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Abstract: Schizophrenia is a chronic and severe mental disorder that affects individuals in various
ways, particularly in their ability to perceive, process, and respond to stimuli. This condition has a
significant impact on a considerable number of individuals. Consequently, the study, analysis, and
characterization of this pathology are of paramount importance. Electroencephalography (EEG) is
frequently utilized in the diagnostic assessment of various brain disorders due to its non-intrusiveness,
excellent resolution and ease of placement. However, the manual analysis of electroencephalogram
(EEG) recordings can be a complex and time-consuming task for healthcare professionals. Therefore,
the automated analysis of EEG recordings can help alleviate the burden on doctors and provide
valuable insights to support clinical diagnosis. Many studies are working along these lines. In
this research paper, the authors propose a machine learning (ML) method based on the eXtreme
Gradient Boosting (XGB) algorithm for analyzing EEG signals. The study compares the performance
of the proposed XGB-based approach with four other supervised ML systems. According to the
results, the proposed XGB-based method demonstrates superior performance, with an AUC value of
0.94 and an accuracy value of 0.94, surpassing the other compared methods. The implemented system
exhibits high accuracy and robustness in accurately classifying schizophrenia patients based on EEG
recordings. This method holds the potential to be implemented as a valuable complementary tool for
clinical use in hospitals, supporting clinicians in their clinical diagnosis of schizophrenia.

Keywords: shizophrenia; mental disorders; machine learning; artificial intelligence; biomedical signals

1. Introduction

The psychiatric disorder schizophrenia is recognized to have a substantial impact
on life expectancy, reducing it by approximately 15 to 20 years compared to the general
population. Several factors contribute to the decreased life expectancy in individuals with
schizophrenia. Unhealthy lifestyle choices, such as poor diet, lack of physical activity, and
higher rates of smoking, along with a significantly elevated risk of suicide (about 12 times
higher), collectively contribute to this overall reduction in lifespan. In turn, schizophrenia
is a lifelong condition, persisting at a prevalence rate ranging between 0.3% and 0.66% in
the population [1].

Schizophrenia impacts approximately 1% of the global population at some stage
in their lives. This corresponds to an estimated global population of around 20 million
individuals living with schizophrenia. Additionally, the average worldwide incidence rate
of schizophrenia is estimated to be approximately 15 cases per 100,000 people per year,
being considered one of the leading causes of disability globally. The disability attributed
to schizophrenia contributes to approximately 1% of the global burden of disease.
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It should be noted that schizophrenia can exhibit a variable course, characterized by
episodes of symptom exacerbation (acute episodes) and periods of partial or complete
remission. The severity of symptoms and the functional impact on daily life can vary
significantly among individuals affected by schizophrenia. Globally, individuals with
schizophrenia encounter difficulties in accessing sufficient mental health services, including
timely diagnosis, treatment, and ongoing support. Factors such as limited resources,
insufficient number of trained mental health professionals, and social stigma can impede
access to essential care for individuals with schizophrenia [2,3].

Schizophrenia research has made significant advancements in recent years, and the
utilization of the electroencephalogram (EEG) in studying schizophrenia has played a
crucial role in this progress. The EEG is a non-invasive technique that measures the
electrical activity of the brain, providing valuable information about various behavioral,
pathological, and drug-related patterns. As a result, the medical application of EEG has
significantly expanded and is now recognized as a crucial component in the study of brain
behavior, as well as the assessment and treatment of brain-related diseases. The study and
diagnosis of mental pathologies are of utmost importance in investigating the behavioral
characteristics of the brain in affected patients.

The application of automatic analysis techniques for EEG recordings can serve as an
additional tool to complement visual EEG analysis [4–6]. The study of EEG recordings has
proven valuable for psychiatric departments, as these techniques have been instrumental
in estimating the incidence, facilitating treatment decisions, and aiding in the diagnosis of
various brain pathologies. Furthermore, the utilization of classification tools in research
plays a crucial role in improving medical problem amelioration and diagnostic aids. A
wide range of techniques has been implemented for classification purposes, including
neural networks, expert systems, linear programming, evolutionary algorithms, machine
learning (ML), deep learning, and swarm intelligence [7–13]. Many existing works in
the literature apply these techniques with different purposes and with great success. For
example, ref. [14] focuses on the detection of driving fatigue using a multifractal theory-
based approach, where the authors employ sensor data from various sources to develop
a feature detection method; Ref. [15] concentrates on visual tracking using a Siamese-
oriented region proposal network, addressing the problem of tracking objects accurately
and efficiently in videos; Ref. [16] investigates the therapeutic potential of transcranial
alternating current stimulation (tACS) for depression treatment, with the aim to assess
the efficacy of tACS; whilst [17] introduces a deep learning-based predictive evaluation
system for smart healthcare applications, leveraging deep learning techniques to enhance
the predictive capabilities of healthcare systems. However, while these articles contribute to
various domains and highlight advancements in their respective fields, they do not directly
compare to the specific context of EEG analysis for schizophrenia classification based on
ML methods.

The widespread adoption of automatic EEG analysis has been driven by several
factors, including the robustness of ML algorithms, technological advances, the increas-
ing availability of data, and the affordability of high-performance computing [18]. In
the literature, various classification methods are commonly employed, including neural
networks [18–23] and Support Vector Machines (SVM) [24–28]. Other methods found to
be valid for data classification are K-Nearest Neighbour (KNN) [18,24,29–31], Gaussian
Naïve Bayes (GNB) [18,32,33], Adaptive boosting (Adaboost) [18,24,34,35] and Decision
Tree (DT) [18,24,36].

This work focuses on the classification of patients with schizophrenia using an eXtreme
Gradient Boosting (XGB) algorithm. XGB, a supervised algorithm and a variant of gradient
boosting, is employed for its ability to enhance both speed and execution in the ML model.
The development of the XGB algorithm has revolutionized the field by introducing a range
of essential properties. Firstly, its system scalability allows for seamless integration with
large-scale datasets, making it an ideal choice for handling big data analytics. Secondly,
XGB possesses remarkable parallel computing capability, enabling it to leverage multi-core
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processors and distributed computing frameworks to expedite complex computations.
Moreover, the algorithm incorporates regularization techniques, enhancing its ability to
prevent overfitting and improve generalization on diverse datasets. Additionally, XGB is
renowned for its high-performance optimization, ensuring efficient resource utilization
and swift execution, even when dealing with extensive feature spaces. Collectively, these
properties position XGB as a versatile and powerful algorithm that significantly advances
the capabilities of ML systems [37–39]. This system was designed to implement an al-
gorithm that aids clinicians in diagnosing schizophrenia based on EEG recordings. The
results obtained from the proposed method have demonstrated its superior performance,
surpassing other ML methods in accurately classifying schizophrenia patients from EEG
recordings. Thus, this system offers promising potential to enhance the diagnostic process
and improve the accuracy of schizophrenia diagnosis in clinical settings.

The document is structured into distinct sections. Section 2 introduces the materials
utilized in the study. The Section 3 provides a detailed description of the proposed method.
Section 4 presents the obtained results. Sections 5 and 6 delve into the discussion and
conclusion, respectively, offering an analysis of the findings and summarizing the overall
study outcomes.

2. Material

To conduct this study and assess the performance of the ML system accurately, real
EEG recordings were employed. A total of 310 patients, all residents of the province of
Cuenca in Spain, were included for this purpose. Following the provision of detailed
information regarding the required procedures and obtaining written consent from the
participants, the study received approval from the Clinical Research Ethics Committee
of the Cuenca Health Area. A total of 205 individuals were included in the study as
healthy participants undergoing diagnostic EEG testing for brain disorders. The remaining
participants were euthymic patients diagnosed with schizophrenia, and they were recruited
from the Serious Mental Disorders Programme of the Psychiatry Service at Hospital Virgen
de la Luz in Cuenca. EEG recordings were captured at the Psychiatry Department of the
hospital using the Brain Vision 32-channel system, with a sampling frequency of 500 Hz.
The placement of electrodes followed the 10–20 International System, conducted by the
medical staff responsible for the study.

Table 1 shows the clinical and demographic characteristics of the subjects participating
in the study.

After obtaining the EEG recordings from various patients, it was observed that they
exhibited instances of muscle noise, artifacts, and baseline fluctuations. To enhance the accu-
racy of the results, a filtering process was performed using the proposed XGB method [6,40].
This filtering step aimed to refine the EEG data by reducing unwanted noise and artifacts,
thus improving the overall quality of the results obtained through the XGB classification
algorithm. An example of an EEG recording, accompanied by scalp maps, is depicted in
Figure 1. The creation of these maps is facilitated by information regarding the electrode
positions. The maps display the distribution of voltage on the head in either the time or
frequency domain, with different colors representing varying voltage levels. In this study,
the algorithm employed for map creation is based on the interpolation of spherical splines,
as described in [41]. Parameters such as the spline order and the maximum degree of the
Legendre polynomial are utilized to calculate and generate the maps. Figure 2 provides a
visual representation of the proposed methodology, highlighting three essential steps that
follow the initial clinical analysis (Figure 2 (1)) and brain data recordings (Figure 2 (2)). The
first step involves pre-processing the EEG recordings to eliminate interference and noise
(Figure 2 (3)). The second step entails calculating relevant features for each EEG channel
(Figure 2 (4)) Finally, in the last step, after constructing the study database, schizophrenia is
classified using ML methods (Figure 2 (5)).
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Table 1. The table displays the demographic data of the study participants.

SC N = 312 SC-SUD + N = 128 SC-SUD-N = 184 HC N = 320

Gender Female 97 (31.1%) 39 (30.4%) 58 (31.5%) 144 (45.0%)
N (%)

Mean (SD) Mean (SD)
Age (years) 36.6 (9.7) 35.6 (9,5) 38.4 (9.1) 36.2 (12.4)
Age of onset 23.8 (6.0) 23.2 (5.1) 24.2 (5.2) -
(years)
Duration of ill- 12.40 (9.3) 11.56 (9.2) 15.2 (8.6) -
ness (years)

Antipsychotic Atypical:
282 (90.4%)

Atypical:
116 (90.6%)

Atypical:
167 (90.7%) -

Typical: 30 Typical: 12 Typical: 17
(9.6%) (9.4%) (9.3%)

Educational 12.5 (3.9) 12.1 (3.5) 12.8 (4.1) 12.9 (3.8)
level [years]
PANSS-T 54.3 (15.8) 54.9 (16.3) 54.2 (16.1) -
PANSS-P 11.7 (4.3) 12.4 (6.3) 10.8 (5.1) -
PANSS-N 16.8 (7.1) 17.3 (7.6) 16.5 (8.1) -
PANSS-PG 19.3 (3.6) 20.2 (3.7) 19.8 (3.5) -

SC: schizophrenia group; HC: Healthy control group; PANSS-N = Positive and Negative Syndrome Scale–Negative
symptoms; PANSS-P = Positive and Negative Syndrome Scale–Positive symptoms; PANSS-PG = Positive. and
Negative Syndrome Scale–General psychopathology; PANSS-T: Positive and Negative Syndrome Scale total score;
SD: Standard deviation.
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Figure 1. The figure shows the recording of an electroencephalogram and scalp maps. The colors in 

the scalp map indicate the intensity of the electrical activity recorded at each electrode location (Blue: 
Figure 1. The figure shows the recording of an electroencephalogram and scalp maps. The colors in
the scalp map indicate the intensity of the electrical activity recorded at each electrode location (Blue:
Low electrical activity or baseline; Green: Mild activity; Yellow: Moderate activity; Orange: High
activity; Red: Very high activity).
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Figure 2. The figure shows the processes followed in this study for the classification of patients with
schizophrenia.

3. Method

XGB is a predictive algorithm that employs boosting and operates under supervised
conditions. Boosting involves sequentially generating multiple “weak” prediction models,
which utilize the results of the previous model to create a model with “stronger” predictive
power and result stability. “Stronger” in the context of boosting refers to the improved
predictive power and stability of the model compared to the individual weak models. When
boosting generates a model that is stronger, it means that the final model produced by the
boosting algorithm has a higher overall performance and accuracy in predicting outcomes.
To achieve a more robust model using these weaker models, an optimization algorithm
called Gradient Descent is employed. During the training process, the parameters of each
weak model are iteratively adjusted in an attempt to minimize an objective function [42,43].
Because of these traits, the XGB method was selected for constructing the classification
scheme for individuals with schizophrenia. When provided with a dataset S = xj, yj, the
XGB method was designed as

ŷj =
P

∑
p=1

tp
(
xj
)

(1)

where xj is the input with m time variables, yj represents the output, ŷj shows the predicted
output, tp represents a tree with leaf weight wp and structure up, j = 1; 2; . . . ; n, and P
corresponds to the amount of trees.

The regularized objective function for the suggested method is presented in Equation (2).
In this instance, it differs from that of Ensemble methods. The suggested method employs
a second-order Taylor expansion to estimate the target function of XGB, thus enhancing the
prediction accuracy [42,43].

R = ∑
j

r
(
ŷj, yj

)
+ ∑

p
Ψ
(
tp
)

(2)
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Ψ
(
tp
)
= λ fp +

1
2

γ
∥∥ωp

∥∥2 (3)

where R() is a function that determines the difference between the target output yj and
the expected output ŷj, and which penalizes the complexity of the method. The function
Ψ() punishes the complexity of the method. To regulate the complexity of the method and
avoid overfitting, a regulation term, represented by the weights, is used as a monitoring
mechanism. As depicted in Equation (3), F corresponds to the tree trimming used to control
overfitting, and illustrates the number of leaves in the tree; λ represents the learning rate;
whilst w corresponds to the vector of scores assigned to the leaves. The parameter γ is
employed to regulate the weight of the system’s complexity [42,43]. In an effort to enhance
performance, this study aims to minimize Equation (2).

In turn, this study evaluated the proposed method using various ML techniques for
classifying patients into two categories: those with schizophrenia and those without. The
techniques compared include DT [24,36], GNB [32,33], KNN [24,29,31], SVM [24,25,44,45]
and the suggested method [38,39]. The evaluation was performed using the MatLab
statistical and machine learning toolbox (Matlab 2021a). Five-fold cross-validation was
applied to prevent overfitting. The database was divided into two groups, with 70% used
for training and 30% for testing, and patients were not shared between groups. The phases
of the complete study are outlined in Figure 2 (5). It began by selecting the patients to be
included, followed by the creation of the database. Then, the training phase was initiated
and, finally, the ML models were validated.

Two performance measures were utilized to maximize the results: the accuracy and the
area under the curve. Furthermore, to account for the stochastic nature of ML, 100 iterations
were carried out randomly to reduce the impact of noise in the data, calculate suitable
values and obtain statistically significant results, as stated in [24].

3.1. Feature Extraction

The following techniques were employed to extract features from EEG recordings:

• Detrended Fluctuation Analysis (DFA) provides information about the temporal corre-
lations in EEG recordings [46].

• Approximate Entropy (ApEn), for measuring the complexity of the system. The ApEn
value is indicated by a positive number, which represents the complexity of the EEG
signal [47].

• Hurst exponent, which is used to analyze the behavior of a system over time and
determine the existence of fractal series [48].

• Higuchi analyzes the fractal dimension of EEG signals and measures their self-
similarity and complexity [49].

• Lyapunov Exponent (LE), which characterizes the rate of separation of close trajectories
of a system [50].

• EEG band power, obtained by applying Butterworth filters and calculating the power
spectrum of each frequency band (delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–13 Hz)
and beta (13–30 Hz)), using the Welch method [51].

3.2. Performance Evaluation

In this study, the following evaluation metrics were utilized to measure performance:
Specificity (SP), Precision, Degenerate Younden Index (DYI), Recall (also known as Sensi-
tivity), Balanced accuracy, Receiver Operating Characteristic (ROC) and AUC [52–54].

4. Results

In this section, the discussion will revolve around the results obtained from the
EEG recordings utilized for training and validation purposes. The main objective was to
evaluate and compare the performance of the XGB system with other frequently employed
classification systems documented in the literature.
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The training results of ML techniques using different features individually and in
combination are depicted in Figure 3. The figure clearly illustrates that the proposed system
outperforms other methods, showcasing superior classification accuracy and effectiveness.
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Figure 3. The figure presents the results attained with different machine learning algorithms for
various features.

Table 2 displays a comparison of various classification methods, including SVM, DT,
GNB, KNN, and the proposed system. The performance metrics for classifying schizophre-
nia patients and healthy individuals are presented in the table, allowing for a comprehen-
sive assessment of the different methods’ effectiveness. Comparing the performance of
different classification models, it is evident that SVM and GNB exhibit lower classification
values with an accuracy of around 86%. DT and KNN show improvement, achieving
accuracy values of 89%. However, the proposed XGB method outperforms all other models,
attaining significantly higher accuracy close to 94%. Although KNN and DT exhibit similar
Precision and Recall values to the proposed method, they do not achieve the same level
of accuracy. SVM and GNB achieve F1 score values close to 87%, but they fall short of the
performance levels achieved by the proposed method.

Table 2. The table resumes the results achieved by different ML models compared with XGB.

Methods Recall Accuracy F1 Score Precision

SVM 86.57 ± 0.79 86.86 ± 0.74 86.67 ± 0.76 85.69 ± 0.75
DT 87.48 ± 0.76 87.76 ± 0.82 87.23 ± 0.79 86.59 ± 0.81

GNB 85.61 ± 0.83 85.64 ± 0.74 85.25 ± 0.73 85.02 ± 0.69
KNN 89.63 ± 0.52 89.54 ± 0.61 89.07 ± 0.42 88.75 ± 0.39
XGB 94.51 ± 0.26 94.25 ± 0.28 94.92 ± 0.30 94.62 ± 0.27
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The performance of the proposed XGB model was evaluated in the classification of
the two analyzed classes, using commonly used parameters in the literature such as Kappa,
MCC, AUC, and DYI index. The Matthews Correlation Coefficient (MCC), known as
the most reliable statistical index, was specifically employed for this purpose. The MCC
coefficient produces a high score only when the predictions perform well across all four
categories of the confusion matrix (TP, FN, TN, and FP), considering the proportions of
positive and negative items in the dataset. The obtained MCC values, as shown in Table 3,
indicate that the suggested XGB method outperformed the other analyzed methods. While
DT and KNN performed relatively well compared to other methods, their performance
fell short of the XGB model. A similar trend is observed for the Kappa index, where XGB
demonstrated the highest performance among the compared methods, surpassing both
KNN and DT.

Table 3. The table shows the results of different indicators of the ML system and the proposed
model evaluated.

Methods DYI AUC Kappa MCC

SVM 86.47 ± 0.71 0.86 ± 0.02 76.54 ± 0.67 75.74 ± 0.68
DT 87.53 ± 0.68 0.87 ± 0.02 76.92 ± 0.73 77.62 ± 0.78

GNB 85.28 ± 0.74 0.85 ± 0.02 75.62 ± 0.74 74.71 ± 0.83
KNN 89.71 ± 0.58 0.89 ± 0.02 79.83 ± 0.59 79.23 ± 0.56
XGB 94.26 ± 0.23 0.94 ± 0.02 91.53 ± 0.27 91.12 ± 0.24

The receiver operating characteristic (ROC) analysis was utilized to compare the
classification capability of the proposed method. The ROC curve is generated by plotting
the sensitivity against the specificity for various threshold values. Both Figure 4 and
Table 3 highlight that the proposed XGB method achieved the highest area under the curve
(AUC) value of 0.94, surpassing KNN with an AUC of 0.89. Additionally, our method
demonstrated a notable 4.55% improvement over KNN for DYI, where a score of 1 indicates
optimal performance.
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In contrast, the radar graph provides a unique perspective on how metrics are dis-
tributed across training and test datasets. The graph represents a perfect score as a circle
that completely covers the grid. Our study indicates that the training sets exhibit high
scores, whereas the test set scores are relatively lower. The shape of the graphs can also
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serve as an indicator of model quality, with a larger circle for the test set suggesting a
better-performing model. As shown in Figure 5, the proposed system generates similar pie
charts for both the training and test sets, indicating a well-balanced model performance.
This can be attributed to the system’s high generalizability, meaning it achieves optimal
training without suffering from overfitting or underfitting. Consequently, the system pro-
vides accurate output for new inputs, while the Gaussian Naive Bayes (GNB) method
demonstrates inferior performance across most metrics.
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Based on the results obtained, it can be concluded that the proposed system demon-
strates a high level of accuracy in automatically classifying patients with schizophrenia.
The findings validate the effectiveness of the system in accurately identifying and catego-
rizing individuals with this mental disorder, emphasizing its potential as a valuable tool
for assisting in the diagnostic process of schizophrenia.

5. Discussion

Discriminating schizophrenia poses a non-trivial classification challenge, necessitating
the use of robust and powerful optimization algorithms. Additionally, an efficient feature
selection procedure is required to automate the detection process effectively. By employ-
ing these techniques, it becomes possible to investigate the underlying physiopathology
of schizophrenia, which can aid in prognosis and treatment decision-making. These ap-
proaches contribute to a better understanding of the condition and enable more targeted
and personalized interventions for individuals with schizophrenia [6].

Electrophysiological measurements serve as a valuable tool in aiding diagnostic de-
cisions, particularly when cognitive symptoms are involved. Technologies such as elec-
troencephalography (EEG), magnetoencephalography (MEG), and functional imaging
are employed to investigate cognitive processes like memory, perception, and language
in healthy individuals. However, their utility becomes even more significant when cog-
nitive symptoms are part of the diagnostic criteria. EEG, in particular, is extensively
utilized for analyzing cognitive functions such as visual scene perception, making it well-
established for studying diseases like schizophrenia where cognitive symptoms manifest
prominently [5,6,55].

Several studies have demonstrated the versatility of the XGB method in various
ML applications, particularly in the medical field. Examples include its application in
classifying patients with cancer [56], epilepsy [57], renal diseases [58], atrial fibrillation [59],
localizing sub-mitochondrial proteins [60,61], and more. The XGB method’s favorable
characteristics in terms of execution speed and scalability [37] make it particularly well-
suited for this study.

Other works rely on the Super Vector Machine (SVM) algorithm. In [62], the SVM
algorithm was employed for multivariate pattern analysis of microstate features. The
analysis identified three patterns of correlated features, resulting in an accuracy of 82.7%
for group separation. Ref. [27] extracted sensor-level and source-level features from EEG
signals recorded during an auditory oddball task, achieving higher classification accuracy
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when combining source-level and sensor-level features compared to using only sensor-
level features. The highest classification accuracy achieved in their study was 88.24%.
Additionally, ref. [63] investigated the external validity of two SVM models by analyzing
neuropsychological test performance and diagnostic classification. The first model achieved
a trial accuracy classification rate of 84%, while the second model exhibited a higher
accuracy rate of 87%. These studies demonstrate the application of the SVM algorithm in
EEG analysis for classification and diagnostic purposes.

In other approaches, the utilization of Radio Frequency (RF) has been explored for the
classification of multichannel EEG records. In [64], a model-free method was proposed for
the binary classification of EEG records. The study achieved the best performance with a
seven-dimensional feature space, attaining an average accuracy of 83.6%. Similarly, in [65],
a multifractal-based approach achieved an overall cross-validation accuracy surpassing
89% in classifying individual cases.

Other notable approaches in achieving high accuracy values include Ensemble Bagged
Tree (EBT) and Adapting Boosting (Adaboost). According to [27], the EBT approach
achieved a correct classification rate of 93.21% for schizophrenia patients, with an overall
accuracy of 89.59%. Conversely, ref. [34] applied Adaboost and obtained a classification
accuracy of 91%. These studies highlight the effectiveness of EBT and Adaboost algorithms
in accurately classifying individuals with schizophrenia based on EEG recordings.

On the other hand, it is also worth noting other approaches that are not based on ML.
For instance, ref. [66] uses a CNN algorithm (deep learning, DL) instead of the proposed
method (XGB). One key difference is the architecture: XGB is based on gradient boosting,
whereas CNN is a type of neural network specifically designed for processing grid-like
data such as images. The advantages of XGB include its interpretability and ease of use.
XGB provides feature importance scores, allowing users to understand the impact of each
input variable on the model’s predictions. It also offers flexibility in handling different
types of data, such as numerical and categorical variables, and can handle missing values
without imputation. Furthermore, XGB tends to be computationally efficient and can
handle large datasets with high dimensionality. It has advanced regularization techniques
that prevent overfitting and enhance generalization. In contrast, CNNs excel in capturing
complex patterns and spatial dependencies in data, making them particularly well-suited
for image and video analysis tasks. They automatically learn hierarchical representations
from raw input data, eliminating the need for manual feature engineering. However, they
have a much higher computational burden than ML techniques and this complicates their
implementation in clinical services. In this study, very high accuracy values have been
achieved, surpassing CNN techniques. Because of all this, ML techniques were selected in
this study for greater flexibility in implementation, computational load, scalability, and the
proposed method achieves very high accuracy values.

In this study, pattern recognition using the XGB method was performed, yielding
highly accurate discrimination between healthy controls and individuals with schizophre-
nia, with an impressive accuracy rate of 94.25%. This outcome highlights the potential
clinical utility of the proposed XGB method for EEG data analysis. Tables 2 and 3 present
a comparison between the proposed system and commonly used ML methods. Notably,
the XGB method outperforms the other techniques, demonstrating superior performance
and the ability to handle high-dimensional data without overfitting. Among the compared
methods, SVM and GNB exhibit poorer results and performance, while KNN shows similar
accuracy values compared to the proposed method.

Table 4 provides a summary of the diagnosis of schizophrenia based on EEGs using
different techniques. In [67], a computationally efficient algorithm was developed, incorpo-
rating various features such as autoregressive (AR) model parameters, band power, fractal
dimension, and wavelet energy. By employing Linear Discriminant Analysis (LDA) and a
bidirectional search for channel selection, an accuracy of 84.62% was achieved, while using
the LRS technique for channel selection resulted in an accuracy of 88.23%. These results
demonstrate improved classification accuracy and relatively low computational time using
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the two-stage feature selection approach compared to single-stage (evolutionary feature
selection) and Principal Component Analysis (PCA)-based feature selection methods.

Table 4. The table summarizes the results of various published ML methods compared to the
proposed system.

Author Feature Extraction Classifier ACC (%)

Sabeti et al. [67] Autoregression, band power LDA 88.23
Johannesen et al. [63] Rhythms separated using filtering SVM 87.00
Baradits et al. [62] Multivariate pattern analysis SVM 82.07
Piryatinska et al. [64] e complexity vector RF 83.60
Siuly, et al. [68] EMD, five statistical features EBT 89.59
Racz, et al. [65] Graph-based features RF 89.29

Shim et al. [27] Combined sensor and source level
EEG features SVM 88.24

Sabeti et al. [34] Entropy, complexity Adaboost 91.00
Proposed Higuchi, Band power, DFA, Hurst XGB 94.25

These studies not only highlight the usefulness of EEG signals in distinguishing
between individuals with schizophrenia and control participants but also indicate that
the proposed method achieves higher accuracy and significantly enhances performance
in this regard. Consequently, it can be concluded that the proposed system serves as a
reliable and precise tool for automated EEG analysis in the diagnosis of schizophrenia. The
improved accuracy and performance of the system provide promising prospects for its
practical application in clinical settings for schizophrenia diagnosis.

The study has some limitations, mainly due to sample characteristics. The patients
are heterogeneous in clinical aspects, duration of the illness, or duration and dosage of
antipsychotic treatment, all of which could have an impact on the EEG recording. That is
why the influence of different factors on EEG recording is being analyzed, as well as how
to achieve better EEG quality. This will allow us to obtain improved results.

As for the future lines of the study, other types of mental health pathologies could be
analyzed, specifically bipolar disorder and depression. Likewise, deep learning techniques
could be applied in the study of mental health patients after the registration of magnetic
resonance images.

6. Conclusions

In this study, four ML algorithms, namely KNN, DT, GNB, and SVM, were compared
with the proposed XGB method. The performance evaluation was conducted using a
10-fold cross-validation process. The results demonstrated that the proposed XGB method
outperformed the other algorithms, achieving a higher prediction accuracy of 94%, along
with high precision and recall values (>0.94).

While KNN, SVM, and SVM also exhibited moderate prediction accuracy (>86), recall
(>0.86), and precision (>0.86), the XGB method surpassed them in terms of prediction
accuracy. These findings highlight the superior performance of XGB in terms of precision,
recall, and accuracy compared to the other analyzed methods, affirming its reliability for
the automatic classification of schizophrenia.

In conclusion, the XGB-based system proved to be valid and reliable, providing
valuable support to clinicians in the clinical diagnosis of schizophrenia. The system’s high
accuracy and robust performance make it a valuable tool in assisting with the evaluation
and diagnosis of the targeted pathology discussed in this study.



J. Clin. Med. 2023, 12, 4375 12 of 14

Author Contributions: Conceptualization, C.S., Y.A. and J.M.; methodology, C.S., Y.A., A.M.T. and
J.M.; formal analysis, C.S., Y.A., A.M.T. and J.M.; investigation, C.S., Y.A., A.M.T., C.B. and J.M.;
writing—original draft preparation, C.S., Y.A., A.M.T., C.B. and J.M.; writing—review and editing,
C.S., Y.A., A.M.T., C.B., M.Á.R. and J.M.; supervision, A.M.T. and J.M.; project administration, J.M.;
funding acquisition, Y.A. and M.Á.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by UCLM-Telefonica Chair and Ministry of Economic Affairs
and Digital Transformation (MINECO) grant number PID2021-125122OB-I00.

Institutional Review Board Statement: This research was approved by the ethics committee of the
Hospital Virgen de la Luz.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the present study are
available from the corresponding author on reasonable request.

Acknowledgments: This study was supported by the Institute of Technology (University of Castilla-
La Mancha) and the Virgen de la Luz Hospital in Cuenca (Spain).

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

References
1. Angst, J. The emerging epidemiology of hypomania and bipolar II disorder. J. Affect. Disord. 1998, 50, 143–151. [CrossRef]
2. Velligan, D.I.; Rao, S. The Epidemiology and Global Burden of Schizophrenia. J. Clin. Psychiatry 2023, 84, 45094. [CrossRef]

[PubMed]
3. Goldner, E.M.; Hsu, L.; Waraich, P.; Somers, J.M. Prevalence and incidence studies of schizophrenic disorders: A systematic

review of the literature. Can. J. Psychiatry 2002, 47, 833–843. [CrossRef]
4. Keck, P.E.; Kessler, R.C.; Ross, R. Clinical and economic effects of unrecognized or inadequately treated bipolar disorder.

J. Psychiatr. Pract. 2008, 14 (Suppl. S2), 31–38. [CrossRef] [PubMed]
5. Hales, R.E. The American Psychiatric Publishing Textbook of Psychiatry, 7th ed.; American Psychiatric Pub: Arlington, VA, USA, 2019.
6. Sörnmo, L.; Laguna, P. Bioelectrical Signal Processing in Cardiac and Neurological Applications; Elsevier Academic Press: Amsterdam,

The Netherlands, 2005.
7. Ramón, A.; Zaragozá, M.; Torres, A.M.; Cascón, J.; Blasco, P.; Milara, J.; Mateo, J. Application of Machine Learning in Hospitalized

Patients with Severe COVID-19 Treated with Tocilizumab. J. Clin. Med. 2022, 11, 4729. [CrossRef]
8. Peng, J.; Zou, K.; Zhou, M.; Teng, Y.; Zhu, X.; Zhang, F.; Xu, J. An Explainable Artificial Intelligence Framework for the

Deterioration Risk Prediction of Hepatitis Patients. J. Med. Syst. 2021, 45, 61. [CrossRef]
9. Nascimento, N.M.M.; Marinho, L.B.; Peixoto, S.A.; do Vale Madeiro, J.P.; de Albuquerque, V.H.C.; Rebouças Filho, P.P. Heart

arrhythmia classification based on statistical moments and structural co-occurrence. Circuits Syst. Signal Process. 2020, 39, 631–650.
[CrossRef]

10. Neto, C.; Senra, F.; Leite, J.; Rei, N.; Rodrigues, R.; Ferreira, D.; Machado, J. Different Scenarios for the Prediction of Hospital
Readmission of Diabetic Patients. J. Med. Syst. 2021, 45, 11. [CrossRef] [PubMed]

11. Figueiredo, J.; Santos, C.P.; Moreno, J.C. Automatic recognition of gait patterns in human motor disorders using machine learning:
A review. Med. Eng. Phys. 2018, 53, 1–12. [CrossRef]

12. Frid, A.; Shor, M.; Shifrin, A.; Yarnitsky, D.; Granovsky, Y. A biomarker for discriminating between migraine with and without
aura: Machine learning on functional connectivity on resting-state EEGs. Ann. Biomed. Eng. 2020, 48, 403–412. [CrossRef]

13. Martinho, D.; Freitas, A.; Sá-Sousa, A.; Vieira, A.; Meira, J.; Martins, C.; Marreiros, G. A Hybrid Model to Classify Patients with
Chronic Obstructive Respiratory Diseases. J. Med. Syst. 2021, 45, 31. [CrossRef]

14. Wang, F.; Wang, H.; Zhou, X.; Fu, R. A Driving Fatigue Feature Detection Method Based on Multifractal Theory. IEEE Sens. J.
2022, 22, 19046–19059. [CrossRef]

15. Zhu, H.; Xue, M.; Wang, Y.; Yuan, G.; Li, X. Fast Visual Tracking with Siamese Oriented Region Proposal Network. IEEE Signal
Process. Lett. 2022, 29, 1437–1441. [CrossRef]

16. Wang, H.; Wang, K.; Xue, Q.; Peng, M.; Yin, L.; Gu, X.; Leng, H.; Lu, J.; Liu, H.; Wang, D.; et al. Transcranial alternating current
stimulation for treating depression: A randomized controlled trial. Brain 2022, 145, 83–91. [CrossRef] [PubMed]

17. Lv, Z.; Yu, Z.; Xie, S.; Alamri, A. Deep Learning-based Smart Predictive Evaluation for Interactive Multimedia-enabled Smart
Healthcare. ACM Trans. Multimed. Comput. Commun. Appl. 2022, 18, 1–20. [CrossRef]

18. Azevedo, A. Data mining and knowledge discovery in databases. In Advanced Methodologies and Technologies in Network Architecture,
Mobile Computing, and Data Analytics; IGI Global: Hershey, PA, USA, 2019.

19. Kumar, T.S.; Kumutha, D. Comparative Analysis of the Fuzzy C-Means and Neuro-Fuzzy Systems for Detecting Retinal Disease.
Circuits Syst. Signal Process. 2020, 39, 698–720. [CrossRef]

https://doi.org/10.1016/S0165-0327(98)00142-6
https://doi.org/10.4088/JCP.MS21078COM5
https://www.ncbi.nlm.nih.gov/pubmed/36652681
https://doi.org/10.1177/070674370204700904
https://doi.org/10.1097/01.pra.0000320124.91799.2a
https://www.ncbi.nlm.nih.gov/pubmed/18677197
https://doi.org/10.3390/jcm11164729
https://doi.org/10.1007/s10916-021-01736-5
https://doi.org/10.1007/s00034-019-01196-w
https://doi.org/10.1007/s10916-020-01686-4
https://www.ncbi.nlm.nih.gov/pubmed/33409739
https://doi.org/10.1016/j.medengphy.2017.12.006
https://doi.org/10.1007/s10439-019-02357-3
https://doi.org/10.1007/s10916-020-01704-5
https://doi.org/10.1109/JSEN.2022.3201015
https://doi.org/10.1109/LSP.2022.3178656
https://doi.org/10.1093/brain/awab252
https://www.ncbi.nlm.nih.gov/pubmed/35353887
https://doi.org/10.1145/3468506
https://doi.org/10.1007/s00034-019-01212-z


J. Clin. Med. 2023, 12, 4375 13 of 14

20. De las Casas, H.; Bianco, S.; Richter, H. Targeted muscle effort distribution with exercise robots: Trajectory and resistance effects.
Med. Eng. Phys. 2021, 94, 70–79. [CrossRef] [PubMed]

21. Rane, L.; Ding, Z.; McGregor, A.H.; Bull, A.M. Deep learning for musculoskeletal force prediction. Ann. Biomed. Eng. 2019, 47,
778–789. [CrossRef] [PubMed]

22. Ghosh, R.; Chanda, S.; Chakraborty, D. Qualitative predictions of bone growth over optimally designed macro-textured implant
surfaces obtained using NN-GA based machine learning framework. Med. Eng. Phys. 2021, 95, 64–75. [CrossRef]

23. Olthof, A.; van Ooijen, P.; Cornelissen, L. Deep Learning-Based Natural Language Processing in Radiology: The Impact of Report
Complexity, Disease Prevalence, Dataset Size, and Algorithm Type on Model Performance. J. Med. Syst. 2021, 45, 91. [CrossRef]

24. Han, J.; Pei, J.; Kamber, M. Data Mining: Concepts and Techniques, 3rd ed.; Morgan Kaufmann: Burlington, MA, USA, 2016.
25. Kafai, M.; Eshghi, K. CROification: Accurate kernel classification with the efficiency of sparse linear SVM. IEEE Trans. Pattern

Anal. Mach. Intell. 2017, 41, 34–48. [CrossRef] [PubMed]
26. Li, S.S.; Chu, C.C.; Chow, D.H. EMG-based lumbosacral joint compression force prediction using a support vector machine. Med.

Eng. Phys. 2019, 74, 115–120. [CrossRef]
27. Shim, M.; Hwang, H.J.; Kim, D.W.; Lee, S.H.; Im, C.H. Machine-learning-based diagnosis of schizophrenia using combined

sensor-level and source-level EEG features. Schizophr. Res. 2016, 176, 314–319. [CrossRef]
28. Chen, P.H.; Lien, C.W.; Wu, W.C.; Lee, L.S.; Shaw, J.S. Gait-Based Machine Learning for Classifying Patients with Different Types

of Mild Cognitive Impairment. J. Med. Syst. 2020, 44, 107. [CrossRef] [PubMed]
29. Zhang, S.; Li, X.; Zong, M.; Zhu, X.; Wang, R. Efficient kNN classification with different numbers of nearest neighbors. IEEE Trans.

Neural Netw. Learn. Syst. 2017, 29, 1774–1785. [CrossRef]
30. Murugan, A.; Nair, S.A.H.; Kumar, K.S. Detection of skin cancer using SVM, random forest and kNN classifiers. J. Med. Syst.

2019, 43, 269. [CrossRef] [PubMed]
31. de Mendonça Mesquita, E.; Rodrigues, F.B.; Rodrigues, A.P.; Lemes, T.S.; Andrade, A.O.; Vieira, M.F. Discrimination capability of

linear and nonlinear gait features in group classification. Med. Eng. Phys. 2021, 93, 59–71. [CrossRef]
32. Sharmila, A.; Geethanjali, P. Detection of Epileptic Seizure from Electroencephalogram Signals Based on Feature Ranking and

Best Feature Subset Using Mutual Information Estimation. J. Med. Imaging Health Inform. 2016, 6, 1850–1864. [CrossRef]
33. Das, B.K.; Dutta, H.S. GFNB: Gini index–based Fuzzy Naive Bayes and blast cell segmentation for leukemia detection using

multi-cell blood smear images. Med. Biol. Eng. Comput. 2020, 58, 2789–2803. [CrossRef] [PubMed]
34. Sabeti, M.; Katebi, S.; Boostani, R. Entropy and complexity measures for EEG signal classification of schizophrenic and control

participants. Artif. Intell. Med. 2009, 47, 263–274. [CrossRef]
35. Saravanakumar, S.; Thangaraj, P. A computer aided diagnosis system for identifying Alzheimer’s from MRI Scan using Improved

Adaboost. J. Med. Syst. 2019, 43, 76. [CrossRef] [PubMed]
36. Rivera-Lopez, R.; Canul-Reich, J. Construction of near-optimal axis-parallel decision trees using a differential-evolution-based

approach. IEEE Access 2018, 6, 5548–5563. [CrossRef]
37. Chen, T.; Guestrin, C. Xgboost: A scalable tree boosting system. In Proceedings of the 22nd ACM SIGKDD International

Conference on Knowledge Discovery and Data Mining, San Francisco, CA, USA, 13–17 August 2016; pp. 785–794.
38. Chang, W.; Liu, Y.; Wu, X.; Xiao, Y.; Zhou, S.; Cao, W. A New Hybrid XGBSVM Model: Application for Hypertensive Heart

Disease. IEEE Access 2019, 7, 175248–175258. [CrossRef]
39. Chen, W.; Fu, K.; Zuo, J.; Zheng, X.; Huang, T.; Ren, W. Radar emitter classification for large data set based on weighted-xgboost.

IET Radar Sonar Navig. 2017, 11, 1203–1207. [CrossRef]
40. Mateo, J.; Torres, A.; Soria, C.; Santos, J. A method for removing noise from continuous brain signal recordings. Comput. Electr.

Eng. 2013, 39, 1561–1570. [CrossRef]
41. Perrin, F.; Pernier, J.; Bertrand, O.; Echallier, J. Spherical splines for scalp potential and current density mapping. Electroencephalogr.

Clin. Neurophysiol. 1989, 72, 184–187. [CrossRef] [PubMed]
42. Chen, W.; Lei, X.; Chakrabortty, R.; Pal, S.C.; Sahana, M.; Janizadeh, S. Evaluation of different boosting ensemble machine learning

models and novel deep learning and boosting framework for head-cut gully erosion susceptibility. J. Environ. Manag. 2021,
284, 112015. [CrossRef] [PubMed]

43. Cherif, I.L.; Kortebi, A. On using eXtreme gradient boosting (XGBoost) machine learning algorithm for home network traffic
classification. In Proceedings of the 2019 Wireless Days (WD), Manchester, UK, 24–26 April 2019; pp. 1–6.

44. Yu, S.; Li, X.; Zhang, X.; Wang, H. The OCS-SVM: An objective-cost-sensitive SVM with sample-based misclassification cost
invariance. IEEE Access 2019, 7, 118931–118942. [CrossRef]

45. Balaji, E.; Brindha, D.; Elumalai, V.K.; Umesh, K. Data-driven gait analysis for diagnosis and severity rating of Parkinson’s disease.
Med. Eng. Phys. 2021, 91, 54–64.

46. Lee, J.S.; Yang, B.H.; Lee, J.H.; Choi, J.H.; Choi, I.G.; Kim, S.B. Detrended fluctuation analysis of resting EEG in depressed
outpatients and healthy controls. Clin. Neurophysiol. 2007, 118, 2489–2496. [CrossRef] [PubMed]

47. Ocak, H. Automatic detection of epileptic seizures in EEG using discrete wavelet transform and approximate entropy. Expert Syst.
Appl. 2009, 36, 2027–2036. [CrossRef]

48. Kannathal, N.; Acharya, U.R.; Lim, C.M.; Sadasivan, P. Characterization of EEG—A comparative study. Comput. Methods Programs
Biomed. 2005, 80, 17–23. [CrossRef]

https://doi.org/10.1016/j.medengphy.2021.06.008
https://www.ncbi.nlm.nih.gov/pubmed/34303504
https://doi.org/10.1007/s10439-018-02190-0
https://www.ncbi.nlm.nih.gov/pubmed/30599054
https://doi.org/10.1016/j.medengphy.2021.08.002
https://doi.org/10.1007/s10916-021-01761-4
https://doi.org/10.1109/TPAMI.2017.2785313
https://www.ncbi.nlm.nih.gov/pubmed/29990038
https://doi.org/10.1016/j.medengphy.2019.09.009
https://doi.org/10.1016/j.schres.2016.05.007
https://doi.org/10.1007/s10916-020-01578-7
https://www.ncbi.nlm.nih.gov/pubmed/32328889
https://doi.org/10.1109/TNNLS.2017.2673241
https://doi.org/10.1007/s10916-019-1400-8
https://www.ncbi.nlm.nih.gov/pubmed/31273532
https://doi.org/10.1016/j.medengphy.2021.05.017
https://doi.org/10.1166/jmihi.2016.1938
https://doi.org/10.1007/s11517-020-02249-y
https://www.ncbi.nlm.nih.gov/pubmed/32929660
https://doi.org/10.1016/j.artmed.2009.03.003
https://doi.org/10.1007/s10916-018-1147-7
https://www.ncbi.nlm.nih.gov/pubmed/30756191
https://doi.org/10.1109/ACCESS.2017.2788700
https://doi.org/10.1109/ACCESS.2019.2957367
https://doi.org/10.1049/iet-rsn.2016.0632
https://doi.org/10.1016/j.compeleceng.2012.11.006
https://doi.org/10.1016/0013-4694(89)90180-6
https://www.ncbi.nlm.nih.gov/pubmed/2464490
https://doi.org/10.1016/j.jenvman.2021.112015
https://www.ncbi.nlm.nih.gov/pubmed/33515838
https://doi.org/10.1109/ACCESS.2019.2933437
https://doi.org/10.1016/j.clinph.2007.08.001
https://www.ncbi.nlm.nih.gov/pubmed/17890151
https://doi.org/10.1016/j.eswa.2007.12.065
https://doi.org/10.1016/j.cmpb.2005.06.005


J. Clin. Med. 2023, 12, 4375 14 of 14

49. Harne, B.P. Higuchi fractal dimension analysis of EEG signal before and after OM chanting to observe overall effect on brain. Int.
J. Electr. Comput. Eng. 2014, 4, 585. [CrossRef]

50. Röschke, J.; Fell, J.; Beckmann, P. The calculation of the first positive Lyapunov exponent in sleep EEG data. Electroencephalogr.
Clin. Neurophysiol. 1993, 86, 348–352. [CrossRef] [PubMed]

51. Mahato, S.; Paul, S. Classification of depression patients and normal subjects based on electroencephalogram (EEG) signal using
alpha power and theta asymmetry. J. Med. Syst. 2020, 44, 28. [CrossRef] [PubMed]

52. Zhou, X.; Obuchowski, N.A.; McClish, D.K. Statistical Methods in Diagnostic Medicine, 2nd ed.; John Wiley and Sons: Hoboken, NJ,
USA, 2011.

53. Ahmad, M.; Ding, Y.; Qadri, S.F.; Yang, J. Convolutional-neural-network-based feature extraction for liver segmentation from CT
images. In Proceedings of the Eleventh International Conference on Digital Image Processing (ICDIP 2019), Guangzhou, China,
10–13 May 2019; Volume 11179, pp. 829–835.

54. Qadri, S.F.; Shen, L.; Ahmad, M.; Qadri, S.; Zareen, S.S.; Akbar, M.A. SVseg: Stacked Sparse Autoencoder-Based Patch
Classification Modeling for Vertebrae Segmentation. Mathematics 2022, 10, 796. [CrossRef]

55. Penn, D.L.; Roberts, D.L.; Combs, D.; Sterne, A. Best practices: The development of the social cognition and interaction training
program for schizophrenia spectrum disorders. Psychiatr. Serv. 2007, 58, 449–451. [CrossRef] [PubMed]

56. Ma, B.; Meng, F.; Yan, G.; Yan, H.; Chai, B.; Song, F. Diagnostic classification of cancers using extreme gradient boosting algorithm
and multi-omics data. Comput. Biol. Med. 2020, 121, 103761. [CrossRef] [PubMed]

57. Torlay, L.; Perrone Bertolotti, M.; Thomas, E.; Baciu, M. Machine learning XGBoost analysis of language networks to classify
patients with epilepsy. Brain Inform. 2017, 4, 159–169. [CrossRef]

58. Ogunleye, A.A.; Qing-Guo, W. XGBoost model for chronic kidney disease diagnosis. IEEE/ACM Trans. Comput. Biol. Bioinform.
2019, 17, 2131–2140. [CrossRef]

59. Shi, H.; Wang, H.; Huang, Y.; Zhao, L.; Qin, C.; Liu, C. A hierarchical method based on weighted extreme gradient boosting in
ECG heartbeat classification. Comput. Methods Programs Biomed. 2019, 171, 1–10. [CrossRef]

60. Zhong, J.; Sun, Y.; Peng, W.; Xie, M.; Yang, J.; Tang, X. XGBFEMF: An XGBoost-based framework for essential protein prediction.
IEEE Trans. Nanobiosci. 2018, 17, 243–250. [CrossRef] [PubMed]

61. Zhao, J.; Jin, Y.; Lin, X.; Wang, X. A novel submitochondrial localization predictor based on gradient boosting algorithm and
dataset balancing treatment. Int. J. Perform. Eng. 2020, 16, 1038–1045.

62. Baradits, M.; Bitter, I.; Czobor, P. Multivariate patterns of EEG microstate parameters and their role in the discrimination of
patients with schizophrenia from healthy controls. Psychiatry Res. 2020, 288, 112938. [CrossRef] [PubMed]

63. Johannesen, J.K.; Bi, J.; Jiang, R.; Kenney, J.G.; Chen, C.M.A. Machine learning identification of EEG features predicting working
memory performance in schizophrenia and healthy adults. Neuropsychiatr. Electrophysiol. 2016, 2, 3. [CrossRef]

64. Piryatinska, A.; Darkhovsky, B.; Kaplan, A. Binary classification of multichannel EEG records based on the e complexity of
continuous vector functions. Comput. Methods Programs Biomed. 2017, 152, 131–139. [CrossRef] [PubMed]

65. Racz, F.S.; Stylianou, O.; Mukli, P.; Eke, A. Multifractal and entropy-based analysis of delta band neural activity reveals altered
functional connectivity dynamics in schizophrenia. Front. Syst. Neurosci. 2020, 14, 49. [CrossRef] [PubMed]

66. Shoeibi, A.; Sadeghi, D.; Moridian, P.; Ghassemi, N.; Heras, J.; Alizadehsani, R.; Khadem, A.; Kong, Y.; Nahavandi, S.; Zhang,
Y.D.; et al. Automatic Diagnosis of Schizophrenia in EEG Signals Using CNN-LSTM Models. Front. Neuroinform. 2021, 15, 77977.
[CrossRef]

67. Sabeti, M.; Boostani, R.; Katebi, S.; Price, G. Selection of relevant features for EEG signal classification of schizophrenic patients.
Biomed. Signal Process. Control 2007, 2, 122–134. [CrossRef]

68. Siuly, S.; Khare, S.K.; Bajaj, V.; Wang, H.; Zhang, Y. A computerized method for automatic detection of schizophrenia using EEG
signals. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 2390–2400. [CrossRef]

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/10.11591/ijece.v4i4.5800
https://doi.org/10.1016/0013-4694(93)90048-Z
https://www.ncbi.nlm.nih.gov/pubmed/7685269
https://doi.org/10.1007/s10916-019-1486-z
https://www.ncbi.nlm.nih.gov/pubmed/31834531
https://doi.org/10.3390/math10050796
https://doi.org/10.1176/ps.2007.58.4.449
https://www.ncbi.nlm.nih.gov/pubmed/17412842
https://doi.org/10.1016/j.compbiomed.2020.103761
https://www.ncbi.nlm.nih.gov/pubmed/32339094
https://doi.org/10.1007/s40708-017-0065-7
https://doi.org/10.1109/TCBB.2019.2911071
https://doi.org/10.1016/j.cmpb.2019.02.005
https://doi.org/10.1109/TNB.2018.2842219
https://www.ncbi.nlm.nih.gov/pubmed/29993553
https://doi.org/10.1016/j.psychres.2020.112938
https://www.ncbi.nlm.nih.gov/pubmed/32315875
https://doi.org/10.1186/s40810-016-0017-0
https://doi.org/10.1016/j.cmpb.2017.09.001
https://www.ncbi.nlm.nih.gov/pubmed/29054253
https://doi.org/10.3389/fnsys.2020.00049
https://www.ncbi.nlm.nih.gov/pubmed/32792917
https://doi.org/10.3389/fninf.2021.777977
https://doi.org/10.1016/j.bspc.2007.03.003
https://doi.org/10.1109/TNSRE.2020.3022715

	Introduction 
	Material 
	Method 
	Feature Extraction 
	Performance Evaluation 

	Results 
	Discussion 
	Conclusions 
	References

