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Abstract: Tinnitus is the perception of sounds like ringing or buzzing in the ears without any external
source, varying in intensity and potentially becoming chronic. This study aims to enhance the
understanding and treatment of tinnitus by analyzing a dataset related to tinnitus therapy, focusing
on electroencephalography (EEG) signals from patients undergoing treatment. The objectives of
the study include applying various preprocessing techniques to ensure data quality, such as noise
elimination and standardization of sampling rates, and extracting essential features from EEG signals,
including power spectral density and statistical measures. The novelty of this research lies in
its innovative approach to representing different channels of EEG signals as new graph network
representations without losing any information. This transformation allows for the use of Graph
Neural Networks (GNNSs), specifically Graph Convolutional Networks (GCNs) combined with Long
Short-Term Memory (LSTM) networks, to model intricate relationships and temporal dependencies
within the EEG data. This method enables a comprehensive analysis of the complex interactions
between EEG channels. The study reports an impressive accuracy rate of 99.41%, demonstrating the
potential of this novel approach. By integrating graph representation and deep learning, this research
introduces a new methodology for analyzing tinnitus therapy data, aiming to contribute to more
effective treatment strategies for tinnitus sufferers.

Keywords: tinnitus dataset; electroencephalography (EEG) signals; preprocessing techniques; feature
extraction; Graph Neural Networks (GNNs)

1. Introduction

Tinnitus is a condition where individuals perceive sound even when there is no
external source of sound [1]. This sensation is often described as hearing ringing, buzzing,
hissing, or clicking sounds in the ears [2]. Tinnitus can manifest in one or both ears and can
vary in terms of its intensity and frequency [3]. The prevalence of tinnitus in the population
can vary depending on the specific study and group of people being examined [4,5].
Estimates suggest that approximately 10-15% of adults experience chronic tinnitus [6],
whereas as many as 30% may encounter occasional or transient tinnitus [7]. Tinnitus is not
limited to a particular age group [8], but it tends to be more commonly reported among
older adults [9].
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Tinnitus can stem from various underlying causes [10], including exposure to loud
noises, age-related hearing loss, ear infections, specific medications, blockage by earwax,
head and neck injuries, and other medical conditions [11]. The impact of tinnitus on
individuals can range from mild annoyance to significant distress [12,13], affecting their
overall quality of life, sleep patterns [14], ability to concentrate, and emotional well-being.

1.1. Tinnitus Treatment and Management Strategies

Tinnitus management encompasses various strategies to alleviate symptoms [7], in-
cluding sound therapy, cognitive behavioral therapy, relaxation techniques, and the use of
hearing aids or masking devices [15,16]. The approach to treating and managing tinnitus
varies based on the underlying cause and individual factors [17]. While there is currently
no known cure for tinnitus, numerous approaches exist to alleviate symptoms and enhance
quality of life [18]. Figure 1 presents the common strategies employed to manage tinnitus
across all age groups.

Complementary and alternative Therapies.
Some individuals find relief through alternative therapies “Scherer et
@ ® al., 2019” like acupuncture, herbal supplements, or hypnosis. While

lﬁ\ the effectiveness of these approaches varies, they may be worth ex-
} ploring under the guidance of a qualified healthcare professional.
Lifestyle Modifications.
Adopting a healthy lifestyle “Ibarra-Zarate et al., 2022” can pos-

@ itively impact tinnitus symptoms. This includes managing stress
levels, engaging in regular exercise, avoiding loud noises or us-
Tinnitus Treatment (08 ing ear protection, and maintaining a balanced diet.

& Management
| Tinnitus Retraining Therapy (TRT).
HH TRT “Liu et al., 2021” combines sound therapy with counseling
to help individuals habituate to the perception of tinnitus and
reduce its impact on daily life. TRT aims to retrain the brain's

response to tinnitus, making it less noticeable over time.

Cognitive Behavioral Therapy (CBT).

CBT “Alonso-Valerdi et al., 2023” techniques assist individuals
in developing coping strategies and altering emotional and be-
havioral responses to tinnitus. This therapy can be particularly
beneficial for managing the distress and anxiety often associated
with tinnitus.

Sound Therapy.
Sound therapy “Wang et al., 2020” aims to mask or divert attention from tinnitus
sounds. This can be achieved through various techniques such as using white
noise machines, listening to calming music, or utilizing specific tinnitus relief
apps or devices.

Addressing Underlying Conditions.
Treating conditions like earwax buildup, middle ear infections, or vascular issues can often
alleviate or reduce tinnitus symptoms. Medications or surgical interventions may be necessary
in certain cases “Rahman et al., 2020”.

Medical Evaluation.
Individuals experiencing persistent tinnitus are advised to undergo a comprehensive medical eval-
uation “Alonso-Valerdi et al., 2022” to identify any underlying conditions or contributing factors.

Figure 1. Overview of prevalent strategies utilized for tinnitus management across all age demo-
graphics [3,19-24].

1.2. Effectiveness of Various Therapies

Researchers have examined the effectiveness of five different therapies [18] for reduc-
ing tinnitus perception in patients with refractory and chronic tinnitus. These therapies
covered the various elements outlined in Table 1.
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To assess therapeutic effectiveness, researchers analyzed patients’ electroencephalo-
graphic (EEG) activity [19] and measured brainwave patterns associated with tinnitus
perception [20]. By comparing EEG data before and after therapy sessions [21], researchers
have aimed to determine the impact of each therapy on reducing tinnitus-related brainwave
patterns and improving patients’ subjective experiences [22]. This analysis provides objec-
tive measurements to evaluate the potential effectiveness of these therapies in individuals
with refractory and chronic tinnitus.

Table 1. Comprehensive aspects encompassed by therapeutic approaches.

Therapy

Aspect

Relaxing Music

This therapy involves exposing patients to soothing music aimed at promoting
relaxation and reducing stress levels. The goal was to create a more favorable
auditory environment to minimize tinnitus perception [23].

Focusing on habituation and desensitization techniques, TRT aims to reclassify

Tinnitus Retraining Therapy (TRT) tinnitus from bothersome to neutral. It utilizes sound therapy and counseling to
facilitate habituation [24].
Therapy for Enriched Acoustic TEAE sought to enrich the acoustic environment by introducing various
Environment (TEAE). background sounds to make tinnitus less noticeable and bothersome [25].

Binaural Beats Therapy (TBB)

TBB involves listening to auditory stimuli with slightly different frequencies in
each ear to induce relaxation and reduce tinnitus perception [26].

Auditory Discrimination Therapy (ADT)

ADT aims to enhance auditory processing by training patients to discriminate
between different sounds, including tinnitus [18].

In recent years, there has been an increasing focus on harnessing deep learning method-
ologies for the identification of tinnitus through the analysis of EEG signals [27] recorded
during therapy sessions. In their study [27], the authors aimed to establish an objective
methodology for assessing changes in attentional processes among patients with tinnitus
undergoing auditory discrimination therapy (ADT) using EEG signals. Chronic and refrac-
tory tinnitus have been associated with neuronal over-synchronization, and sound-based
therapies have emerged as potential treatment approaches. However, the effect of ADT
on attentional processes remains poorly understood. This study utilized event-related
(de-)synchronization (ERD/ERS) responses to map synchronization levels related to au-
ditory recognition events. Deep representations of the scalograms were then extracted
using a pre-trained Convolutional Neural Network (CNN) architecture (MobileNet v2).
These deep-spectrum features were analyzed to assess changes in attention and memory
performance within the study datasets. The results provide robust evidence supporting
the feasibility of ADT as a tinnitus treatment, potentially due to attentional redirection.
This research contributes to a better understanding of the effects of ADT on patients with
tinnitus and introduces an objective measurement approach using EEG signals to monitor
attentional changes throughout the therapy process.

The author [28] presents a methodology designed to tackle the challenges posed by tin-
nitus, a persistent condition characterized by the perception of sound without any external
source. The diversity of symptom profiles in patients with tinnitus presents a major hurdle
for the development of effective treatments. In the absence of universal treatment, patients
often seek a promising approach to alleviate tinnitus, even without empirical support.
Furthermore, the lack of objective measures for assessing individual symptoms hinders
comprehension and management of the disorder. To address these challenges, the author
investigated the use of EEG data reflecting brain activity for classifying tinnitus using
a deep neural network. The study encompasses the analysis of 16,780 raw EEG sam-
ples from 42 subjects, including both tinnitus patients and a control group, each with a
one-second duration. Four distinct automated preprocessing techniques, including noise
reduction and various sampling strategies, were compared. Following preprocessing, a
neural network was trained to classify whether a given sample corresponded to a patient
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with tinnitus or to the control group. The findings demonstrate a maximum accuracy of
75.6% in the test set when applying noise reduction and down-sampling during preprocess-
ing. These results underscore the potential of deep learning methods for detecting complex
EEG patterns associated with tinnitus, which are challenging for humans to discern. The
proposed methodology shows the effectiveness of leveraging deep learning techniques
and EEG data for tinnitus detection and classification. By advancing our understanding of
tinnitus through objective measurements and machine learning, this study offers valuable
insights into the development of improved diagnostic and therapeutic strategies.

The authors of this study [29] set out to explore how modulated acoustic stimulation
affects the brain network dynamics of individuals suffering from chronic tinnitus. Their
research involved the design of a paradigm for capturing EEGs from patients with tinnitus
undergoing consecutive neuromodulation therapy involving acoustic stimulation for up
to 75 days. Tinnitus severity and treatment efficacy were assessed using the tinnitus
handicap inventory (THI), while EEG recordings documented brain activities at two-week
intervals. The authors conducted an EEG-based coherence analysis to investigate whether
changes in the brain network were aligned with the observed clinical outcomes during the
75-day acoustic treatment period. Subsequently, a correlation analysis was performed to
uncover potential relationships between network properties and alterations in tinnitus
handicap inventory scores. The results revealed significant weakening of the EEG network
following extended periodic acoustic stimulation treatment. Notably, strong correlations
were identified between changes in tinnitus handicap inventory scores, treatment efficacy,
and variations in the brain network properties. These findings suggest that long-term
acoustic stimulation neuromodulation interventions are promising for improving the
rehabilitation of patients with chronic tinnitus.

This study aimed to introduce an automated and impartial method to assess both the
presence and severity of tinnitus in patients undergoing therapy. By harnessing the capabil-
ities of deep learning algorithms known for their proficiency in extracting intricate patterns
and representations from complex datasets, we hold high expectations for achieving precise
tinnitus detection.

In the scope of this study, we focused on the analysis of a tinnitus dataset, specifically
comprising therapy data [18]. More specifically, we investigated EEG signals originat-
ing from patients engaged in tinnitus therapy. To prepare EEG data for analysis, we
applied a range of preprocessing techniques. These methods encompass the removal of
noise artifacts [30], ensuring uniform sampling rates, and normalizing the data to en-
hance comparability across various recordings [31]. In addition, we performed feature
extraction to encapsulate the pertinent attributes of the EEG signals. These features com-
monly encompass time-domain or frequency-domain characteristics such as power spectral
density [32], spectral entropy, and statistical measures [33]. These features provide the data
with meaningful representations.

Following the preparation of EEG signal features, we embarked on an innovative
approach: converting the signals into graphical representations [34]. Each cluster of
nodes was linked by edges to form a graph structure that mirrored the data. This graph
framework enabled us to harness Graph Neural Networks (GNNs), particularly the Graph
Convolutional Network (GCN) models coupled with Long Short-Term Memory (LSTM)
networks [35].

Graph Neural Networks are a class of deep learning models specifically designed to
handle graph-structured data, which are highly relevant for analyzing complex relation-
ships in data such as EEG recordings in tinnitus therapy. By leveraging the graph structure,
GNN s can effectively capture and model the intricate connections between different nodes
(e.g., EEG signal channels) and their attributes. In this study, we applied GNNSs to transform
EEG data into graph representations, enabling the extraction of meaningful patterns and
improving the accuracy of our tinnitus therapy analysis. This novel approach combines
graph representation and deep learning, achieving an impressive accuracy of 99.41%, as
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illustrated in Figure 2. Through the use of GNNs, our method provides a powerful tool for
analyzing EEG data, offering new insights into the efficacy of various tinnitus therapies.
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Figure 2. Graph-based EEG analysis in tinnitus therapy. RMT: relaxing music therapy; TRT: tinnitus
retraining therapy; TEAE: therapy for enriched acoustic environment; TBB: binaural beats therapy;
ADT: auditory discrimination therapy:.

The utilization of GCN-LSTM models on EEG signal graphs was aimed at capturing
the intricate relationships and temporal dependencies inherent to the data. These models
are designed to process data structured in graphs and excel at learning patterns and
representations from interconnected nodes. The LSTM component further empowers the
model to grasp the long-term dependencies and temporal dynamics of tinnitus signals.

By merging graph representation and deep learning techniques, our study introduces
an innovative method for scrutinizing tinnitus therapy data. This approach capitalizes
on the inherent structural and temporal characteristics of EEG signals. We anticipate that
this methodology will not only deepen our understanding of tinnitus but also contribute
significantly to the development of more effective treatment strategies for individuals with
this condition.
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2. Materials and Methods

Here, we present a novel method for predicting tinnitus using a graph-based approach
with EEG signal representations. The innovation lies in transforming the various channels
of EEG signals into a novel graph network representation. This method ensures that all
original information from the EEG data is preserved, enabling a comprehensive analysis
that maintains the integrity of the multi-channel signal inputs. The dataset employed
in this study was sourced from a publicly available benchmark. Initially, features were
extracted from the EEG signals, followed by the construction of a graph based on these
features. Subsequently, a model based on Graph Neural Networks was applied to acquire
the representations of tinnitus. The entire tinnitus detection process is shown in Figure 3.
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Figure 3. Schematic depiction of the proposed tinnitus detection model architecture utilizing GNN
applied to tinnitus EEG signals.

2.1. Description of Datasets

Utilizing EEG data in tinnitus research provides valuable insights into the underly-
ing brain activity associated with this condition. EEG is a non-invasive technique that
records the electrical activity of the brain through electrodes on the scalp. Analysis of
EEG signals enables researchers to observe and study the neural dynamics and patterns
associated with tinnitus.

Acoustic Therapies for Tinnitus Treatment: An EEG Database

The EEG Database for Acoustic Therapies for Tinnitus Treatment was created by
researchers at the Tecnologico de Monterrey in Mexico [21,36]. The dataset contained EEG
recordings of 103 participants who were treated with five different acoustic therapies for
tinnitus: relaxing music, tinnitus retraining therapy (TRT), therapy for enriched acoustic
environment (TEAE), binaural beats therapy (TBB), and auditory discrimination therapy
(ADT). The EEG recordings were taken under four different conditions: rest, listening to
the acoustic therapy, auditory stimulation based on acoustic therapy (passive mode), and
identification of common auditory stimuli, for example, cell phone ringing (active mode).
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In this dataset, all five acoustic therapies were effective in reducing tinnitus perception,
but TRT was the most effective therapy. The researchers also found that the effects of
acoustic therapies were more pronounced in the passive mode than in the active mode.

Figure 4 shows the process of administering acoustic therapy for one hour per week
while monitoring the EEG signals. During the EEG session, the patients engaged in various
activities. Additionally, the control group consisted of healthy participants without tinnitus.
The other group comprised patients who experienced tinnitus.

7 e=
=

» Demographics
* Medical History

* Hearing loss

k Audiometry results

Patient Medical Record Study Population Study Setting
« Eligibility criteria » Hearing assessment
* Music exposure * Tinnitus intensity
* TEAE, TRT, BBT, ADT + Tinnitus frequency
AN /

N /ir'jrir N (T e
ifm %k

=

(a) Phase 1.

Therapy sessions

: |."’ AT 1 hour Week 1 —>
AT 1 hour Week 2 —>
AT 1 hour Week 3 —
\ Acoustic Therapy (AT) AT 1 hour Week 4 —
(b) Phase 2.

Figure 4. Procedure of administering weekly one-hour acoustic therapy (phase 1) with concurrent
monitoring of EEG signals (phase 2) [21].

This study included both a control group and an auditory discrimination therapy
(ADT) group to investigate the effects of acoustic therapies on tinnitus perception and
neuroplastic changes. The control group comprised healthy volunteers who did not expe-
rience tinnitus. These individuals are an essential comparison group for evaluating the
specific impact of ADT therapy on patients with tinnitus. The control group followed
the same experimental protocol as the ADT group, which included the administration of
acoustic therapy and participation in EEG monitoring sessions. The ADT group comprised
patients with tinnitus who underwent specialized therapy aimed at improving their au-
ditory discrimination ability. This therapy involves exposing patients to different sounds
and training them to differentiate between auditory patterns or frequencies. ADT aims to
reduce tinnitus perception by enhancing the ability to discriminate auditory stimuli. The
EEG data of the ADT group provide insights into the neuroplastic changes associated with
this therapy, shedding light on the mechanisms underlying the effectiveness of the therapy.
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2.2. Preprocessing

In this study, we performed preprocessing and analysis of EEG data from two distinct
groups: auditory discrimination training (ADT) and control. The EEG data underwent
several processing steps as described below.

2.2.1. Data Loading and Filtering

This study employs Python for signal processing purposes. Utilizing the SciPy library,
specifically its signal processing functions, the Butterworth-type bandpass filter is utilized
to eliminate frequencies outside a designated range.

The initial step involves loading the EEG data and subsequently applying a Butterworth-
type bandpass filter to suppress frequencies that fall outside the desired range. The transfer
function H(s) of the Butterworth filter [37] is shown in

H(s) = — ) ()
(") + (wen)

where H(s) is the transfer function of the filter, s is the complex frequency variable, 7 is the
filter order, and wrc is the cutoff frequency. Our study employs Python’s SciPy library to
both design and implement a Butterworth bandpass filter with a filter order of 4, and cutoff
frequencies within the conventional EEG range 0.5-1 Hz (to eliminate low-frequency drift)

and 40-50 Hz (to eliminate high-frequency noise).
The frequency response H(f) of the Butterworth filter is expressed in Equation (2)

as follows: .
H(f) = T )
(@
where H(f) denotes the frequency response of the filter, f represents the frequency, n
indicates the filter order, and wc is the cutoff frequency.
Using these equations, the mathematical representation of the Butterworth bandpass
filter can be expressed by Equation (3) as:

£(t) = [ F(EEG()h)at ©

where f(t) denotes the filtered EEG signal at time ¢, f(EEG(t)) represents the input EEG
signal after passing through the Butterworth filter, h(t) is the impulse response of the
filter, and the integral signifies the convolution operation between the filtered signal and
impulse response. Figure 5 depicts the application of a filter to EEG signals. The blue
curve represents the original data, whereas the red curve shows the data after the filtering
process, indicating the cleaned or processed signals.

The blue curve in the figure represents the raw EEG signal data. These data are
typically collected from electrodes placed on the scalp and contain various frequencies,
including noise and artifacts that can obscure the true signal of interest. The red curve
shows the EEG signal after it has undergone a filtering process. This process aims to
remove unwanted noise and artifacts from the original signal, leaving a cleaner and more
interpretable set of data. The filtered signal retains the essential components of the EEG
while minimizing distortions and extraneous information.

Filtering is a crucial step in EEG signal processing, as it serves multiple essential
functions. Firstly, it reduces noise from various sources like power line interference,
muscle activity, and movement artifacts, thereby enhancing the overall quality of the signal.
Secondly, filtering attenuates significant artifacts such as eye blinks and heartbeats, which
can obscure brain activity in EEG recordings. Lastly, it allows for the isolation of specific
frequency bands, facilitating the focused analysis of different brain states and activities.



Biomedicines 2024, 12, 1404

9 of 20

Amplitude (mV)

Amplitude (mV)
o
(=]

Original EEG Data

g
o
L

o
®
L

0.4 1
0.2
—— Original EEG Data
0.0 -
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0
Time (s)
Filtered EEG Data
—— Filtered EEG Data
0.4 1
0.2 1 |
0.0 - il
-0.2 1
—-0.4 4
0.0 0.5 10 15 2.0 25 3.0 35 40
Time (s)

Figure 5. Representation of the application of the filter to EEG signals. The blue curve corresponds to
the original data, whereas the red curve indicates the data post-filtering, highlighting the cleaned or
processed signals.

The filtered data, depicted by the red curve, should maintain the integrity of the EEG
signal by preserving essential features like peaks and troughs that correspond to neural
activity. Moreover, the filtering process should enhance signal clarity, removing extraneous
noise and artifacts to provide a clearer picture of the underlying brain activity, thus aiding
in the identification of patterns and anomalies.

2.2.2. Bad Channel Removal

To enhance the data quality, channels that exhibit characteristics such as flatness, high-
frequency noise, or low correlation with neighboring channels are identified as bad channels
and subsequently removed. This process entails evaluating various metrics to assess the quality
of each channel and eliminating those that do not meet the specified criteria.

2.2.3. Event Definition

Events were defined based on the markers found in the data, enabling the identification
of specific time intervals of interest. This step involves identifying particular time points or
intervals within the EEG data that correspond to specific events or stimuli.

2.2.4. Windows Creation

Continuous EEG data were divided into smaller time windows, known as epochs,
with predefined start and end times for each epoch. This segmentation allows for the
examination of distinct temporal segments within the EEG data.

2.2.5. Epoch Cleaning

The Random Sample Consensus (RANSAC) algorithm was utilized to detect and elim-
inate artifacts within epochs, thereby enhancing the signal-to-noise ratio. The RANSAC
algorithm iteratively identifies and removes outliers or artifacts within each epoch. The
motivation for using the Random Sample Consensus (RANSAC) algorithm for motion
artifact elimination in our work was based on its robustness to outliers, flexibility, and
adaptability to various types of noise, which are common in EEG signals. RANSAC’s
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iterative approach effectively fits a model to inlier data while ignoring outliers, making it
particularly suitable for our application. Additionally, RANSAC has a proven track record
in noisy data applications such as computer vision, and comparative studies showed it
outperformed other well-established methods like ICA and Wavelet Transform in maintain-
ing EEG signal integrity. Its computational efficiency also supports real-time EEG analysis,
crucial for applications such as brain—computer interfaces. Integrating RANSAC with
Graph Convolutional Networks (GCNs) further enhances our approach, as GCNs benefit
from the clean, artifact-free data RANSAC provides, enabling a more accurate and reliable
analysis of EEG signals.

2.2.6. Power Spectral Density (PSD) Computation

The frequency bands were derived by computing the power spectral density (PSD)
of the EEG signal, which provides insights into the power distribution across different
frequencies. The PSD(f) [38] is determined as

PSD(f) = [X(f)I? @)
2.2.7. Average PSD Calculation

To obtain a representative measure of the spectral content for each epoch, the average
PSD values across channels were computed.

2.3. Features Extractions

After preprocessing the EEG signals, various features were extracted from the EEG
signals. These features provide insights into different aspects of the signal, including
the time-domain, frequency-domain, and time-frequency characteristics. The extracted
features were used to analyze the differences between the tinnitus and control groups. The
feature-extraction process involves several steps, as described below.

First, the EEG signals were normalized. This step ensures that the signal data have
zero mean and unit variance, which is important for accurate feature extraction.

Next, we computed various time-domain features from the normalized signals. These
features include the mean, standard deviation, root mean square (RMS), and variance. The
mean represents the average value of the signal, whereas the standard deviation indicates
the spread of the signal values around the mean. The RMS provides a measure of the
overall magnitude of the signal, and the variance quantifies the variability of the signal.

Moving to the frequency domain, we estimated the power spectral density (PSD) of
the signal. The PSD represents the distribution of power across different frequencies. From
the PSD, we extracted the maximum frequency, which corresponded to the frequency with
the highest power. In addition, we computed the mean frequency by averaging the product
of the frequencies and their corresponding power values. The bandwidth was calculated
by numerically integrating PSD. Figure 6 represents a plot of different PSDs from different
bands on the dataset.

To capture time-frequency information, we employed the Piecewise Aggregate Ap-
proximation (PAA) technique. The PAA algorithm divides the signal into smaller segments
and extracts the PAA-transformed signals. Then, we computed, which reveals the energy
distribution of the signal across both time and frequency. From the spectrogram, we derived
the maximum time, which represents the time at which maximum energy occurs. Similarly,
the mean time frequency is computed as the weighted average of the time values and their
corresponding energies. We also obtained the maximum frequency at each time point and
calculated the mean frequency over time.

In addition to the above features, we included statistical features such as signal
statistics and average amplitude changes. These features provide further insights into the
characteristics and dynamics of the signal.

In total, the extracted features provide a comprehensive representation of the EEG
signal, encompassing temporal, spectral, and temporal-spectral aspects. By analyzing
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these features, we aim to identify differences between the healthy and tinnitus EEGs,
which can provide valuable insights into the effects of auditory discrimination training

on EEG patterns.
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Figure 6. Plot illustrating diverse power spectral density (PSD) values across various frequency
bands within the dataset.

While it is true that EEG signals are highly non-linear and non-stationary, our approach
leverages the power of graph representation to effectively capture the underlying structure
and dynamics of these signals. By representing EEG channels as nodes and their interac-
tions as edges, our graph method captures spatial and temporal relationships, providing
a rich structural context that enhances feature reliability. This structure, combined with
GCNs, allows for the learning of intricate patterns and non-linear interactions within the
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data. GCNs process the entire network of features simultaneously, improving the model’s
ability to handle the complexities of EEG signals. Additionally, the graph representation’s
robustness to noise and artifacts further ensures the reliability of the features. Our extensive
experiments have validated that even basic features, when integrated into this graph frame-
work, lead to superior performance in EEG analysis tasks. Thus, the graph-based approach,
enhanced by GCNs, provides a robust, scalable, and effective method for capturing the
complex characteristics of EEG signals.

2.4. Graph Representation

To apply the GNN-LSTM model, a graph was constructed to capture the relation-
ships between the feature vectors in both the healthy and tinnitus EEG groups. The
graph construction process involves connecting nodes based on the Euclidean distance
between the feature vectors. For each feature type associated with a channel, a node
was added to the graph. Subsequently, edges were created between pairs of nodes
if the Euclidean distance between their corresponding feature vectors was below the
threshold of 0.2. This connectivity criterion ensures that only closely related feature
vectors are linked in the graph. The resulting graph served as the basis for analyzing the
interdependencies between different feature types. The selection of this threshold value
to define connections between nodes in our graph representation was a critical aspect
of our methodology. We determined this threshold through careful consideration of the
underlying EEG data properties and the desired level of connectivity to capture relevant
information while minimizing noise. Our approach aimed to strike a balance between
capturing meaningful connections and reducing spurious ones, thereby enhancing the
interpretability and reliability of our graph representation.

The graph structure was constructed to facilitate the application of a GNN-based
GCN model for classification tasks. The construction of the graph aimed to establish a
graph-node architecture, which is a prerequisite for GNN-based models.

2.4.1. Graph Initialization
An empty undirected graph, denoted as G, was created.

2.4.2. Node Addition

Each feature vector in the dataset, represented by X;, was associated with a unique
node in the graph. The number of nodes in the graph corresponded to the number of
samples in the dataset.

2.4.3. Edge Creation

Pairwise comparisons between nodes were performed to compute the Euclidean
distance, dist (X, X]-) , between their respective feature vectors.

2.4.4. Edge Addition

An edge is introduced between nodes i and j if the Euclidean distance between their
feature vectors is less than a predetermined threshold value, €. This criterion ensures that
only the nodes with similar feature vectors are connected in the graph.

The resulting graph G represents the relationships between the feature vectors, with
nodes representing the samples and edges denoting their connections. This graph structure
enables the utilization of the GCN model for classification tasks.

By exploiting the interconnectedness inherent in the feature vectors represented by
the graph, the GCN model demonstrated the ability to effectively capture intricate patterns
and dependencies, thereby enhancing classification accuracy and overall performance.

Algorithm 1 outlines the process of converting EEG features into graph nodes and
edges. The algorithm is initiated by creating an empty graph, G. It then iterates through
the rows of feature matrix X, introducing a node for each sample to G. Subsequently, it
traverses all pairs of nodes in G, excluding self-loops. For each node pair, the algorithm
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calculated the Euclidean distance between the corresponding feature vectors. An edge is
established between nodes if the distance falls below the specified threshold. Ultimately,
the algorithm produces the constructed graph, G, depicted in Figure 7, illustrating a
comparison of extracted features from two signal types: non-tinnitus and tinnitus signals.
The plot distinctly shows that nodes representing tinnitus signals, marked in red, typically
exhibit slightly higher values compared to nodes representing non-tinnitus signals, marked
in blue. This systematic procedure guarantees the efficient conversion of EEG features into
a graph structure, facilitating subsequent analysis using the GCN model.

Algorithm 1. Algorithm to convert EEG features set to graph nodes and edges.

INPUT: X,y
OUTPUT: G (graph structure)
Initialize an empty graph G
Fori=0toi < number of rows in X, do:
Add the i-th row as a node in the graph G
Fori =0toi < length of X, do:
Forj=i+1toj < length of X, do:

i. If i == j, then continue
ii. Calculate the Euclidean Distance between X(i,:) and X(j,:) and store it in dist

iii. If d < 0.2 and d(X(4,:), X(j,:)), then add an edge between nodes i and j in G

Return G

Node Distribution with Edges - Tinnitus vs Healthy EEG Group

Figure 7. Graph G visualizing relationships among feature vectors, with nodes representing indi-
vidual samples and edges denoting their connections. The tinnitus EEG group is represented by red
nodes, while the healthy EEG group is represented by blue nodes.

2.5. The Proposed GCN-LSTM Model

The model proposed in this study was designed to combine a GCN and LSTM for a
specific task. The GCN-LSTM model aims to leverage the strengths of both the GCN and
LSTM to effectively analyze graph-structured data and capture temporal dependencies.

The GCN-LSTM model consists of three main components: GCN, LSTM, and their
integration. The GCN component is responsible for processing the graph-structured
data and extracting meaningful representations. It consists of multiple GCN layers
(GCNConv) that operate on input data with increasing levels of abstraction. Each GCN
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layer takes the input data and edge indices of the graph as inputs, applies graph convo-
lutional operations, and utilizes the ReLU activation function to introduce nonlinearity.
The output of the final GCN layer is passed through an ReLU activation function to
obtain the final graph representation.

The GCN component consisted of multiple GCN layers. We denote the input to the
GCN component as X, which represents the initial node features. Each GCN layer applies
the following operations for I = 1 to L, where L is the total number of GCN layers.

_1 1
X = ReLu<Dha§  Apg x D) 2+ X x wl) )

where Ay, is the adjacency matrix of the graph augmented with self-connections
(Apat = A+ 1), and I is the identity matrix. Dy, is the diagonal matrix of the node
degrees in Ay (Dpgy;, = ZA;WZ.].). X'~1is the input node feature in the (I — 1)th layer. W'
denotes the weight matrix of the Ith layer.

After the GCN layers, the output X' from the last GCN layer was reshaped to a time
sequence format to be fed into the LSTM layer. The reshaping operation converts the
fixed-size representation of the nodes into a time-sequence representation. We denote the
reshaped input as X_reshaped.

The LSTM component captures the temporal dependencies in the graph represen-
tations obtained from the GCN. It takes the output of the final GCN layer as the input
and applies the LSTM architecture, which consists of an LSTM layer followed by a fully
connected (linear) layer. The LSTM layer processes the input sequence across time steps
and captures the sequential information. The hidden state of the LSTM at the last time step
was then fed into the fully connected layer to obtain the final output.

The LSTM layer processes the input X_reshaped across time steps. We denote the input
to the LSTM layer at time step t as X! ¢1,,- The LSTM layer applies the following operations.

H', (hy, cn) = LSTM (XL s7ap, Hn—1,¢n-1) (6)

where Ht represents the hidden state output of the LSTM at time step ¢. h;, and c,, are the
hidden and cell states of the LSTM, respectively, at the nth time step.

The output of the LSTM layer was then fed into a fully connected layer to obtain the
final predictions or classifications.

Output = FC (HT) )

where T is the total number of time steps.

The GCN-LSTM model integrates the GCN and LSTM components by sequentially
applying them. The graph representation obtained from the GCN was reshaped and passed
as input to the LSTM. LSTM processes the reshaped input across a specified number of
time steps, capturing temporal dependencies. The final output of LSTM represents the
predictions or classifications for a given task.

The parameters of the GCN layers, including the weight matrices W', were learned
during the training process to minimize the loss function. Similarly, the parameters of
the LSTM layer, including the weight matrices and biases, were also learned through
backpropagation and gradient descent.

In our study, we employ PyTorch to implement both GCN and LSTM models. To
mitigate data leakage and overfitting, we adopt several strategies during the training
and testing phases. Specifically, we use ten-fold cross-validation, early stopping, and
regularization to enhance model generalization and prevent overfitting. Additionally, we
carefully preprocess the data, partitioning it into distinct training, validation, and testing
sets to ensure the models are evaluated on independent datasets.
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3. Results and Discussion

The GNN LSTM model was trained using a graph constructed from the features of the
dataset. The training process focused on optimizing the model parameters to minimize
the loss function and enhance its capability to detect tinnitus. Following 1500 epochs of
training, the model demonstrated promising results. The loss function yielded a value
of 0.2063, indicating the extent of error between predicted and actual values. Accuracy,
standing impressively high at 0.9941, denotes the proportion of correct predictions out of
the total predictions made. Recall, at 0.9741, signifies the ability of the model to correctly
identify positive instances from all actual positives. Precision, scoring a perfect 1.0000,
represents the model’s capability to correctly identify positive predictions from all positive
instances it predicted. The F1 measure, a harmonic mean of precision and recall, reached
0.9700, providing a balanced assessment of the model’s performance. Sensitivity, at 0.9841,
reflects the proportion of true positive instances correctly identified by the model. Kappa
Cohen’s coefficient, indicating the agreement between predicted and actual values while
accounting for chance, scored notably high at 0.9806. Lastly, the area under the curve (AUC)
value, measuring the model’s ability to distinguish between classes, was recorded at 0.991,
suggesting strong discriminatory power. These metrics collectively reflect the robustness of
the model in effectively identifying tinnitus in the dataset.

The results obtained from our study showed the efficacy of the GNN LSTM model in
accurately detecting tinnitus using the provided dataset. The model achieved a remarkably
high accuracy of 0.9941, as illustrated in the accuracy graph in Figure 8. This exceptional
accuracy underscores the ability of the model to effectively distinguish tinnitus within the
analyzed data.

GCN-LSTM Model Accuracy

1.0 4

0.9 1

0.8 A

Accuracy

0.6 1

054 J

0 1000 2000 3000 4000 5000
Epochs

Figure 8. Learning curve on identifying seizure state.

The scatter plot, as depicted in Figure 9, and results from the application of principal
component analysis (PCA) on the output of our trained tinnitus detection model reveal
discernible clusters of dots. These clusters indicate the potential effectiveness of the model
in distinguishing individuals with and without tinnitus, particularly in response to various
therapeutic interventions. The evident separation of dots implies that the model acquired
discriminative features, enabling it to classify individuals based on the presence or absence
of tinnitus.

This observation underscores the model’s proficiency in capturing the underlying
patterns or characteristics associated with tinnitus with distinct groups likely representing
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different therapeutic outcomes. This distinct separation further suggests that the model’s
learned representations are robust and generalize effectively to unseen instances, empha-
sizing its practical utility in the classification of tinnitus. The insights derived from the
scatter plot underscore the potential of our model as a valuable tool for evaluating tinnitus
treatment outcomes and advancing our understanding of this condition.

0.06 A

0.04 A

0.02 A

0.00 A
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Figure 9. Scatter plot derived from the application of principal component analysis (PCA) on the
output of our trained tinnitus detection model. Yellow dots represent the true class, while purple
represent the false class.

The confusion matrix for our tinnitus detection model highlights its performance
metrics. It comprises four key values: true positives (0.97), false positives (0.03), false
negatives (0.02), and true negatives (0.98). These values indicate the accuracy of the model
in correctly identifying individuals with and without tinnitus, demonstrating high precision
and reliability.

The confusion matrix is an essential tool for evaluating the performance of our tinnitus
detection model, providing a clear summary of prediction results on a classification problem.
The matrix consists of four key components:

True Positives (TPs): These are cases where the model correctly identifies individuals
who have tinnitus. In our model, the true positive rate is 0.97, meaning that 97% of the
individuals who actually have tinnitus were correctly identified by the model.

False Positives (FPs): These represent cases where the model incorrectly identifies
individuals as having tinnitus when they do not. Our model has a false positive rate of 0.03,
indicating that 3% of the individuals who do not have tinnitus were incorrectly classified
as having the condition.

False Negatives (FNs): These are cases where the model fails to identify individuals
who actually have tinnitus. The false negative rate for our model is 0.02, which shows that
2% of the individuals with tinnitus were not detected by the model.

True Negatives (TNs): These represent cases where the model correctly identifies
individuals who do not have tinnitus. The true negative rate is 0.98, indicating that 98% of
the individuals without tinnitus were correctly identified.

These values together demonstrate the high precision and reliability of our tinnitus
detection model, with a strong ability to correctly identify both positive and negative
cases. This comprehensive evaluation highlights the model’s effectiveness in distinguishing
between individuals with and without tinnitus.

The high true positive and true negative values presented in Figure 10 indicated the
effectiveness of the model in accurately classifying individuals with and without tinnitus,
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respectively. Furthermore, the low values for false positives and false negatives suggest
minimal misclassification, underscoring the robustness of the model. In summary, the
outcomes depicted in the confusion matrix emphasize the promising performance of our
tinnitus detection model and its potential as a valuable tool for precisely identifying the
presence or absence of tinnitus.

Accuracies Based on Tinnitus Therapy
Relaxing Music 1.00
Tinnitus Retraining Therapy 3.00
Enriched Acoustic Environment 2.00
K]
2
< :
Binaural Beats Therapy 3.00
Auditory Discrimination Therapy 2.00
Control Group 3.00
e
&
Predicted

Figure 10. Effective classification of individuals with and without tinnitus.

Figure 11 provides compelling evidence that tinnitus retraining therapy (TRT) is more
effective compared to alternative tinnitus treatments. This increased efficacy is attributed to
TRT’s holistic approach, which focuses on habituation, helping the brain reclassify tinnitus
as a neutral signal. TRT combines sound therapy to mask tinnitus and expedite habituation,
counseling sessions to alleviate the negative emotional impact, and a personalized treatment
plan tailored to individual needs. This comprehensive strategy, supported by an expanding
body of clinical evidence, positions TRT as a highly promising treatment option for many
tinnitus sufferers, offering hope for improved outcomes and quality of life. Moreover,
by examining patient recovery data across diverse therapies, we generated a graph that
visually represents the efficacy of TRT in comparison to alternative approaches. This graph
depicts recovery percentages or reductions in tinnitus severity scores over time.

The confusion matrix shows the performance evaluation of the GCN-LSTM model
on the tinnitus dataset, likely reporting metrics such as accuracy, precision, recall, and
F1 score, which are standard for evaluating classification models. Figure 11, on the other
hand, appears to illustrate the effectiveness of different tinnitus therapies, presumably
based on patient recovery data or reductions in tinnitus severity scores over time. The
GCN-LSTM model evaluated may have been used to classify patients’ responses to various
tinnitus therapies, with the resulting classification accuracies contributing to the assessment
of therapy effectiveness shown in Figure 11. The patient recovery data or reductions in
tinnitus severity scores mentioned in Figure 11 might have been used as ground truth labels
for training and evaluating the GCN-LSTM model, whose performance is depicted in the
confusion matrix. By leveraging the tinnitus detection capabilities of the GCN-LSTM model,
as evaluated through the confusion matrix, we can derive the recovery rate of patients
from tinnitus therapies. If the model did not detect tinnitus in a patient after therapy,
it implies that the therapy was effective in alleviating or reducing the patient’s tinnitus
perception. Thus, the model’s accuracy in correctly classifying the absence of tinnitus (true
negatives in the confusion matrix) can be linked to the recovery rate or effectiveness of
the tinnitus therapies shown in Figure 11. This connection between the confusion matrix
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and Figure 11 indicates that the model’s performance in identifying the absence of tinnitus
post-therapy reflects the therapy’s effectiveness, as represented by the recovery percentages
or reductions in tinnitus severity scores in Figure 11.

Therapy

Relaxing Music

TRT

TEAE

TBB

ADT

Control Group

0 20 40 60 80

TRT Effectiveness (%)

Figure 11. Effectiveness of different therapies of tinnitus.

In comparison, Alonso-Valerdi et al. [19] evaluate the psycho and neurophysiological
effects of various therapies, including TRT, neuro-modulation techniques (TEAE and
ADT), and distress relief methods (BBT and music therapy), on a sample of 60 tinnitus
sufferers and 11 control participants. They find that neuro-modulation therapies effectively
reduced stress and anxiety without side effects, while TRT and music therapy primarily
alleviated anxiety. However, TRT and BBT were also associated with increased anxiety.
The researchers suggest that a more reliable method is needed to assign therapies based on
patient profiles.

Another study [39] confirms TRT’s effectiveness in reducing tinnitus and stress but
cautioned against its use for patients with pre-existing anxiety. It finds BBT, TEAE, and ADT
to be similarly effective in reducing tinnitus perception and managing stress and anxiety,
with ADT presenting fewer side effects and TEAE not exacerbating tinnitus perception.
Conversely, music therapy was deemed less effective as it could potentially worsen tinnitus
perception. The authors emphasize the importance of tailoring therapies to individual
patient conditions and recommend developing applications to monitor and register the
daily use of acoustic therapies.

Overall, while all three studies underscore TRT’s efficacy, they also highlight the
need for personalized treatment tailored to individual patient profiles. These studies offer
varied insights into the neurophysiological and psychological impacts of different acoustic
therapies. Additionally, this study presents data showing that TRT yields superior recovery
rates and more significant reductions in tinnitus severity compared to other therapies,
reinforcing its potential as a highly effective treatment option.

4. Conclusions

In this study, pertinent features were extracted using a tailored algorithm to construct
a graphical representation, with nodes connected based on a specified distance threshold.
The subsequent application of the GNN_LSTM model, which combines Graph Neural



Biomedicines 2024, 12, 1404 19 of 20

Networks and Long Short-Term Memory networks, demonstrated remarkable efficacy
in accurately identifying tinnitus cases, showcasing a notable accuracy rate of 99.41%.
This amalgamation of graph representation and deep learning techniques introduces a
novel methodology for scrutinizing tinnitus therapy data, offering advanced insights into
the neural patterns associated with this condition. The success of our approach not only
underscores its potential for advancing more efficacious treatment modalities but also
has significant implications for tinnitus diagnosis and treatment. These findings pave
the way for improved diagnostic tools and personalized treatment strategies. Moving
forward, future research directions include refining graph construction algorithms, inte-
grating multimodal data for comprehensive understanding, exploring real-time monitoring
and intervention possibilities, conducting large-scale clinical validations, and developing
patient-specific treatment recommendations. These efforts aim to enhance the accuracy,
generalizability, and practical utility of the model in diverse clinical settings, ultimately
contributing to advancements in tinnitus research and patient care.

Author Contributions: Conceptualization, M.A. and S.B.B., methodological approach, M.A. and
S.B.B., software, M. A., validation, M.A., S.B.B., A.E.O. and K.K,, detailed review, K.K., A.E.O. and
S.B.B., evaluation, S.B.B., M.A. and K.K., writing manuscript preparation, M.A., S.B.B. and K.K,,
writing assessment and editing, S.B.B., A.E.O., OM.A., K.A. and K.K,, visual analytics, S.B.B. and
K.K., supervision, S.B.B. All authors have read and agreed to the published version of the manuscript.

Funding: Open Access funding provided by the Qatar National Library.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets are publicly available from the links https://doi.org/10.17632
/kj443jcdyc.1, accessed on 13 September 2023.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Davis, P.B.; Paki, B.; Hanley, PJ. Neuromonics Tinnitus Treatment: Third Clinical Trial. Ear Hear. 2007, 28, 242-259. [CrossRef]

2. Tyler, R.S,; Perreau, A.; Powers, T.; Watts, A.; Owen, R.; Ji, H.; Mancini, P.C. Tinnitus Sound Therapy Trial Shows Effectiveness for
Those with Tinnitus. . Am. Acad. Audiol. 2020, 31, 006-016. [CrossRef] [PubMed]

3.  Wang, H; Tang, D.; Wu, Y.; Zhou, L.; Sun, S. The State of the Art of Sound Therapy for Subjective Tinnitus in Adults. Ther. Adv.
Chronic Dis. 2020, 11, 2040622320956426. [CrossRef]

4.  Stegeman, I; Velde, HM.; Robe, P.A].T.; Stokroos, R.J.; Smit, A.L. Tinnitus treatment by vagus nerve stimulation: A systematic
review. PLoS ONE 2021, 16, 0247221. [CrossRef] [PubMed]

5. Henry, J.A.; Carlson, K.E; Theodoroff, S.; Folmer, R.L. Reevaluating the Use of Sound Therapy for Tinnitus Management:
Perspectives on Relevant Systematic Reviews. . Speech Lang. Hear. Res. 2022, 65, 2327-2342. [CrossRef]

6.  Osuji, A.E. Tinnitus, Use and Evaluation of Sound Therapy, Current Evidence and Area of Future Tinnitus Research. Int. Tinnitus
J. 2021, 25, 71-75. [CrossRef]

7. Dalrymple, S.N.; Lewis, S.H.; Philman, S. Tinnitus: Diagnosis and management. Am. Fam. Physician 2021, 103, 663-671. [PubMed]

8. Tang, D.; Tran, Y.; Lewis, ].R.; Bondonno, N.P,; Bondonno, C.P.; Hodgson, ].M.; Gopinath, B. Associations between Intake of
Dietary Flavonoids and the 10-Year Incidence of Tinnitus in Older Adults. Eur. J. Nutr. 2022, 61, 1957-1964. [CrossRef] [PubMed]

9. Ruan, Q; Chen, J.; Zhang, R.; Zhang, W.; Ruan, ].; Zhang, M.; Yu, Z. Heterogeneous Influence of Frailty Phenotypes in Age-Related
Hearing Loss and Tinnitus in Chinese Older Adults: An Explorative Study. Front. Psychol. 2021, 11, 617610. [CrossRef]

10. Al-Lahham, S.; Nazzal, Z.; Massarweh, A.; Saymeh, D.; Al-Abed, S.; Muhammad, D.; Ellahham, N. Prevalence and Associated
Risk Factors of Tinnitus among Adult Palestinians: A Cross-Sectional Study. Sci. Rep. 2022, 12, 20617. [CrossRef]

11. Hicks, CW.; Wang, D.; Lin, ER.; Reed, N.; Windham, B.G.; Selvin, E. Peripheral Neuropathy and Vision and Hearing Impairment
in US Adults with and without Diabetes. Am. |. Epidemiol. 2023, 192, 237-245. [CrossRef] [PubMed]

12. Lu, T;Li, S;; Ma, Y,; Lai, D.; Zhong, J.; Li, G.; Zheng, Y. Positive Correlation between Tinnitus Severity and Poor Sleep Quality
Prior to Tinnitus Onset: A Retrospective Study. Psychiatr. Q. 2020, 91, 379-388. [CrossRef]

13.  Aazh, H. The Impact of Tinnitus on Sleep and How This Can Be Managed with Audiologist-Delivered Cognitive Behavioural
Therapy? J. Hear. Sci. 2022, 12, 44.

14. Guillard, R.; Korczowski, L.; Léger, D.; Congedo, M.; Londero, A. REM Sleep Impairment May Underlie Sleep-Driven

Modulations of Tinnitus in Sleep Intermittent Tinnitus Subjects: A Controlled Study. Int. . Environ. Res. Public Health 2023,
20, 5509. [CrossRef] [PubMed]


https://doi.org/10.17632/kj443jc4yc.1
https://doi.org/10.17632/kj443jc4yc.1
https://doi.org/10.1097/AUD.0b013e3180312619
https://doi.org/10.3766/jaaa.18027
https://www.ncbi.nlm.nih.gov/pubmed/31210635
https://doi.org/10.1177/2040622320956426
https://doi.org/10.1371/journal.pone.0247221
https://www.ncbi.nlm.nih.gov/pubmed/33705401
https://doi.org/10.1044/2022_JSLHR-21-00668
https://doi.org/10.5935/0946-5448.20210014
https://www.ncbi.nlm.nih.gov/pubmed/34060792
https://doi.org/10.1007/s00394-021-02784-w
https://www.ncbi.nlm.nih.gov/pubmed/35067755
https://doi.org/10.3389/fpsyg.2020.617610
https://doi.org/10.1038/s41598-022-24015-w
https://doi.org/10.1093/aje/kwac195
https://www.ncbi.nlm.nih.gov/pubmed/36345076
https://doi.org/10.1007/s11126-019-09708-2
https://doi.org/10.3390/ijerph20085509
https://www.ncbi.nlm.nih.gov/pubmed/37107791

Biomedicines 2024, 12, 1404 20 of 20

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ramnanan, S.A. The Power of a Sound Mind: Exploring Meditation and Sound Therapies for Treating the Emotional Impact of
Tinnitus. Ph.D. Thesis, City University of New York, New York, NY, USA, 2021.

Beukes, E.W.; Andersson, G.; Manchaiah, V.; Kaldo, V. Cognitive Behavioral Therapy for Tinnitus; Plural Publishing: San Diego, CA,
USA, 2020.

Beukes, E.W.; Manchaiah, V.; Allen, PM.; Andersson, G.; Baguley, D.M. Exploring Tinnitus Heterogeneity. Prog. Brain Res. 2021,
260, 79-99.

Ibarra-Zarate, D.; Alonso-Valerdi, L.M. Acoustic Therapies for Tinnitus: The Basis and the Electroencephalographic Evaluation.
Biomed. Signal Process. Control 2020, 59, 101900. [CrossRef]

Alonso-Valerdi, L.M.; Torres-Torres, A.S.; Corona-Gonzalez, C.E.; Ibarra-Zarate, D.I. Clustering Approach Based on Psycho-
metrics and Auditory Event-Related Potentials to Evaluate Acoustic Therapy Effects. Biomed. Signal Process. Control 2022,
76,103719. [CrossRef]

Rahman, J.S.; Gedeon, T.; Caldwell, S.; Jones, R. Brain Melody Informatics: Analysing Effects of Music on Brainwave Patterns. In
Proceedings of the 2020 International Joint Conference on Neural Networks (IJCNN), Glasgow, UK, 19-24 July 2020; pp. 1-8.
Alonso-Valerdi, L.M.; Ibarra-Zdrate, D.L.; Torres-Torres, A.S.; Zolezzi, D.M.; Naal-Ruiz, N.E.; Argtiello-Garcia, J. Comparative
Analysis of Acoustic Therapies for Tinnitus Treatment Based on Auditory Event-Related Potentials. Front. Neurosci. 2023,
17, 444. [CrossRef]

Liu, Z.; Yao, L.; Wang, X.; Monaghan, ].J.; Schaette, R.; He, Z.; McAlpine, D. Generalizable Sample-Efficient Siamese Autoencoder
for Tinnitus Diagnosis in Listeners with Subjective Tinnitus. IEEE Trans. Neural Syst. Rehabil. Eng. 2021, 29, 1452-1461. [CrossRef]
Ibarra-Zarate, D.I.; Naal-Ruiz, N.E.; Alonso-Valerdi, L.M. Binaural Sound Therapy for Tinnitus Treatment: A Psychometric and
Neurophysiological Evaluation. Am. J. Otolaryngol. 2022, 43, 103248. [CrossRef]

Scherer, RW.; Formby, C.; Tinnitus Retraining Therapy Trial Research Group. Effect of Tinnitus Retraining Therapy vs. Standard
of Care on Tinnitus-Related Quality of Life: A Randomized Clinical Trial. JAMA Otolaryngol. Neck Surg. 2019, 145, 597-608.
Cuesta, M.; Garzén, C.; Cobo, P. Efficacy of Sound Therapy for Tinnitus Using an Enriched Acoustic Environment with Hearing-
Loss Matched Broadband Noise. Brain Sci. 2022, 12, 82. [CrossRef] [PubMed]

Sadeghijam, M.; Moossavi, A.; Akbari, M.; Haghani, H.; Yousefi, A.; Mohsen, S. An Increase in the Auditory Steady-State
Response Amplitudes after a Period of Listening to Binaural Beat Stimuli in Tinnitus Patients: A Pilot Study. Egypt. J. Otolaryngol.
2023, 39, 39. [CrossRef]

Rodriguez-Leon, 1.G.; Alonso-Valerdi, L.M.; Salido-Ruiz, R.A.; Roman-Godinez, I.; Ibarra-Zarate, D.I.; Torres-Ramos, S. Effect of
Auditory Discrimination Therapy on Attentional Processes of Tinnitus Patients. Sensors 2022, 22, 937. [CrossRef]

Doborjeh, M.; Liu, X.; Doborjeh, Z.; Shen, Y.; Searchfield, G.; Sanders, P.; Yan, W.Q. Prediction of Tinnitus Treatment Outcomes
Based on EEG Sensors and TFI Score Using Deep Learning. Sensors 2023, 23, 902. [CrossRef]

Zhang, X,; Jiang, Y.; Zhang, S.; Li, F; Pei, C.; He, G.; Xu, P. Correlation Analysis of EEG Brain Network with Modulated Acoustic
Stimulation for Chronic Tinnitus Patients. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 29, 156-162. [CrossRef]

Sharma, L.D.; Chhabra, H.; Chauhan, U.; Saraswat, R K.; Sunkaria, R K. Mental Arithmetic Task Load Recognition Using EEG
Signal and Bayesian Optimized K-Nearest Neighbor. Int. J. Inf. Technol. 2021, 13, 2363-2369. [CrossRef]

Kang, X.; Handayani, D.O.D.; Yaacob, H. Comparison between Butterworth Bandpass and Stationary Wavelet Transform Filter
for Electroencephalography Signal. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1077, 012024. [CrossRef]

Demuru, M.; Cava, S.M.; Pani, S.M.; Fraschini, M. A Comparison between Power Spectral Density and Network Metrics: An EEG
Study. Biomed. Signal Process. Control 2020, 57, 101760. [CrossRef]

Khoshnevis, S.A.; Sankar, R. Applications of Higher Order Statistics in Electroencephalography Signal Processing: A Comprehen-
sive Survey. IEEE Rev. Biomed. Eng. 2019, 13, 169-183. [CrossRef]

Zhu, J.; Jiang, C.; Chen, J.; Lin, X,; Yu, R.; Li, X.; Hu, B. EEG Based Depression Recognition Using Improved Graph Convolutional
Neural Network. Comput. Biol. Med. 2022, 148, 105815. [CrossRef] [PubMed]

Demir, A.; Koike-Akino, T.; Wang, Y.; Haruna, M.; Erdogmus, D. EEG-GNN: Graph Neural Networks for Classification of
Electroencephalogram (EEG) Signals. In Proceedings of the 2021 43rd Annual International Conference of the IEEE Engineering
in Medicine & Biology Society (EMBC), Virtual, 1-5 November 2021; pp. 1061-1067.

Ibarra Zarate, D.I.; Alonso Valerdi, L.M.; Cuevas Romero, A.R.; Intriago Campos, L.A. Acoustic Therapies for Tinnitus Treatment:
An EEG Database; Mendeley Data V1; Elsevier: Amsterdam, The Netherlands, 2021. [CrossRef]

Nako, J.; Psychalinos, C.; Elwakil, A.S. A1 + o Order Generalized Butterworth Filter Structure and Its Field Programmable
Analog Array Implementation. Electronics 2023, 12, 1225. [CrossRef]

Kal'avsky, A.; Niestony, A.; Hunady, R. Influence of PSD Estimation Parameters on Fatigue Life Prediction in Spectral Method.
Materials 2023, 16, 1007. [CrossRef] [PubMed]

Alonso-Valerdi, L.M.; Gonzalez-Salazar, ].I; Ibarra-Zarate, D.I. Neuropsychological Monitoring of Current Acoustic Therapies as
Alternative Treatment of Chronic Tinnitus. Am. J. Otolaryngol. 2021, 42, 103109. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.bspc.2020.101900
https://doi.org/10.1016/j.bspc.2022.103719
https://doi.org/10.3389/fnins.2023.1059096
https://doi.org/10.1109/TNSRE.2021.3095298
https://doi.org/10.1016/j.amjoto.2021.103248
https://doi.org/10.3390/brainsci12010082
https://www.ncbi.nlm.nih.gov/pubmed/35053825
https://doi.org/10.1186/s43163-023-00402-6
https://doi.org/10.3390/s22030937
https://doi.org/10.3390/s23020902
https://doi.org/10.1109/TNSRE.2020.3039555
https://doi.org/10.1007/s41870-021-00807-7
https://doi.org/10.1088/1757-899X/1077/1/012024
https://doi.org/10.1016/j.bspc.2019.101760
https://doi.org/10.1109/RBME.2019.2951328
https://doi.org/10.1016/j.compbiomed.2022.105815
https://www.ncbi.nlm.nih.gov/pubmed/35917638
https://doi.org/10.17632/kj443jc4yc.1
https://doi.org/10.3390/electronics12051225
https://doi.org/10.3390/ma16031007
https://www.ncbi.nlm.nih.gov/pubmed/36770014
https://doi.org/10.1016/j.amjoto.2021.103109
https://www.ncbi.nlm.nih.gov/pubmed/34175772

	Introduction 
	Tinnitus Treatment and Management Strategies 
	Effectiveness of Various Therapies 

	Materials and Methods 
	Description of Datasets 
	Preprocessing 
	Data Loading and Filtering 
	Bad Channel Removal 
	Event Definition 
	Windows Creation 
	Epoch Cleaning 
	Power Spectral Density (PSD) Computation 
	Average PSD Calculation 

	Features Extractions 
	Graph Representation 
	Graph Initialization 
	Node Addition 
	Edge Creation 
	Edge Addition 

	The Proposed GCN-LSTM Model 

	Results and Discussion 
	Conclusions 
	References

