhythmic exercise program is found to have
positive medium effect (Hedge’s g: 0.534) improvements on spatiotemporal aspects of gait in
individuals with traumatic brain injury [6].

What is RAS?

Rhythmic Auditory Stimulation (RAS) is a neurologic music therapy technique in which the
individual synchronizes their steps or movement in accordance to a rhythmic beat, ideally provided
by a metronome or music with an amplified beat. This technique is primarily used to facilitate the
rehabilitation of difficulties with gait or gait-related activities, which are considered biologically
rhythmic [7,8]. RAS acts by providing an extrinsic reference for the initiation and ongoing timing of
movements [9], and is administered to improve the cadence, by secondarily influencing the stride
length and speed of walking [7].

Therapeutic Principles of RAS

Rhythm is a component of music, and by definition is the element of "time" in music. Activities
like walking, writing, typing and talking require temporal patterns for attunement of fine movement
[10]. However, neurological conditions can disrupt the precision of co-ordinated movement patterns.
The auditory system being highly sensitive to rhythmic beat can influence the motor system by
providing a regularizing temporal input [10].

A number of research studies have shown that rhythm is primarily responsible for orienting
attention to music [11-13]. Rhythm can trigger an intrinsically created sense of beat, which once
ingrained can perpetuate in the mind of the listener regardless of the continuity of music [14]. And
this process of synchronization of the intrinsic sensations of the beat with an extrinsic rhythm of
movement pattern is known as entrainment [10]. Entrainment is the mechanism of integrating
periodic inputs and endogenous brain rhythms (i.e., internal oscillators) [15]. After the establishment
of the synchronization between the internal oscillators and external periodic stimulations, phases of
optimal cortical excitability concur with the incoming stimuli and promotes their processing [16].
Entrainment is basically the mechanism aiding the interconnection between the brain and the
incoming sensory stimuli [17]. As an example, it is our capacity to attend to and comprehend speech.
Entrainment is considered as the most multifaceted method for precisely influencing endogenous
brain activity [18].

Rhythmic entrainment is one of the key therapeutic principles of RAS, it is the capacity of the
motor function to integrate with the auditory system and initiate movement. The local spinal cord
circuits, known as the Central Pattern Generators (CPG) link the auditory stimulus to appropriate
motor neurons to enable movement function [9]. This movement occurs without learning cognitively
and below the levels of conscious perception, as CPG has the ability to reproduce movement of the
limbs without any intervention from the brain [9]. Other principles of RAS include priming, cueing
of the movement period, and step-wise limit cycle entrainment (SLICE). Priming is the stimulation
of the motor neurons at the spinal cord level via the external auditory stimulus, resulting in the
entrainment of the activation of the limb muscle, while walking [9]. Cueing of the movement period
is due to time stability synchronization throughout the movement trajectory and is not coincidental
with the rhythmic beat at the movement endpoints [8]. Stepwise limit cycle entrainment, is the
process of progressive entrainment of step cadence in individuals, with deficit in limit-cycle i.e.,
optimal step cadence, due to neurological conditions or injury, to premorbid levels [9].
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2. Neural Bases of RAS

Multiple areas of the brain are responsible for the processing of rhythm including the prefrontal
cortex, and the cerebellum, leading to stimulation of several neural networks [19]. The facilitation of
movement by creating an anticipatory template of time sequence marked by rhythmic beats is
enabled due to the rich neural connectivity between the auditory and motor systems [10].
Additionally, the auditory and motor system is well-connected to several cortical, sub-cortical, and
spinal levels [20]. Numerous studies on the neural basis of synchronicity to music have indicated that
perception of rhythm is linked to brain areas responsible for motor output and production [21]. It
suggests that the motor regions including both cortical and subcortical areas such as the basal ganglia
and cerebellum are responsible for beat extraction [21,22]. The motor pathway is influenced by
auditory sensation via the reticulospinal connections, priming and altering the spinal motor neuron
activity [23]. The excitability of motor neurons can be directly increased with sound, resulting in the
reduction of time necessary for a response of the muscle to a given motor command [10]. It has been
demonstrated that musical rhythms result in priming and timing of motor responses via the
audiospinal route [23]. The cerebellum receives auditory projections via the pontine, whereas the
striatum of the basal ganglia receives via the inferior colliculus as being part of the ascending auditory
pathway [24]. As an output of the basal ganglia the striatum projects to the globus pallidus reaching
the cortical motor areas including the premotor cortex and supplementary motor area. Timing,
sequencing, and selection of behavioral responses occur as a result of the reciprocal connection
between the basal ganglia and the auditory association areas [20].

The intricate interconnection of rhythmic cues with areas spread throughout the brain plays a
crucial role in the facilitative effect on motor output and engages patients with motor disabilities.
This process can circumvent the functional and psychological impairment in patients and result in
therapeutic outcomes [19]. Research in psychophysics demonstrated that auditory rhythm affects
motor function as a result of speed and time resolution of temporal processing in the auditory system.
As concluded from such research findings, an oscillatorentrainment model has been proposed,
which posits that the "rhythmic processes in neural motor networks become entrained to rhythmic
timekeeper networks in the auditory system [20].” This network is propelled externally by rhythmic
cues such as metronome or music.

Neuroimaging studies have shown that even at the pre-attentive level [25], increased co-
ordination of neural activities is observed between auditory and premotor cortex during rhythm
processing [26]. Areas in the brain responsible for rhythm processing overlap with the areas involved
in motor functioning, viz., premotor cortex, supplementary motor areas (SMA), cerebellum, and basal
ganglia [27]. Putamen of the basal ganglia is specifically involved in the sequencing of the rhythmic
events (McIntosh, Brown, Rice, & Thaut, 1997). Processing the rhythmic patterns and regulating
motor behavior to altering tempos by controlling the rhythmic auditory-motor synchronization is
primarily implicated by the cerebellum [28]. Healthy successional movements are regulated by the
functional loop formed by the basal ganglia and supplementary motor area. The predictable
anticipatory movement is initiated by the supplementary motor area. Once, the movement is
initiated, SMA activity is paused and the cycle engages the basal ganglia for subsequent sub-
movement [29]. An internal cue is necessary to regulate the cycle. However, in neurological
conditions such as Parkinson's disease, this internal cue is either dysfunctional or irregular, or absent.
Other brain areas that are responsible for modulating timing include the anterior and posterior
cerebellar hemisphere, the inferior parietal cortex, and the cerebellar vermis [30]. Kotz and
Schawartze (2010), have proposed a resolute temporal processing network known as the subcortico-
thalamo-cortical network including the basal ganglia, cerebellum, pre-SMA, and SMA, that
implements the synchronized motor activity. Neuroimaging findings revealed that movement that
is self-initiated or self-paced is impaired in patients related to decreased putamen or associated
cortical and cortico-striatal activity [31]. However, this is not the case in movement that is directed
by external cues, as it reduces the reliance on automatized processes [32]. Therefore, rhythmic beats
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can influence sensorimotor network activity by circumventing the basal-ganglia- SMA loop and
initiating direct movement [10].

3. Can RAS affect Neurocognition?

Extensive research studies have demonstrated the efficacy of RAS in rehabilitating motor
disabilities resulting from neurological conditions or traumatic brain injury. Neurological conditions
can give rise to motor as well as non-motor symptoms and cognitive deficits is one of the most
prevalent non-motor symptoms with an insidious onset. Furthermore, injury to the brain can also
result in impairment of various cognitive abilities. Therefore, it becomes crucial to explore whether
rehabilitation of motor disability via RAS can also affect the cognitive function of patients.

Rhythm as a component of music is processed in several areas of the brain, activating various
neural networks, stimulating complex cognitive functions thereby transmitting its functions to non-
musical therapeutic outcomes [33]. The highly complex interaction of music through different areas
of the brain can capacitate patients with impaired executive functions, and result in therapeutic effect
(Tomaino, 1993). A recent meta-analytic study conducted by Wang et al (2024), to determine the
potential impact of RAS in improving cognitive abilities. Findings synthesised from 11 Randomized
Controlled Trials (RCTs) revealed that RAS have a significant effect on overall cognition (MD=1.19),
attention (MD=-1.86), memory (MD=0.71) and executive function (MD=-.0.23), and no effect was
found on verbal memory (MD=-0.51) in individuals with impaired cognition [34]. The studies
reviewed, reported 1 to 3 sessions per week, each lasting 30 to 70 minutes, with intervention durations
ranging widely from 3 to 40 weeks.

3.1. Rhythm and Movement Initiation

One of the most important difficulties faced by patients with head injury or neurological
conditions is the initiation of movement. They report that, even if they want to move, they have to
plan through the movement pattern and that it does not occur spontaneously. The initiation or
decision-making process is impaired due to damage or deterioration of brain areas responsible for
executive functions in such patients. And it was found that the patients can be driven into automated
functioning with the appropriate stimulus [35].

3.2. Rhythmic Intervention and Speech/Language

Areas of the brain involved in smooth motor movement, overlap brain areas responsible for key
neurocognitive functions [36]. OPERA hypothesis proposed by Patel (2011) suggests that musical
training improves the neural encoding of speech via mechanisms of adaptive neuroplasticity when
the following five conditions are met, viz., 1. Shared anatomical overlap in the brain that process both
music and speech. 2. Higher level of precision is required for music to operate in these shared brain
networks than speech does. 3. Provocation of strong positive emotion induced by musical activities
that involves these networks. 4. Repeated engagement of the networks during musical experience. 5.
Focussed attention during engagement in music reinforces these brain networks frequently [37].
Elaborating on this hypothesis, Fujii and Wan (2014), proposed SEP hypothesis, specific to thythm to
elucidate on speech and language rehabilitation. SEP is “sound envelope processing” and
“synchronization and entrainment to pulse”. This framework proposes that rhythm-based therapy
has the potential to activate brain networks including (i) the auditory-afferent pathway, which
involves the brainstem, thalamus, cerebellum, and temporal cortex for accurate processing of sound
patterns and timing; (ii) the subcortical-prefrontal pathway, responsible for emotional and reward-
related processing; (iii) the basal ganglia-thalamus-cortex pathway, related to beat-based timing; and
(iv) the cortical-motor efferent pathway, associated with motor output [38].

Basal ganglia and cerebellum control the motor as well as perceptual timing, and dysfunction of
these brain structures can lead to motor speech difficulty, resulting in unintelligible speech. Speech
is considered rhythmic, in the temporal structural range of 2-8Hz across variety of human languages;
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and the intelligibility of speech is associated with the speech temporal structure [39]. Rhythmic
capacity is crucial for the successful acquisition of language and the ability of temporal prediction in
the brain aids in parsing speech streams and understanding syntax and semantics [40]. Rhythmic
cueing following the tempo of the target word or sentences is found to significantly increase the
intelligibility of speech and without cues, the speech sounds slurred [41].

Additionally, several research studies have demonstrated that in idiopathic Parkinson's disease
(IPD) syntactic computation and semantic information are altered due to neurodegenerative or
structural changes in the basal ganglia [22,42]. It has also been observed that the computation deficits
related to syntax and semantics are caused due to the temporal processing deficits observed in
idiopathic Parkinson's disease, resulting in language deficits [42,43]. Kotz and Gunter (2015), have
proposed that temporal deficit in IPD results in not only impairment of smooth co-ordination of
motor movement but also language and speech. Therefore, external auditory cues (metronome) used
for remediation of gait dysfunction that occurs as a result of timing deflection in basal ganglia can
also help improve higher neurocognitive abilities such as language and speech [44].

The process of stabilizing movement by temporally predicting the metronome beats and
generating an internal plan of action to take steps is facilitated by the cerebello-thalamo—cortical
circuit [10,45] that confluences with the dysfunctional striato—cortical circuit [46]. Kotz and Gunter
conducted a research study to explore whether auditory cueing can remediate language processing
deficits in IPD. In the study the patients were subjected to thee conditions, viz., metrically aligned
speech accent structure, waltz, and no auditory cue, all three conditions were played before listening
to either grammatically and semantically correct or incorrect naturally spoken sentences. Results
indicated that the sentences cued to march beat only led to improvement of syntactic computation
and semantic information. The authors concluded that the involvement of the cerebello—thalamo-
cortical circuit to compensate for impaired striato-cortical timing is more potent in the case of
marching rhythm. Furthermore, timely processing of linguistic information embedded in the
temporally variable speech signal can be enhanced by reinforcing temporal realignment [44].

In another study by Przybylski and colleagues (2013), the effect of RAS in investigated in
children with language developmental disorder, who shows impaired language as well as meter and
rhythm perception. In the study, children listened to regular or irregular musical prime sequences
followed by blocks of grammatically correct and incorrect sentences. They have to report their
grammaticality judgments for the sentences that are presented auditorily. It was found that the
children performed better after the regular prime sequences than after the irregular prime sequences.
The authors concluded that the rhythmic stimulus has the potential to improve linguistic structure
processing [47].

3.3. Rhythm and Attention

Rhythmic stimulation has been found to influence attentional processing, physical endurance,
and interpersonal communication in persons with dementia [48]. Repetition and duration of
engagement in an activity are crucial to increase the chance of building a meaningful response,
thereby improving attention and physical endurance that persist in other aspects of functioning,
boosting the quality of life [35]. In a study conducted by Lei and colleagues (2018), the effect of RAS
and AMS (Auditory Motor Stimulation) is evaluated in Parkinson’s Disease patients, in which the
participants underwent an auditory odd-ball paradigm. The results of the study revealed that RAS
enhances attentional processing of temporally predictable external events in Parkinson's' Disease
patients as well as healthy participants. However, stimulus processing has no effect on temporal
encoding via motor movement, because of dysfunctional basal ganglia in patients [36].

4. The Secondary Effect of RAS on Neurocognition

Aging and history of falls can result in the reduction of self-confidence and "fear of falling". This
fear can lead to unstable and "cautious gait" which can result in stiff, slow movement and adversely
affect the pattern of gait [49]. It can also lead to intrinsic attentional focus [50], and explicit motor
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control [51]. Additionally, the capacity to direct attention can be influenced by clinical symptoms
such as depression and fatigue, resulting in interference with performance of complex tasks [52].
Rhythm is considered a highly complex cue, immune to neurodegeneration, and is reported to have
a broad effect on neurocognition in both healthy and diseased individuals [53]. In addition to the
auditory and motor cortex, the deeper brain structure involved in emotion, memory, and reward
system such as the amygdala, orbitofrontal, and anterior cingulate cortex, hippocampus, and
mesolimbic reward structures are activated by rhythmic stimulus. This activation is found to alleviate
depression and anxiety, evoke emotion, and memory, and feel rewarding [54]. External auditory cues
enhance gait by focussing attention on the task of walking [55]. Slow auditory stimuli can also
improve the excessive involuntary movements in conditions such as Parkinson’s disease or
Huntington's chorea. It can result in the necessary auditory entrainment and improve overactive
heart rate and respiration eventuating relaxation and sleep. Thus, rhythm is found to alleviate the
cognitive load caused due to depression, anxiety, and lack of proper sleep and relaxation in both
healthy and diseased individuals resulting in improved neurocognitive functions [35].

5. Proposed Mechanism of Action: RAS Effect on Neurocognition

Walking is controlled by a balance between automatic control and executive control processes
based on the complexity of the task and ability of the individual [56]. The capacity to execute motor
movements requiring lower precisions for example, walking, eating, brushing teeth etc. without
allocating attention towards the details of the movements performed, is known as automaticity [57].
The automatic phase is achieved through a duration of training and consolidation [58]. In
automaticity the sequence of nodes gets automatically activated by input configuration without the
requirement of attention by the individual [59]. Whereas, in controlled cognitive processing, the
sequence of nodes gets activated through the necessary function of attention by the individual,
specifically applied in situations where the required motor sequence is not previously learned [59],
requiring longer duration for the peripheral stimulus to be dispatched and processed in the cortex
prior to consequent incorporation with the pattern of gait [56].

Investigations on the neural correlates of automaticity have shown increased connectivity
between cerebellum, cingulate motor area, supplementary motor area (SMA), and putamen [60],
depicting improved synaptic strength as a result of automatic process [61]. Contrarily, weakened
activity is found in the prefrontal cortex, dorsolateral prefrontal cortex (DLPFC) and anterior
cingulate cortex (ACC), the critical attentional areas, due to less reliance on attentional networks
[62,63].

In neurological condition and in brain damaged individual, the automaticity of walking, either
deteriorates or is lost. In RAS, use of external cues in the form of rhythmic cues or metronome beats,
to direct attention to the sequence of motor performance utilizes more of attentional regulated
behaviour instead of reliance on automatic pattern.

An increased activity in the prefrontal cortex has been observed in individuals with neurological
conditions, indicating higher executive demand as a compensatory mechanism for deterioration or
loss of automaticity resulting from their condition [64]. Additionally, research involving healthy
participants, found higher activation of the DLPFC, ACC and pre-SMA after re-attending to
automated motor task as compared to the automatic stage [60]. Whereas no considerable activation
in prefrontal cortex is found in steady state walking [65,66].
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Figure 5. 1: Schematic representation of the mechanism of action of RAS on Neurocognition. Walking is
primarily automatic. In neurological condition or brain injury, automaticity is compromised (red dashed
arrows), and depending upon the severity, it is determined to what extent gait is disturbed. RAS stimulates the
attentional areas via auditory stimulus to produce motor movement, enhancing the neurocognitive functions

associated with the attentional areas of the brain.

6. Discussion

RAS utilizes the executive control of attention to produce movement, the prefrontal cortical
regions and anterior cingulate cortex known to be responsible for executive control is also stimulated
[67]. Furthermore, it has been suggested that RAS relies on the residual function of the cortico-striatal
circuity or compensates by circumventing the impaired brain regions by depending on substitute
pathways such as the cerebello-thalamo-cortical circuitry [68].

Neuroimaging studies have shown that the cerebello-thalamo-cortical pathway is stretched
across a wide region of the brain [69]. The cerebellum is connected via the thalamus with the
prefrontal, frontal and parietal cortices [69]. Multiple studies have shown that the cerebellum is
associated with the prefrontal cortex in a “closed-loop” connection [70-72]. Therefore, it has been
suggested that cerebellum impacts both cognitive functions via association with multiple areas of the
prefrontal cortex and motor and sensory tasks through associations with frontal and parietal cortices
[73]. Therefore, it can be hypothesized that the neurocognitive functions associated with prefrontal
cortex primarily speech, language, executive control, attention etc. is impacted with RAS.

7. Conclusions and Future Direction

Research has shown that in addition to improvement in gait and motor function, RAS can
influence attentional processes, memory, language and speech production, and semantics. However,
this topic remains highly under-investigated and there is a need for understanding the mechanism
and dynamics of the effect of RAS on various cognitive domains. RAS is cost-efficient, viable, and
easily comprehensible even by individuals with impaired cognition. This method can also be carried
out as a home-based intervention tool even in lower and middle-income countries. The proposed
mechanism of action serves as a foundational framework for advancing research into understanding
the mechanism and dynamics of the effect of RAS on various cognitive domains. Therefore, strongly
warranting the need for extensive research on such cost-effective rehabilitation technique to unravel
its impact on neurocognition.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure 5.1: Schematic representation of the mechanism of action of RAS on
Neurocognition.
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The following abbreviations are used in this manuscript:

RAS Rhythmic Auditory Stimulation
CVA Cerebrovascular Accident

CPG Central Pattern Generators
SLICE Step-wise Limit Cycle Entrainment
RCT Randomized Controlled Trial
SEP Sound Envelope Processing
IPD Idiopathic Parkinson’s Disease
AMS Auditory Motor Stimulation
SMA Supplementary Motor Area
DLPEC Dorsolateral Prefrontal Cortex
ACC Anterior Cingulate Cortex
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