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Abstract

Music has many awe-inspiring characteristics. Some may refer to it as a “universal
language” with the ability to transcend the barriers of speech, while others may describe its
ability to evoke intense emotional experiences for the listener. Regardless of the description, it is
a commonly held view that music can have many profound effects. Studies of music’s effects
have found these beliefs to be more than pure conjecture, finding that music interacts with and
changes our brains in physical and emotional ways.

Music can even have clinical applications, such as music therapy. This type of therapy
has been shown to be beneficial in many areas, ranging from stroke rehabilitation to mental
health treatment. The mechanisms behind music’s therapeutic benefit has to do with neuroplastic
effects; Being able to harness this benefit in a therapeutic setting could make treatments for
mental disorders and brain injuries even more effective.

This thesis aimed to discover whether musical thoughts could be interpreted using
machine learning, potentially opening the door to the use of thought-based musical training for
therapeutic benefit. For this study, EEG data was collected while people were thinking of 5
melodies, then machine learning models were trained on labeled datasets. The models were then
tasked with categorizing unlabeled sets of EEG data - in other words, predicting which melody a
subject was thinking of while the data was being recorded. The accuracy of the predictions
ranged from 45% to 80%, which means that the programs were 2-4 times more accurate than
random guessing. This shows that these programs could potentially be used to examine the
effects of musical thinking on neuroplasticity.

While this topic is still exploratory and requires more research, these results could lead to

a promising future of development of music-based brain-computer interfaces.



Introduction:
Why Study This Topic? The Benefits of Music Therapy and the Mechanisms Behind it

This section aims to provide a clear rationale for conducting this study. The therapeutic
benefits of music have been widely recognized, and the mechanisms of neuroplasticity that may
explain why music is therapeutic are highlighted. An overview of the relevant brain areas
involved in music processing is provided, and the mechanisms through which music can impact
these areas to facilitate neuroplasticity is explained. Numerous studies are cited to support these
claims. Moreover, the importance of investigating EEG-based machine learning for predicting
music-related brain activity is discussed, as this subject has the potential to contribute to the
development of effective music-based therapies. By providing a clear and evidence-based
rationale, this project aims to contribute to the growing body of literature on the therapeutic

effects of music.

1 Music Therapy

Listening to and creating music can engage the brain in a variety of ways, which opens
up the possibilities for its use in the treatment of mental illnesses or neurological issues. Music
therapy has been shown to be an effective tool in treating a variety of mental health conditions,
as well as in the recovery process for those who have suffered from strokes. This section will

cover examples of music therapy at work.

1.1 Music Therapy and Mental Disorders

Some specific examples of the benefits of music therapy are found in the management
and treatment of individuals living with schizophrenia. A small, exploratory study (n=16) found
that involvement with improvisational-based music therapy was correlated with improved
memory skills for people with schizophrenia (Ceccato et al., 2010), while a larger study (n=272)
found that after just one month of listening-based music therapy, people living with
schizophrenia significantly improved their levels of anergia, depression, and activation. Patients

also significantly improved their scores for positive and negative symptoms using the Positive



and Negative Symptom Scale for Schizophrenia (PANSS) (De Sousa, 2010). Playing relaxation-
based music before sleeping is another form of music therapy found to have a correlation with
improved sleep efficiency and latency, with patients showing improved scores on their levels of
depression, anxiety, and total psychopathology scores using the PANSS (Bloch et al., 2010).

A meta-analysis of 17 different music therapy studies for schizophrenia concluded that
these findings are consistent, stating: “music therapy improved psychotic symptom management,
depression and anxiety management, social and cognitive functioning, behavior, and quality of
life of the participants”. This meta-analysis also determined that the most influential factor on the
success of the therapy was the dosage, or the amount of time spent participating in music
therapy. Due to the influence of dosage, programs which involved both active and passive
participation (playing and listening) resulted in the greatest outcomes (Chung, 2016). While all
the examples were done in combination with classical treatments of schizophrenia, these results
show that music therapy is a valuable tool for treating the disorder.

The positive benefits of music therapy for mental health disorders are not exclusive to the
treatment of schizophrenia. A systematic review of music therapy used for treatment of people
with psychosis, depression, and other serious mental disorders showed that combining music
therapy with standard treatment leads to significant and powerful improvements in overall well-
being, typical symptoms, negative symptoms, depression, anxiety, and daily functioning (Gold et
al., 2009). There was a clear correlation between the amount of music therapy received and
improvement measured, which is a similar conclusion as the previously mentioned review done
by Chung. In other words, the benefits became “more substantial” with longer courses or more

frequent sessions.

1.2 Music Therapy and Neurorehabilitation

Music therapy has been widely recognized for its significant impact in assisting with
neurorehabilitation. Research has demonstrated a high potential for success in helping
individuals who have suffered from a stroke and have subsequently lost important abilities such
as fine motor skills, speech, and language comprehension. This approach has proven to be a
valuable tool in patient’s rehabilitation, offering people with stroke-related impairments a new

and effective way to regain their abilities. Furthermore, music-based treatments are often



engaging and enjoyable for patients, which can serve as a motivation for continued participation
and a positive outlook towards the rehabilitation process.

One example of musical neurorehabilitation in action can be seen in the recovery of fine
motor hand skills using a form of music-supported therapy (MST). This method, first
investigated by Schneider et al. in 2007, encouraged patients to play simple melodies with their
impacted hand using a piano or electronic pads. Not only were patients of the MST method able
to regain their motor abilities faster, but they did so with improved smoothness, timing, and
precision when compared with patients who did not use MST.

Nonfluent aphasia is another complication that can arise from a stroke and affects a
person’s ability to communicate using speech. This does not arise from any physical ailments
preventing a person from speaking, but rather from damage to the area of their brain responsible
for producing speech. Nonfluent aphasia is seen in people with damage to the area responsible
for generating speech, meaning that they can understand others but cannot speak intelligibly.
Interestingly, patients with nonfluent aphasia are often able to sing lyrics better than simply
speaking the same words. This observation led to a music-based therapy called Melodic
Intonation Therapy (MIT), involving the melodic intonation of words while also tapping the left
hand at the same rhythm as syllables are produced. While both a control therapy method and
MIT produced significant improvements in the outcome of patients, those who used MIT during
their recovery had extensively greater improvements (Keith, Aronson 1975, Albert et al., 1973,
Sparks, Holland, 1976).

This overview of music therapy for the treatment of mental disorders and for
neurorehabilitation shows the potential benefits of using music in conjunction with traditional
treatments. All the mentioned examples used direct methods of interaction with music, ranging
from simply listening to and engaging with music, to using music creation such as singing or
playing piano to aid in recovery. However, this thesis aims to establish the possibility for an
entirely different method of engaging with music - through a brain-computer interface. This new
method of interacting with music could have new, different, or similar effects on the brain.
However, to monitor these effects, neuroplasticity (the mechanism which helps promote the
positive benefits of music therapy) must be understood. Due to the technical nature and

terminology of these mechanisms, it is first necessary to delve into the anatomy of the brain and



how it processes reward-based and musical stimuli. This will lay the foundation for a better
understanding of the mechanisms of neuroplasticity and will enable better exploration of its

potential as a therapeutic tool.

2 Brain Organization - From Neurons to Lobes

Understanding the structures of the brain involved with musical processing, reward
stimulus, and learning is pertinent knowledge needed to comprehend the ways that music therapy
affects the brain. In this section, relevant brain anatomy involving the description of neurons,

networks, and structures will be explained.

Up until relatively recently, the internal structure and function of the human brain has
largely been a mystery. However, with the expansion of neuroscience — specifically, the
development of more precise imaging tools — our collective knowledge of the inner workings of
the brain has exploded in the last 100 years.

It is now common knowledge that the brain consists of a complex layering of billions of
brain cells (neurons) which communicate using electrochemical signals. There is a complex web
of connections between neurons which allows for the calculations and activity needed to create
our sense of perception. Neurons communicate using chemical signals known as
neurotransmitters - for the focus of this thesis, the neurotransmitters dopamine and serotonin are
particularly relevant, due to their roles in memory, emotional responses, and feelings of
motivation.

Put simply, neurons connect to each other using dendrites and axons. The dendrite of a
neuron receives neurotransmitters from the axon of another neuron, leading to a change in the
receiving neuron’s charge. Once a threshold charge is reached, the neuron sends an action
potential signal down its axon to the axon terminals. At the axon terminals, the neuron releases
more neurotransmitters to communicate to the dendrite of another connected neuron. These
connections between axon terminals and dendrites are called synapses, and the activity here
forms the basic building block of all brain activity.

Groups of millions to billions of neurons connect to form webs and networks of activity.

Various groupings have different responsibilities, ranging from controlling body temperature to



forming complex thoughts and planning for the future. The matter that we know of as “the
brain”, is made up of these billions of neurons and supporting cells.

The largest area of the brain is called the cerebrum, and it forms the outside layers of the
brain. The cerebrum is divided into two lateral hemispheres, the left and the right. It is a general
belief that these hemispheres house our higher functions like thinking and planning, and that
each hemisphere is responsible for the sensory and motor processes on the contralateral side of
the body as well. The two hemispheres are also known to not be perfectly symmetrical, with
some functions being delegated mostly to one side or the other, such as speech (left side) or
abstract thinking (right side).

The outside layers of these hemispheres are divided into four main regions, known as

lobes. These lobes are responsible for different functions of the brain, and are as follows:

- The Frontal Lobes: Responsible for planning, executive decision making, emotional
regulation, and complex thinking. Also responsible for planning movements and sending
movement information to the body.

- The Temporal Lobes: Responsible for memory, audio processing, object and language
recognition, and speech.

- The Parietal Lobes: Responsible for visually guided movements, spatial navigation,
receiving and interpreting sensory information from the body, and ensuring that
movements are smooth and coordinated.

- The Occipital Lobes: Responsible for dissecting and interpreting visual information,

including form, color, and movement.

For the purposes of this project, the temporal and frontal lobes will be involved. This is
because music and controlled thinking are the two main processes that will be involved with a
music-based brain-computer interface. The temporal lobes deal with auditory processing, such as
identifying what sounds are being heard or the frequency at which they are being created
(Chauvel et al., 1998), while the frontal lobes hold the job of monitoring this activity (Halwani et
al., 2011). The frontal lobes are also responsible for planning and/or generating self-referential
information (Herold et al., 2016), which may be an important part of being able to “play” a

melody in one’s head without external stimulus.



The temporal lobe also has an important role in memory and learning due to its proximity
to a deeper brain structure, the hippocampus. The hippocampus has been widely associated with
memory and learning (Morris 2003), and these functions are widely utilized in therapeutic
settings - for example, therapy designed to learn new behaviors or re-learn old ones. The activity
here in the hippocampus is crucial for encoding new memories, thought processes, and
behaviors. Other regions that are relevant for memory (and thus some forms of therapy) include
the ventral tegmental area (VTA) and the nucleus accumbens (Bao et al., 2001, Montague et al.,
1996). These two areas contain high concentrations of dopamine neurons and have been shown
to mediate reinforcement signaling in the hippocampus, which is a crucial step in the brain’s
learning process and memory development. Other studies have shown that additional relevant
areas of the brain involved in music therapy may include the neural networks involved in
learning and reward (Chanda & Levtin, 2013) and the orbitofrontal cortex - a necessary
component for encoding the time/rhythm-based aspects of memory and emotional processing
(Duarte et al., 2010).

Working in tandem, these regions of the brain are key elements to the core component of

the effectiveness behind music therapy - neuroplasticity.

3 Neuroplasticity

The process behind how music can create such an impact on the brain has to do with
neuroplasticity, or the way that the brain is able to create connections and rewire itself. This
plasticity can be expressed by the brain in many different ways (Rugnetta, 2023), but can
generally be be sorted into two main categories: Neuronal regeneration/collateral sprouting
(including concepts like synaptic plasticity and neuronal growth), and functional reorganization
(Puderbaugh and Emmady, 2022). Synaptic plasticity and neuronal growth are key components
of neuroplasticity, and result in long-lasting changes in the strength of neural connections and
neural networks (Mateos-Aparicio and Rodriguez-Moreno, 2019), while functional
reorganization has larger impacts that can cause entire regions of the brain to learn new functions
or change their activity based on changes in other areas of the brain or body (Finger, 2009).
There are many different factors that influence neuroplasticity, ranging from medications and
neurotransmitters (Carrillo-Mora et al., 2019), to external factors like certain types of movement
therapy (Johansen-Berg et al., 2002).



One famous example of neuroplasticity at work was shown in the brains of taxicab
drivers. Due to their need to memorize over 25,000 streets and navigate their way through them,
London taxi drivers were observed to have significantly larger posterior hippocampi. The longer
the person had been a taxi driver, the larger their posterior hippocampus was (Maguire et al.,
2000). This area of the hippocampus is believed to be responsible for spatial memory, and the
results of this study provided strong evidence to support this theory. Additionally, Maguire et al.
concluded that the evidence pointed towards a capacity for plastic change in the brains of adults,
contrary to prior beliefs in the scientific community that the brain was only plastic during
development.

There are specific mechanisms which are responsible for this plastic effect, ranging from
within a single synapse to entire networks of neurons. Given that the benefits of neuroplasticity
may be useful for therapists hoping to treat their patients (Kloos et al., 2020), comprehension of
what is happening from a cellular to a network perspective will provide professionals with a
deeper understanding of these processes and why they are beneficial for patients. In this section,
details about the cellular mechanisms of neuroplasticity, as well as the ways that music works

with and induces these mechanisms, will be discussed.

3.1 Neuroplasticity - Neurons and Networks

The brain’s ability for plastic changes can be observed in areas as small as the synaptic
activity between neurons. Certain synapses can become stronger or weaker with time, depending
on how often they are active. A phenomenon known as long-term potentiation (LTP) was first
observed by Bliss and Lomo (1973), when they noticed that a short burst of high-frequency
stimulation, lasting no longer than a couple of seconds, produced enhanced synaptic activity
which lasted as long as several weeks.

Further research by Nicoll et al. (1988) demonstrated that the LTP response of a neuron
was controlled by a specific type of receptor, called N-methyl-Daspartate (NMDA). This
receptor is normally bound to a magnesium molecule, which blocks it from binding to anything
else. However, during strong stimulation, the magnesium is removed from the NMDA receptor,
allowing for the receptor to facilitate the influx of calcium into the postsynaptic neuron. Calcium

entering the cell in this manner triggers the LTP response for the synapse, causing it to have



strengthened activity for extended periods of time afterwards. It is important to note that the
NMDA receptor is only on the receiving side of the synapse and is only open when there is
intense stimulation. This means that the LTP effects are specific to certain synapses and not the
entire neuron (Purves et al., 1997).

There has not been enough research into synaptic plasticity to demonstrate a link between
these mechanisms and human behavior, but the baseline concepts describe the mechanisms by
which the brain is able to “remember” the connections that are the most active. This is a key
function for a brain that is able to learn and encode information in memory and provides the
cellular picture of how neuroplasticity works.

The next level up from the synapses of a single neuron is a neuronal network.
Neuroplasticity is observed in networks of neurons in the form of increased levels of excitability
or inhibition, as well as strength of connections between different networks of neurons. The
effects of LTP are demonstrated on this scale, as increased stimulation will cause increased
synaptic activity in the network (Purves et al., 1997). However, there is a flip side to the effects
of stimulation on synaptic activity, known as long term depression (LTD). LTD, in contrast to
LTP, is characterized by long periods of low stimulation and triggers mechanisms that lead to
decreased synaptic activity. (Mulkey & Malenka, 1992). This is also modulated by the NMDA
receptor, with the difference between LTP and LTD being the amount of calcium that enters the
cell. For LTP, large amounts of sodium enter the cell, while for LTD, there is a small amount of
calcium influx. With these two functions, the strength of connections as well as the overall

excitability and inhibition of a network of neurons can be modulated and adapted.

3.2 Neuroplasticity - Neurotransmitters

Communication between neurons via neurotransmitters also has an impact on the
plasticity of the nervous system. One of the most important neurotransmitters when it comes to
neuroplasticity is dopamine. On a neuronal level, this chemical helps facilitate synaptic plasticity
by generating LTP effects, causing the synapses between neurons to become stronger and more
active (Neuropraxis, 2020). From a network-level perspective, dopamine is a crucial element of
the reward and reinforcement systems of the brain, which are responsible for modulating the

brain regions associated with learning and memory. In other words, the release of dopamine in



this system provides a good, rewarding sensation, and the brain learns to repeat whatever just
happened to feel that good sensation again (Mcleod, 2023).

The specific name for this reward system is the mesolimbic dopamine pathway, which
connects the regions of the brain responsible for releasing dopamine (ventral tegmental area)
motivation (nucleus accumbens), emotions (amygdala) and memory (hippocampus). Dopamine
release in the hippocampus stimulates the synaptic plasticity of hippocampal neurons, causing
the strengthening of connections which helps the brain remember the conditions related to that
dopamine release (Mcleod, 2023).

Another neurotransmitter that has a large impact on neuroplasticity is serotonin.
Serotonin has a strikingly large number of responsibilities in the human nervous system, ranging
from sleep, mood, hunger, and cognition, but it can also have meaningful effects on synaptic-
based and network-based plasticity (Kraus et al., 2017). Put simply, cellular effects of serotonin
have been shown to have impacts on the shaping of neural networks, especially during
developmental periods of growth. From a more detailed perspective, serotonin accomplishes this
by modulating the transmission of glutamate between neurons - glutamate is the main
“excitatory” neurotransmitter in the brain, and glutamatergic transmission has been linked to
LTP and NMDA-dependent synaptic plasticity. Therefore, increased levels of serotonin can
cause LTP effects by increasing glutaminergic transmission. Serotonin can also alter the
expression of certain genes and proteins that are involved with the process of neuroplasticity,
such as increasing the amount of cell adhesion molecules and brain-derived neurotrophic factor
(BDNF). BDNF is an important protein for neuroplasticity, as it promotes the growth and
survival of new neurons and synapses, as well as the strengthening and remodeling of existing
connections - higher levels of BDNF is shown to result in more neuroplasticity (Frye, 2020).
Increasing levels of serotonin via reuptake inhibition (using SSRIs) has been suggested to
activate this plasticity, and other studies looking at increasing serotonin through other methods
such as pharmaceuticals, navigation experience, or musical training have been shown to have

similar effects.

3.3 Neuroplasticity - Larger Impacts

Different levels of activity and neurotransmitters can either strengthen or weaken the

connections between neurons, but there can also be widespread impacts on higher-level areas and



functions of the brain. For example, the organization of areas of the brain that respond to certain
stimuli, such as sensory areas, can be changed with different environments and circumstances. A
well-documented instance of this is seen in people who have lost a limb or had one amputated. In
these patients, the somatosensory cortex (responsible for receiving sensory signals from body
parts) will adjust its representation of the body to account for the loss of the limb. In a person
who has lost their hand, the area of the somatosensory cortex responsible for the hand may be
remapped to take over other responsibilities, because it is no longer needed for the missing
hand’s sensory signals (Merzenish et al., 1984). This expression of neuroplasticity does not
involve the growth of new neurons, but rather the strengthening, weakening, or realignment of
already-existing connections to meet the needs of the changed circumstances.

These larger impacts of neuroplasticity, known as cortical remapping, are essential
components of therapy targeted towards adults - This is because the brain becomes almost fully
“wired” after the mid-20s, and new neuronal growth decreases after this point (Gogtay et al.,
2004). A lack of new neuronal growth does not mean that the brain cannot continue to change,
learn, and be “plastic”, but rather that the tools to create positive changes in the brain must

instead focus on altering pre-existing neural connections.

3.4 Neuroplasticity and Music - Overview

The human brain can adapt to its environment using neuroplasticity in a number of ways,
but one of the most impressive drivers of this adaptation is music. The mechanisms involved
range from the production of neurotransmitters to cortical remapping of the brain areas needed to
engage with music. Additionally, the benefits of music in the brain is not necessarily limited to
the functions that a musician requires. Music-induced neuroplasticity can be utilized as a tool to
strengthen connections and learn new behaviors in areas completely unrelated to music by
association. In a sense, engaging with music acts as a “reward” to the brain, encouraging it to
remember what was happening during and around the engagement with music, as well as the
complexity of music promoting connections between many far-reaching areas of the brain. This

can be combined with therapeutic exercises to promote faster learning of the intended outcome.



3.5 Neuroplasticity and Music - Neurotransmitters

So, what is it about music that encourages such noticeable neuroplastic changes? Several
research projects suggest that the answer lies in emotions and motivation. After all, positive
emotions and feelings of motivation are associated with learning and memory, which promote
plasticity in the relevant areas of the brain (Sun et al., 2018). Engaging with music has been
shown to produce these effects (Schéfer et al., 2013, Ever, Suhr 2000, Salimpoor et al., 2011),
and dopamine and serotonin are key players on this stage. The roles of dopamine and serotonin
in generating neuroplasticity have been demonstrated already, and thus the relationship between
music and these neurotransmitters provides a strong hypothesis as to why music can be a driving
factor for neuroplasticity.

One study looking at the relationship of music and serotonin found that when subjects
listened to music they described as “pleasant”, there were significantly higher levels of serotonin
transmitted between neurons. When the music was described as “unpleasant”, serotonin
transmission was significantly lower. These results correlated with the subject’s subjective
attitude towards the music, leading the authors to suggest that the listener’s attitude towards
music has an influence on the neurotransmission induced by the music (Ever, Suhr, 2000). Given
the aforementioned relationships of serotonin and neuroplasticity, this could provide an
explanation for how music drives neuroplasticity and provides positive benefits when used in
conjunction with traditional treatment. Listening to “good” music (as judged by the patient)
could increase serotonin levels in the patient, which in turn facilitates plastic changes and
provides a reward to the patient.

Dopamine is another neurotransmitter that has been shown to be related to music. One
neuroimaging study showed that listening to music can stimulate dopaminergic regions such as
the striatal system, which is a system involved in reward and emotions (Salimpoor et al., 2011).
In this study, the researchers found that the most dopamine release occurred when people
reported a peak of emotional arousal. However, there was also dopamine release in other distinct
pathways unrelated to the experience of peak pleasure, showing that music can facilitate
dopamine release in many areas of the brain. Another study tested the relationships of music and
dopamine by giving different groups of participants a supplement prior to listening to music. The
supplement changed depending on the study group, with one group receiving L-DOPA which

increased the amount of dopamine in their brain, another group receiving risperidone, which



decreased the effect of dopamine, and a control group that received a placebo that had no effect
on dopamine levels (Ferreri et al., 2019). The L-DOPA group reported having higher musical
pleasure and motivation than the control group, while the risperidone group reported having
reduced musical pleasure and motivation compared to the control group. While discussing this
study, Ferreri said that it did not conclude that simply taking a music supplement will increase
musical pleasure - rather, “listening to the music you love will make your brain release more
dopamine” (Dolan, 2019).

In conclusion, listening to and engaging with music has been shown to increase the
activity and release of dopamine and serotonin. Given that these two neurotransmitters have been
shown to facilitate neuroplasticity, these observed increases could provide a piece of the puzzle
as to why music is such a driving force of plastic changes in the brain.

3.6 Neuroplasticity and Music - Cortical Reorganization

The release of neurotransmitters is not the only reason that music is able to provide
extensive neuroplastic changes. In fact, the reason for these widespread changes is partially
related to the widespread nature of music itself. Listening to and making music involves many
different structures of the brain, such as the auditory cortex (to understand what is being heard),
the motor cortex (to move the body in the right way to dance or play an instrument), areas for
multisensory integration, and emotional association structures (Chatterjee et al., 2021). Because
of the broad number of functions needed, the brain must make massive amounts of connections
between areas that may have otherwise not been connected.

Specific examples of differences between the brains of skilled musicians and non-
musicians show the vast increases in connection that playing music promotes. Among these
include the areas of the brain responsible for the physical motions of playing an instrument or
singing (Amunts et al., 1997, Gaser & Schlaug, 2003), or the connections between the two halves
of the brain needed for coordinating actions between multiple parts of the body (Hyde et al.,
2009). There are also changes in areas of the brain responsible for more abstract concepts - such
as the cerebellum, responsible for tempo and timing (Gaser & Schlaug, 2003, Hutchinson et al.,
2003), or increased numbers of connections between the frontal and temporal regions, which are
responsible for monitoring the perception of sounds and what they mean (Halwani et al., 2011).
All of these sizable changes were observed in people who began musical training at a young age,

but this doesn’t mean that people who pick up music at a later age don’t also experience



neuroplastic changes. In people who started learning music later, similar changes were observed,
but instead of the increased neuronal growth seen in long-time musicians, their brains adapted by
rewiring previously existing connections and recruiting nearby neurons to help with the new

tasks.

3.7 Neuroplasticity - Application

To use the effects of neuroplasticity in a beneficial manner, activities that induce or
generate neuroplasticity can be combined with therapeutic settings focused on brain recovery,
behavior therapy, or learning new skills. The use of neuroplasticity-inducing methods has been
explored in conjunction with behavioral treatments before, such as a study done by Abumaria et
al. in 2011. In this study, it was found that elevated magnesium levels in the brain enhanced the
synaptic plasticity of the hippocampus in rats. The rats treated with higher levels of magnesium
(and thus with higher levels of neuroplasticity) displayed increased retention of fear extinction.
In other words, they “unlearned” fear behaviors faster than other rats, and this effect lasted
longer than it did in other rats.

Clinics that focus on patient rehabilitation following traumatic brain injuries (TBIs) use
methods that induce neuroplasticity to help patients recover faster, with strong results. For
example, one study that used exercise to increase levels of BDNF before treatment reported
significant improvement in persistent concussion symptom scores (McGeown et al., 2018).
Meanwhile, another clinic which focuses on promoting neuroplasticity through physical and
cognitive exercises had patients self-report a 60% improvement of self-reported post-concussion
symptoms (Fong & Loewen, 2023).

The neuroplastic effects of music have been utilized for recovery as well. In one example,
patients with behavioral and cognitive deficits following injury to the orbitofrontal cortex were
treated with music-supported therapy. This therapy was shown to not only induce significant
neuroplastic changes, but also improve cognitive performance, overall well-being, and social
behavior (Vik et al., 2019). This study focused on giving patients piano lessons to boost their
musical engagement and found that both the effect of neurotransmitters and cortical remapping
could explain the observed neuroplastic effects. For neurotransmitters, the brain areas which
showed recovery all received dopaminergic connections of some kind, providing support to the

hypothesis that dopamine can facilitate neuroplasticity. The brain scans of patients involved also



revealed significant evidence that musical practice has a causal relationship with the
reorganization of neural networks, demonstrating the effects of cortical remapping. The study
concluded that despite limitations in study size, engaging directly in music may induce
neuroplasticity through these avenues, explaining the increased social interaction, well-being,
and cognitive performance.

One of the driving factors for the rehabilitative properties of music is the process of
cortical remapping, and this has been demonstrated in several studies. For example, stroke
victims who have been treated with music-based intervention show increased connections
between their auditory-motor regions, leading to improvements in motor function (Ripolles et al.,
2016). There is also evidence that musical training leads to cognitive improvements due to a
reorganization of neural networks in patients with a traumatic brain injury (Vik et al., 2018), and
that elderly musicians have stronger memory and visuospatial connections than non-musicians
(Grassi et al., 2016).

These studies show that utilizing the effects of neuroplasticity to help patients recover

from brain injuries and mental deficits can be a fruitful effort.

4 - So, Why Study This Topic? Conclusions From Part 1

The investigation of using EEG-based machine learning to predict music-related brain
activity is a compelling research topic for several reasons. Primarily, music has been shown to
have therapeutic effects, both in the areas of neurorehabilitation and treatment of mental deficits.
Numerous studies have demonstrated how playing or listening to music can influence the brain
and induce neuroplasticity, giving rise to these positive effects. However, it is unknown if the
process of training a person to “think” music instead of playing it could also provide these
benefits. To determine whether this method could be effective, it is necessary to monitor an
individual’s progress by observing their musical thoughts. The objective of this project is to
determine whether this is a feasible task via a “proof of concept” for interpreting musical
thoughts.

If a proof of concept is established, it could serve as the foundation for a technology that
can provide markers of someone’s progress and ability at “thinking” music. These markers can

be used to observe whether there are neuroplastic effects as a result, and that can be compared to



the neuroplastic effects of playing music. This could give insight into ways to enhance the
efficacy of music therapy interventions or provide new methods to create specific interventions
based on a person’s specific needs. In conclusion, this study’s significance lies in its potential to
enhance our understanding of how music influences the brain, particularly in the context of

neuroplasticity and music therapy.



Methods
How to Study This Topic? Brain Imaging and Machine Learning

This section provides a comprehensive overview of the EEG method for brain
observation in the context of the current project. First, various brain activity observation methods
are examined, and EEG is identified as the optimal choice. The use of machine learning for EEG
data analysis is then discussed, along with the types of data that EEG provides and their
relevance to the study. Lastly, the rationale behind the selection of the Muse 2 EEG headset is
explained. Factors such as affordability, research quality data, and ease of data retrieval are
highlighted as reasons for its suitability.

Brain Visualization Techniques

Some of the most important developments in the field of neuroscience have been
technologies that allow for accurate imaging of the brain and its functions. These tools allow
scientists and doctors to observe the structures inside the brain, and more importantly, the
activity inside. This can be beneficial in many ways. One benefit is the ability to map the
functions of specific areas of the brain. Another benefit is the ability to monitor brain activity in
real time and use that information for external purposes.

Different methods of imaging and monitoring brain activity have different advantages
and disadvantages, mostly relating to spatial and temporal resolution. Some of the most common

brain visualization techniques are as follows:

Functional Magnetic Resonance Imaging (FMRI) — FMRI is a non-invasive method to
observe changes in neural activity. This technique is based on the properties of magnetic
resonance of elements. Specifically, the magnetic resonance of oxygen is utilized due to the high
presence of oxygen in blood.

A basic overview of how FMRI works is simple. From a technological viewpoint, the
FMRI machine takes frequent “snapshots” of the amount of oxygen levels throughout the brain.

When a brain region is more active, there is a higher rate of blood flow — and as a result, oxygen



around that area. Because the FMRI can calculate the location and density of oxygen levels in
the brain, the technique is able to determine when a brain activity is more or less active due to a
stimulus.

For a very basic example, imagine a person who is left in the dark. Let’s call this person
Mary. While in the dark, Mary’s primary visual cortex in her occipital lobe will be less active
due to the lack of stimulus. Thus, when a light is turned on and the primary visual cortex
becomes more active, there will be a rush of blood to her primary visual cortex. The oxygen in
this blood is then observed by the FMRI machine. The measured increase in oxygen levels in this
area allows for the conclusion that this area becomes more active when presented with a visual
stimulus.

While the spatial resolution of FMRI is very precise, the time-based resolution is low.
This is due to the fact that blood is not immediately delivered to an active brain region and is not
immediately removed from a brain region that becomes less active. This time delay of blood
flow creates a delay in the measurement of the FMRI. This lack of time-based precision makes it
so that this technique is not as useful for purposes which require more instant feedback.

Since FMRI only utilizes a harmless magnetic field in its measurement procedure, this
process is very safe for human subjects and presents minimal health risks. The largest risks from
this procedure would be a result of a person having metal implanted in their body in any way,

such as a pacemaker or a screw holding a joint together.

Positron Emission Tomography (PET) - Positron Emission Tomography is another
method of measuring brain activity by observing changes in blood flow. However, instead of
using a magnetic field to observe the amount of oxygen in various regions of the brain, this
technique uses radioactive isotopes of elements.

To measure the blood flow, PET is based on the idea that brain areas absorb glucose
when they are active. To measure this absorption of glucose, the patient is given a form of
glucose that holds a radioactive isomer inside of it. Then, the PET device can monitor the
concentrations of gamma rays emitted from the radioactive isomer in order to determine where
the glucose is being absorbed, and in what amounts. This allows for the mapping of which areas

are most active based on the amount of glucose being absorbed.



While this method can create an image of the metabolic activity in the brain, the spatial
resolution is lesser than FMRI. The time-based resolution of PET is also sub-optimal. Similar to
FMRI, this is due to the mechanism of action with which glucose is absorbed - it is not instant,
so the observation of brain activity comes with an inherent delay as the glucose needs to be
absorbed to be measured.

While the radioactive isotopes are not believed to be harmful to patients, they pose a
greater inherent risk than that of the magnetic field used with FMRI. However, PET would be
much safer for people who have metal implanted in their body due to the lack of a magnetic
field.

Magneto-Encephalography (MeG) - MeG is a method of brain visualization that does not
rely on scanning for specific elements or biological components within the brain. Instead, MeG
measures magnetic fields generated by the brain.

How does this work? Put simply, neurons “fire” in an electrochemical manner - there is a
flow of electrically charged ions into and out of the cell to produce a signal that gets transmitted
to the next cell via neurotransmitters. This electrical activity generates a very small
electromagnetic field. While the magnitude of the electromagnetic field generated by a single
neuron is negligible, the net field of a large group of neurons can be detected using extremely
precise equipment. This equipment is known as a SQUID - a Superconducting Quantum
Interference Device.

To measure the extremely small magnetic fields generated by brain activity (the fields
are about 1 billion times weaker than the earth’s magnetic field!), the SQUID must be hosted in
ideal conditions. This includes a magnetically shielded room and a large liquid helium bath
within the MeG machine to keep the superconductors within the low range of impedance needed
to measure such small fields. This makes an MeG machine a very expensive, resource-
consuming piece of equipment.

These technological and economic barriers are not without benefit, however. A MeG
machine produces extremely high spatial and temporal resolution. Compared to an FMRI or PET
machine, an MeG machine provides better spatial resolution because it is able to measure direct

neural activity instead of the indirect neural activity (based on blood flow around neurons)



measured by an FMRI. MeG is also able to collect measurements thousands of times per second,

giving it unrivaled temporal resolution when compared to other brain visualization methods.

Electroencephalography (EEG) - Similar to MeG, EEG is a measurement of electrical
activity inside the brain. However, instead of measuring the magnetic fields produced by groups
of neurons, electroencephalography measures the direct electrical activity.

As mentioned previously, neurons fire in an electrochemical fashion. This firing releases
an electromagnetic signal, which can be measured through different techniques. An EEG is
similar to the previously mentioned MeG in that it measures these electromagnetic signals.
However, while a MeG measures the magnetic elements of the electromagnetic signal, an EEG
measures the electrical elements of the signal.

An EEG device consists of electrodes that are placed directly on the scalp. These
electrodes pick up the electrical signals that are generated by the brain which can make their
way through the skull and out into the scalp. These electrical signals are then amplified so that
they can be read and interpreted more clearly. Because of the speed of electrical transmission,
the temporal resolution of EEG is very high.

One benefit of EEG is the simplicity of the hardware. The electrodes in an EEG headset
do not require magnetic shielding, are relatively inexpensive to manufacture, and do not take up
very much space. Due to these aspects, EEG recording is one of the most widely used methods
of brain imaging.

The main drawback of using EEG measurement is the lack of spatial resolution. Because
the electrodes are only placed on the scalp, they pick up the summation of electrical signals
coming through the skull and out through the skin. This makes it impossible to locate exactly
where the electrical signals are coming from. This can be mitigated by adding a higher
concentration of electrodes, but this element of signal convolution makes precise spatial

measurements difficult.

For this thesis, the objective is to be able to recognize what melody a person is thinking
in their head. In relation to the method of data collection to be used, this means that there must
be high temporal precision due to the time-based nature of a musical melody. Spatial resolution

could also be important, but not as much as the need for temporal resolution. Due to the limited



resources and scope of this project, the data collection must also be relatively cheap and
accessible to use. These factors make it clear that an EEG device is the most appropriate option

for data collection for this project, due to its temporal precision, ease of use, and affordability.

EEG Device Selection

After consideration, an EEG device was determined to be the best method for data
collection in this project. In this section, an outline is provided of the various EEG devices that

were evaluated, as well as a justification for the final selection of the Muse 2 EEG headset.

EEG Device Options

There were two main criteria that an EEG device had to meet to be used for this project.
Firstly, the headset had to be able to collect research-quality data that would not create
inconsistent results based on poor device quality. This is obviously very important, as poor data
will invalidate the results of the project. Secondly, the device had to be able to generate raw data
signals without needing to work through proprietary software specific to the manufacturer. This
would allow for secure collection of data as well as make it easier to process the data for the
desired purpose.

Given these criteria, there were two clear candidates - the Emotiv Epoc and the Muse 2.
These two headsets stand out from the rest of the field due to their research-quality data and
commercial availability. The comparisons between the two headsets are shown below:

Emotiv Epoc+:
Pros:

- 14-channel EEG collection

- Can detect important EEG markers known as event-related potentials (p300
waves) with reliable, research-quality accuracy (Fouad et al., 2021). The authors
concluded that this device could be used to set up a robust and reliable system for
detecting p300 waves.

- Emotiv’s software for detecting thoughts and mental commands shows a level of
accuracy high enough for use in personal or research projects (Taylor and
Schmidt, 2012)



Cons:

Muse 2:
Pros:

Cons:

There is open-source software for collecting raw data from the headset, called
OpenVIBE (Fouad et al., 2021).

Software for detecting thoughts and mental commands is proprietary, so the
precise nature of signal manipulation is unknown to the user (Taylor and
Schmidy, 2012).

This headset is expensive ($800+ for one unit) and has limited availability.
Can be difficult to set up due to its need for saline gel sensors, would require

participants to have shorter hair to prevent signal interference.

Is suitable for meditation and thought-based research applications (Saganowski et
al., 2020)
Can detect event-related potentials (p300 waves) (Krigosolon et al., 2017)

- “Our work highlights that with a single computer and a portable EEG
system such as the MUSE one can conduct ERP research with ease thus
greatly extending the possible use of the ERP methodology to a variety of
novel contexts.”

Open-source software is easy to use and provides many forms of data analysis and
preprocessing (Muse Mind Monitor).

Uses dry sensors, making it very easy to set up with participants. Headband
format means that participants can have any hairstyle or headwear and not
interfere with data collection.

Not as expensive as Emotiv Epoc. Less than $300/unit.

Only 7-channel EEG collection
Headband format means that sensors are only on the forehead and temples instead

of located all around the head.



The comparison between the Emotiv Epoc and the Muse 2 makes it clear that both
headsets are suitable for research purposes. However, the Muse 2 was selected over the Emotiv
Epoc for several reasons, first of which being the software for getting raw data - the Muse Mind
Monitor software is more accessible and efficient than the OpenVIBE software for the Emotiv
Epoc. Another reason was the ease in setup and use. While the Epoc has more sensors which
cover a greater area of the head, the complexity of the setup could make it difficult for a sole
researcher to perform data collection, and people with longer hair could present complications
for the collection process. Meanwhile, the Muse 2’s headband design makes it much easier to put
on and take off of participants and doesn’t introduce hair interference or require saline solution.
Another factor in this decision was affordability. The Muse 2 is less expensive than the Epoc
despite having similar research-quality results, making it possible to purchase two Muse 2
devices for the price of a single Epoc device. This would mitigate the risk of damage or
malfunction in the product during the project. The final factor for this decision came from
consultation with researchers who have worked with both headsets in the past for similar
purposes. Dr. Rafaella Folgieri of the University of Milan provided personal experience with the
Emotiv Epoc and the Muse 2, stating that the Epoc has a tendency to malfunction and break
despite its larger price tag. Overall, this background research into the two headset options leads
to the conclusion that the Muse 2 is the better choice for this project.

Using the Schewel Research Fund provided by the University of Lynchburg, two Muse 2
headsets were purchased from the parent company, ChooseMuse. The purchase of two separate
headsets would ensure that if there was an equipment malfunction in one of the headsets, the

project would be able to continue without a major delay.

Machine Learning for EEG Data

While the Muse 2 is the clear choice for HOW to collect EEG data, the data still needs to
be analyzed and interpreted. In order to associate EEG data with certain mental states and
actions, relevant features must be identified. Examples of relevant features might be the
frequency spectrum and dominant rhythms of the signal (determined via a Fast Fourier
Transform), or the statistical properties of the signal such as mean, variance, and skewness (used
to capture complexity and variability of activity) (Natarajan, 2020). However, raw data can be

noisy and full of artifacts. This makes it difficult for even human experts to interpret.



Machine learning techniques can be applied to various EEG-related tasks, allowing for
the diagnosis of neurological disorders, monitoring of cognitive states, detection of emotions,
and control of brain-computer interfaces. While there is no definitive answer to whether machine
learning is faster or more reliable than human experts in all areas, it does have its advantages and
disadvantages. For starters, machine learning can process and learn from large amounts of data
much faster than humans and can do so without needing prior knowledge or having prior
assumptions about the underlying mechanisms and patterns. This can allow for a much more
efficient system, which is crucial in a speech based brain-computer interface (for example) where
high accuracy and speed is necessary. However, as with humans, machine learning programs can
also be affected by noise and outliers. This enforces the importance of data preprocessing for
reliable results (fortunately, there are machine learning programs that specialize in preprocessing
as well). Reliable programs can also require large amounts of data and processing resources to
train, test, and deploy, which can be a hurdle for applications which have limited access. (Sanei
and Chambers, 2021, Aggarwal and Chugh, 2022)

For this project, efficiency, and the ability to process and draw conclusions from large
sets of EEG data is required. Machine learning techniques will serve as a valuable tool for this
objective. To understand how they will be used, it is important to first know how machine

learning techniques work.

Overview of Machine Learning

Machine learning can be used in a variety of ways, depending on the nature of the data
and the desired outcome of an application. There are two main styles of machine learning,
unsupervised and supervised learning, each of which can be used for different types of tasks and
objectives. The main difference relates to the amount of human guidance during the training
process.

Unsupervised learning: In unsupervised learning, a model is given unlabeled data
without any external feedback with the objective of detecting patterns inside the data. This can
be used to detect abnormal data points, group similar data together, or reduce the number of
features within a dataset. This type of machine learning will be used in this project to prepare

EEG data for this project by removing outliers and averaging out missing data.



Supervised learning: In a supervised learning example, input data is labeled to train the
model to make predictions on future input data. This model will learn from the examples that it’s
given, attempt to make predictions, and then modify itself depending on the outcome of the
predictions to minimize error. Supervised learning can be used for regression, forecasting, and
classification tasks.

Regression: This form of machine learning aims to determine the relationship
between previously existing values and predict a value to describe this relationship. An
example of regression learning in action is seen in predicting the price of a house - based
on the location, square footage, number of bedrooms or bathrooms, etc., a regression
model would make a prediction as to what the value of the house is.

Forecasting: A forecasting machine learning model focuses on predicting future
values or events based on previous data. An obvious example of forecasting is seen in a
model that predicts weather patterns and probabilities of weather events like rainstorms,
tornadoes, or hurricanes.

Classification: This form involves assigning a label to an input based on a
collection of criteria. The program will interpret several variables in an input and then
assign a classification to the input (for this project, there will be 5 different variables for
classification). The assigned classifications can either be binary (where a program
chooses between two classification labels) or multiclass (more than two possible
classifications). An example of this in action would be a program that determines whether

an email is spam based on the content, source email address, or title.

Applied Use of Machine Learning - XGBoost Classification

To determine which style of supervised machine learning should be used for this project,
| considered the main objective: To use machine learning to predict which melody a person is
thinking in their head. In other words, a machine learning program will be used to “look™ at a set
of EEG data and determine which melody a person was thinking of while the data was recorded.
Given that the program will be predicting which melody the participant was thinking of out of
several potential options, this would fall under the classification style of machine learning - the
program is being asked to determine which classification (melody) a certain set of EEG data

belongs to. Therefore, this project will be using a supervised classification model.



There are many different types of machine learning algorithms that can be used for
classification tasks. One of the most accurate and efficient classification algorithms is called
XGBoost Classification. This algorithm works by using extreme gradient boosting (this is where
the “XGBoost” in the name comes from) of decision trees and has gained popularity in recent
years after winning many competitions for predicting and describing datasets (NVidia, 2023). In
relation to EEG data classification, XGBoost algorithms have been shown to be among the most
accurate classification algorithms available (Parui et al., 2019, Khan et al., 2022). For these
reasons, this project used an XGBoost algorithm for classification of the EEG data sets collected
from participants. To understand how it works, it’s vital to grasp the concepts at play: decision
trees and gradient boosting.

A decision tree is a model that predicts a label using a flow chart of tests about the data.
Each test, called a “node” produces multiple branches for each of the possible answers. For

example, a setup for a home-price decision tree might look like:

Is the # of Bedrooms > 1?

If yes, home price = $100,000 If no, home price = $200,000

The “node” of this tree would be the question “Is the # of Bedrooms > 1?”, while the “branches”
are the resulting answers to the question. While this is a basic example, this shows the basis of
how a decision tree functions. In reality, decision trees are much more complex and can have
tens of thousands of connected nodes and branches.

Gradient boosting for decision trees is built on the idea that you can “boost” simple trees
by combining them with other simple trees (For reference, a single model of an XGBoost
classification algorithm will initially create hundreds - if not thousands - of separate decision
trees before combining them). A simple tree is not very good at the job of classification, but
when combined with many other simple trees, they become much better and more accurate. This
is called a strong tree.

Gradient boosting is a style of “boosting” that uses mathematical formulas to find the best
way to combine the simple trees together and make the strongest tree possible. This is done by

looking at how accurate each tree is and then focusing on increasing the level of accuracy as



much as possible by changing simple trees slightly and adding new ones. The formulas
determine the most efficient step at any given point to increase the accuracy of the model, and
the model takes that step. Following the most efficient step each time is called following the
gradient of the error and allows for the best combination of simple trees to create the best

possible strong tree (NVidia.com, 2023).

Applied Use of Machine Learning - Microsoft Azure

Microsoft Azure is a cloud computing platform that can be used for a variety of services,
ranging from storage, networking, computing, and analytics. Among the services that Azure
offers is a graphical machine learning studio, enabling users without extensive programming
experience to create unique machine learning pipelines for a variety of tasks, ranging from image
classification to dataset forecasting. Microsoft Azure also offers a program called “Azure for
Students”, which provides access to all Azure products for the use of education, teaching, non-
commercial research, or testing of software applications. For this project, Microsoft Azure was
used to analyze and classify the collected EEG data using the XGBoost Classification algorithm.

The relevant terminology for Microsoft Azure Machine Learning Studio is as follows:

Experiment: This is a structure for storing multiple “jobs” that can then be compared to
each other or share data and results.

Job: A single machine learning job creates models that are trained on a specific data asset
with the objective of computing a specific target. A single job can create dozens or hundreds of
models to complete the objective.

Model: A model is a file that contains the learned patterns from a set of data and can be
used to predict a desired target datapoint based on those observed patterns.

Data Assets: These are the sets of data that Azure uses to train and test machine learning
models.

Metrics: Measurements that are used to evaluate the performance of a model during
training and testing.

Accuracy: One of the metrics used to evaluate classification models. This metric presents
how often the model correctly predicts the class of an observation.

AUC: Stands for “Area Under Curve” and is used as a metric for classification methods.



EEG Data and Rhythms - Brainwaves

An EEG device takes a straightforward measurement - the charge of a sensor placed on
the scalp. This charge is influenced by the activity of neurons inside the brain. As neurons fire
with electrical signals, these electrical signals combine and seep out through the scalp and are
picked up by the sensors. Fluctuations in the charge of this sensor can provide information about
the inner workings of the brain including mental states and specific thought processes.

To determine these inner workings of the brain, the changes in raw charge of the sensors
must be analyzed. One of the most widely applied methods for this is called a Fast Fourier
Transform. This method of data analysis uses a formula to represent a change in data over time
as a combination of the different frequencies that make up the changing data signal. By applying
a Fast Fourier Transform to an EEG signal, the raw signal can be represented as different
“brainwaves”.

Different frequencies of brainwave activity have been associated with different cognitive,
sensory, and mental processes and experiences. The ranges of brainwaves and their associated

processes/experiences are as follows (Hermann, 1997, Abhang et al., 2016):

- Delta (0.5-4 Hz): Mostly present during deep sleep or while under anesthesia.

- Theta (4-8 Hz): Associated with light sleep, mediation, and creativity.

- Alpha (8-13 Hz): Predominantly present during waking moments of relaxation and
calmness.

- Beta (13-30 Hz): Associated with alertness, concentration, and problem-solving.

- Gamma (>30 Hz): High level information processing and cognitive functioning.

In this project, the data collected by the Muse 2 EEG headset was preprocessed via Fast
Fourier Transform to provide both raw values and brainwave values for each sensor on the
headset. This information was then organized as outlined in the “Data Organization Methods”
section below, and used to train the Microsoft Azure machine learning models as outlined in the
“Data Analysis Methods”.



Experimental Design:
Setup, Methods, Results, Conclusion, and Discussion

Overview

The experimental procedures for this project were straightforward. First, 5 melodies were
selected. Then, EEG data was collected from subjects while they played each of the 5 melodies
in their head, and half of the EEG data was used to train a machine learning model. The trained
machine learning model was then tested using the other half of the EEG data, by asking it to
predict the melody value for each recording. The accuracy of the model in predicting the correct
value was recorded and served as the key metric to determine the success of the model. Because
this project was aiming to predict which of 5 melodies a person was thinking about for a single
instance of EEG data, the model has a 1 out of 5 (20%) chance of getting it right if it makes
random guesses. Therefore, if a model shows overall accuracy significantly greater than 20%,
then this model is successfully predicting the melody value better than random based on the

patterns it found in the EEG datasets during training.

Setup

A room was reserved for this experiment and the data collection occurred in this room for
all participants. The room had several chairs and tables, all white walls and ceiling with
whiteboards on 2 walls, and was isolated from outside activity by a wooden door. There were no
auditory distractions and the room was quiet. The tables were set up so that the participants were
sitting directly across from the researcher, with only the researcher’s laptop in between.

The experiment required 5 different melodies for participants to listen to and play back in
their head. These melodies were chosen based on a couple criteria - genre, popularity, and
length. Each of the 5 melodies are from different genres (classical, rock, pop, rap, and R&B),
less than 5 seconds long, and popular enough to be on the Billboard top 100 during their peak.
The 5 melodies used for this project were:

1) Fur Elise - Beethoven (Classical)
2) Smoke on the Water - Deep Purple (Rock)



3) Levitating - Dua Lipa (Pop)
4) Bad and Boujee - Migos (Rap)
5) The Hills - The Weeknd (R&B)

For participants to listen to the melodies, simplified versions were created using Ableton
Live 11, a digital audio workstation for creating music. Midi tracks were programmed to play
each melody, and an operator synthesizer emulating a wurlitzer piano was used to generate the
sound. Then, the clips of the 5 isolated melodies were rendered and saved as .mp3 files. These 5
files were used in the experiment as the reference melody for participants to listen to before
playing the melody in their own head.

To set up the Microsoft Azure machine learning studio, a student Microsoft Azure
account was created and a Machine Learning Workspace with the title “Senior Thesis” was
created. Inside this workspace, a standard compute cluster with 4 vCPUs and 14GB of ram was
reserved and titled “SeniorThesisCluster”. This would allow for the machine learning programs

to execute the training and testing of models.

Data Collection Methods

Data was collected using the program Muse Mind Monitor. This program required a
Bluetooth connection between the Muse headset and a mobile device, as well as a Wi-fi
connection for the mobile device to upload recorded files to secure cloud storage. The data was
recorded by going into “recording mode” on the Muse Mind Monitor program. Recorded data
was saved as plain text CSV (comma separated values) files and uploaded to the secure cloud

storage online.

To begin, the participant was greeted and given an informed consent form going over the
details of the experiment. This form can be found in the additional materials section of this
thesis. After agreeing to the informed consent form, participants were seated directly across from
the researcher at a table in the data recording room. Participants were given a QR code which
linked to a google form to fill out background information. The google form collected
anonymous responses to keep the identity of the participants confidential, and included these

questions:

- Please provide the number given to you by the researcher:



- Note: These numbers were given to participants in ascending order (1, 2, 3, etc.)
and served as their “Subject #” for later use in the project. For example, the first
participant received the number 1, and was later referred to as Subject 01. The
second was given number 2, and was later referred to as Subject 02.

- What is your age?

- What is your major (if applicable)?

- What is your cultural background?

- What is your ethnic background?

- Do you have any background playing musical instruments? If yes, what instrument(s),
and for how many years total?

- Please rank your preference for the following musical genres, with "1" being your
favorite and "5" being your least favorite.

- Classical

- Rock

- Pop

- Rap

- R&B

The participants were given a verbal description of the data collection procedures as
outlined in the informed consent form, and then were given a brief demonstration of how to
adjust and put on the Muse 2 headset. Once the participant felt comfortable proceeding, they
were given the headset to put on and the researcher ensured that a good connection had been

formed. Data collection proceeded as outlined by the following procedures:

1) Sitting still, the participant listened to a melody being played out loud on the researcher's
laptop 3 times.

2) The participant was then instructed to “play” the melody in their head 5 times, with a
single blink between each instance. This blink was to provide a marker in the EEG data
for later use. During this step, EEG data was recorded via the Muse Mind Monitor
software.

3) This process was repeated for each of the 5 melodies.

4) Steps 1-3 were repeated a total of 3 times.



By the end of the data collection, the participant had listened to each melody 9 times and
“played back” each melody 15 times. With no exceptions, the melodies were played in the

following order during each round:

1) Fur Elise - Beethoven (Classical)

2) Smoke on the Water - Deep Purple (Rock)
3) Levitating - Dua Lipa (Pop)

4) Bad and Boujee - Migos (Rap)

5) The Hills - The Weeknd (R&B)

This data collection produced 15 total CSV data files per participant (3 files for each of
the 5 melodies). After the data was recorded, it was uploaded to a dropbox folder linked to the
Muse Mind Monitor app. Once the session concluded, the data files were exported from the
dropbox folder and transferred into a secure Google Drive folder. Then, they were permanently
deleted from the dropbox location to ensure data safety and security.

In total, the data collection sessions as outlined above were completed in approximately

30 minutes.

Data Organization Methods

To analyze the data, it was first organized into separate data files for each instance of the
melody being played in the participants' heads. This was necessary because each recorded data
file contained data of the participant thinking the melody 5 different times. To separate the 5
different instances, the biomarker provided by the participant blinking was used - this is because
blinking creates a unique signal on EEG data that can be clearly identified. Thus, by having the
participants blink in between each time they “thought” the melody, this provided clearly defined
markers of where to separate the data. Using these markers, the data files containing 5 repetitions
of a single melody were spliced into 5 separate files. These files were named according to the
following criteria, and the naming procedure was kept consistent for all of the data collected

from all of the participants.

[Subject #] _ [Melody #] _ [Playback #]



For example, the data corresponding to Subject 2 “playing” the third melody for the

seventh time would be labeled:

Sub02_M3_P7

Additionally, a column titled “Melody #” was added to each file and all rows were
populated with the corresponding melody number (Fur Elise = 1, Smoke On the Water = 2,
Levitating = 3, Bad and Boujee = 4, The Hills = 5). This would serve as the target column for the
machine learning models to predict in the analysis step of the experiment.

Following the organization of all the data files for a subject, the files were separated into
two separate groups - Odd-numbered data (P1, P3, P5, ... P15), and even-numbered datasets (P2,
P4, P6, ... P14). This allowed the machine learning programs to be trained on one half of the
data and tested on the other half, without any overlap between the two sets. Once all the data was
organized in this manner for the subject, it was ready to be used to train machine learning

programs for analysis.

Data Analysis Methods

Organized data were uploaded to Microsoft Azure in the form of data assets for use in
training and testing machine learning models. These data assets were titled according to the
following formula:

“[Subject #] M-ALL_[POdds or PEvens]”

While the subject number and differentiation between odd-numbered and even-numbered
data varied depending on what data was uploaded, all the data assets contained recordings from
all 5 melodies, hence the “M-ALL” in the [Melody #] section of the file title format.

Once data assets had been uploaded, an Azure experiment folder was created for each
subject, titled as “[Subject #] PTrained”. Inside of each Azure experiment, two jobs were created
- one job where the models were trained on the POdds data asset (job title: “[Subject
#]_OddTrained EvenTested”), and another where the models were trained on the PEvens data
asset (job title: “[Subject #] EvenTrained OddTested”). The procedure for creating these jobs

was as follows:



“Create New Automated ML Job” option was selected.

The desired training data asset was selected from the list of data assets.

Under “Experiment”, the relevant existing experiment was selected (Figure 1).

For “Target Column”, the column “Melody # (Integer)” was selected (Figure 1).

For “Select compute type”, the “compute cluster” option was selected, with the
previously created SeniorThesisCluster being the selected Azure ML compute cluster
(Figure 1).

Under the “Select Task and Settings” page, the “Classification” task was selected, and
deep learning was enabled. Under additional configuration settings, the “Use all
supported models” option was deselected and only the XGBoostClassifier model was
selected as an allowed model. Under “Exit Criterion”, training job time was changed
from 24 hours to 2 hours (Figure 2).

On the “Validate and Test” page, the “train-validation split” validation type was selected,
and 15% of the data was reserved for validation. The test data asset provided was the
opposite data asset for that subject - if the model was trained on a POdd data asset, the
PEven data asset was used for testing and vice versa (Figure 3).

The “Finish” button was selected, and the job was created.

By selecting the “Melody #” column as the target column, this instructed the job what

value it was being asked to predict. As this column contained integers ranging from 1 to 5, the

model was trained to predict what the value for this column would be in a certain row, based on

the patterns of the data in the training set. Because the integer value of this column correlated

with the melody that the subject was playing in their head, this makes it so that the model is

essentially predicting what melody was being “played” while the data for a certain row was

being recorded.

Once the job was created, it was allowed to run to completion and the 5 best models, as

determined by the AUC metric, were selected to be tested. In a situation where a job created

more than 5 models with “perfect” AUC scores (1.0), then 5 models were chosen at random from

the selection of perfectly trained models. Each of the chosen models were then tested for

accuracy, using the other half of the data for that subject.



Because two jobs were created for each subject, and the 5 best models of each job were
tested for accuracy, there were 10 total models that were tested per subject. The 10 accuracy
metrics from these tests were recorded and used to create an average accuracy score for the
subject.

New jobs and models were created for each subject’s data, and there were not any
instances where a model trained on one subject’s data was tested with another subject’s data.

This led to unique models and accuracy results for each subject.

Create a new Automated ML job

@ Select data asset Configure job
| Select from existing experiments or create a new experiment, then select the target column and training compute.

@ Configure job

Learn more on how to configure the experiment. [

Select task and settings Data asset

. . Sub01_M-ALL_PEvens (View data asset)
Hyperparameter configuration

(Computer Vision only) Experiment name

Validate and test @ Select existing O Create new

Existing experiment *

‘ Sub01_PTrained

Target column * (O

‘ Melody # (Integer)

Select compute type

[ Compute cluster

Select Azure ML compute cluster *

‘ SeniorThesisCluster

—+ New O Refresh computes

w |

Figure 1. Showing an example of the job configuration settings for the automated

machine learning jobs used to analyze the EEG data for this project using Microsoft Azure.



Start job

Create a new Automated ML job

@ Select data asset Select task and settings
| Select the machine learning task type for the experiment. To fine tune the experiment, ¢

featurization settings.

@ Configure job

© Select task and settings
Classification

Hyperparameter configuration To predict one of several categories in the target column. yes/no, blue, red, gres

(Computer Vision only)
Enable deep learning
Validate and test

Regression

To predict continuous numeric values.

Time series forecasting

To predict values based on time.

Natural language processing

Predict based on text-only data types using multi-class or multi-label classificat
Computer vision
Multi-class or multi-label image classification, object detection, and instance se
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[ Explain best model
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> Concurrency

Figure 2. Showing an example of the Task and Settings preferences for the automated

machine learning jobs to analyze the EEG data for this project using Microsoft Azure.



University of Lynchburg > Senior_Thesis

Create a new Automated ML job

@ Select data asset
é Configure job
é Select task and settings
I Hyperparameter configuration
(Computer Vision only)

© Vvalidate and test

> Automated ML > Start job

Select the validation and test type
You can choose a validation type and select a test data asset as an optional step. Providing your own validation and test data
assets are currently preview features.

Validation type (O

| Train-validation split ~ ‘

Percentage validation of data * (0

s |

Automated ML recommends that between 10 and 30 percent of data is held out for validation

Test data asset (preview) ()

| Provide a test data asset v ‘
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Sub01_M-ALL-POdds hd I

Don't see the dataset you want? + Create

Figure 3. Showing an example of the validation and test type settings for the automated machine

learning jobs to analyze the EEG data for this project using Microsoft Azure.

Results

The average accuracy of the models generated for each subject ranged from ~40%

accuracy to ~80% accuracy, depending on the subject. The average accuracies and standard

deviations for all subjects is shown in Figure 4. The age, specific accuracies of each model,

average model accuracy, and standard deviation of the average accuracy for all subjects is shown

in Table 1. The relationship between the years of musical experience per subject and the average

accuracy of the machine learning models is shown in Figure 5.



Subject # 4 7 9 10 11 12
Age 22 21 21 22 22 22 18 21 20 20 22 22
Combined Years of

musical experience 8 0 19 11 12 15 16 0 8 7 10 4
Accuracy 1 52 47.6 78.7 45.9 72.9 41 45.4 74 47.6 55.2 44.7 73.1
Accuracy 2 58 43.3 80.9 46.7 80.6 38.7 39.7 73.8 47.2 61.3 46.8 76.5
Accuracy 3 54.4 45.3 74.1 47.8 54.7 38.6 45.8 68.9 42.8 57.2 46.8 70.7
Accuracy 4 56.8 38.7 81 45.5 61.9 40.1 48.2 75 46.1 57.4 43.2 70.9
Accuracy 5 57.2 41.9 80.7 45.7 83.2 37.8 45.2 71.9 45.7 57.5 40.4 76.8
Accuracy 6 47 52.2 817 40.9 80.6 44.8 46.6 71.6 44.7 62.2 38.2 70.4
Accuracy 7 54.7 49.1 83 38.9 66.9 41.7 46.6 73.9 44 66.4 43.8 74.9
Accuracy 8 47.7 45.8 80.6 39.7 80.7 42.5 48.5 72.5 47 64.5 44.1 67.5
Accuracy 9 48.5 55.2 80 40.4 81.6 44.6 46.5 71.7 46.4 61.8 45.2 69.7
Accuracy 10 47.8 52 83.2 37.4 75.9 46.3 46.5 67.8 46.4 61.8 44.8 69.7
Average Accuracy 52.41 47.11 80.39 42.89 73.9 41.61 45.9 72.11 45.79 60.53 43.8 72.02
STDEV 4.13 4.87 2.44 3.59 9.21 2.77 2.3 2.18 1.45 3.4 2.55 2.99

Table 1. Showing the subject number and their corresponding age, combined years of musical

experience, the accuracy of their 10 best models generated by the Microsoft Azure program, the

average accuracy of the models, and the standard deviation of the model accuracies.

Average Accuracy of ML Model Per Subject

Subject #

Figure 4. A bar graph showing the average accuracy for each subject. Standard deviation for

each subject is shown using error bars.
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Figure 5. Showing the relationship between a subject’s combined years of musical experience

and the average accuracy of the machine learning models generated by Microsoft Azure.

Statistical Analysis Methods

For statistical analysis, the SPSS Statistics software created by IBM was used to
determine the significance of the results. To do this, the average accuracy for each subject was
input and the software was configured to test the significance of the values against the value 20.
The reason that 20 was chosen as the test value is because a program that was guessing the
melody number randomly would achieve an average accuracy of ~20%, due to there beinga 1 in
5 chance of choosing the correct melody. Therefore, determining whether the average values
were significantly greater than 20 would demonstrate that the results were significantly better
than random guessing. The program was configured to return values including the sample mean
accuracy, p-value, 95% confidence interval range, and Cohen's d value.

The mean accuracy value was calculated by averaging all of the average accuracy values
for each subject. This created one mean average accuracy value for all 12 subjects, which was
56.5%. The p-value was created to determine the significance of the results - the value is equal to
the percent chance that the results were a product of random events with no significance. A

desired p-value would be less than 0.05, as this would indicate that there is a <5% chance that the



results were influenced by random events. The 95% confidence interval range provides a range
of mean values that would still be significantly different with a p-value of <0.05. If the mean
accuracy falls within the range, it is a statistically significant finding. Finally, Cohen's D value
indicates that the difference between the test number (20) and the mean average accuracy was
greater than 2 standard deviations, providing further evidence that the results are statistically

significant.

Discussion

These results show promising data for the potential development of a system using
machine learning to interpret musical thoughts for use in therapeutic settings. Given that a 20%
accuracy would be as good as random guessing, the models are significantly better than random,
with average accuracy ranging from 40 to 80%. A one-sample t-test was conducted to confirm
whether the sample mean was significantly different from the test value of 20%, and it was
determined that the sample mean accuracy (mean accuracy=56.64%, STDEV = 14.38) was
significantly higher than 20%, (p<0.001, 95% confidence interval: 27.4 to 45.67, Cohen’s d =
2.54). This means that the machine learning models can “predict” what melody a participant was
thinking of based on their EEG data with a significant degree of accuracy, as high as 80% in
some cases.

In this study, there is no statistical correlation between the years of musical experience a
participant had and the accuracy of the machine learning program, as evidenced by the trendline
in Figure 5 (R? = 0.0017). This means that the difference between accuracies of the models
generated for the participants is not correlated with their years of musical experience but rather
with some other factor that was undetermined in this project. Because these factors are unknown
and can contribute to a large difference in the accuracy of the machine learning model, future
research into this area might focus on determining these correlating factors via a more intensive
background survey and/or a broader study group.

The results of this study are generally consistent with other research in the field. In 2023,
Dr. lan Daly of the University of Essex used EEG and fMRI in conjunction with machine
learning to decipher what song a person was listening to with 72% accuracy (n=18) (Daly, 2023).

While Dr. Daly achieved a higher mean accuracy, this is likely due to his use of more advanced



imaging technology and more diverse data collection - Dr. Daly’s study used 36 different full
songs over multiple sessions, while this study only focused on 5 short melodies in one session
per person. Another study examined whether people were able to produce musical notes with a
high degree of accuracy by controlling their brainwaves, and found that people could produce a
desired note between 57% and 67% of the time (Deuel et al., 2017). A third study identified the
EEG signals associated with a person listening to specific notes on a scale, and were able to
identify note values with an accuracy of 70% (Tsekoura & Foka, 2020). Overall, these studies all
have very similar findings to the one presented in this paper, with accuracies ranging from ~60-
70% while this thesis had a slightly lower mean average accuracy with 56.5%. This shows that
the obtained results are not outliers in the field of music detection using EEG technology.

Overall, the results show that machine learning systems can predict a person’s music-
related brain activity in an isolated environment using a small amount of training data. With this
project serving as a proof-of-concept, future developments in this field could be utilized to
monitor a person’s ability to think and control musical thoughts. Having this capability could
allow for research examining whether training people to think musically has any positive

benefits on neuroplasticity or therapeutic outcomes.

Limitations

Limitations to this study are largely related to the study size and capacity. One of the
largest limitations was the small number of participants - with just 14 total participants, there is a
high probability of random events to influence the results. Further limitations had to do with the
lack of diverse background information. This caused the factor which caused some participants
to have a higher average accuracy to remain unknown.

Malfunctions of the EEG recording instrument provided further challenges for this study.
Out of the 14 total participants, the EEG data for 2 participants was unusable due to the
malfunction of the Muse 2 headset - in these instances, the sensors had not been connected
properly despite positive feedback from the headset, leading to meaningless data which was not

able to be analyzed by the ML program.



Conclusion

The study presented in this paper serves as a compelling proof-of-concept for utilizing
machine learning models in predicting brain activity related to music. However, it is important to
note that more extensive data and comprehensive research are necessary before implementing
such models in therapeutic settings. Further studies are warranted to validate and refine the
potential applications of machine learning in this context.
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