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Abstract: With the increase in biosensors and data collection devices in the healthcare industry,
artificial intelligence and machine learning have attracted much attention in recent years. In this study,
we offered a comprehensive review of the current trends and the state-of-the-art in mental health
analysis as well as the application of machine-learning techniques for analyzing multi-variate/ multi-
channel multi-modal biometric signals.This study reviewed the predominant mental-health-related
biosensors, including polysomnography (PSG), electroencephalogram (EEG), electro-oculogram
(EOG), electromyogram (EMG), and electrocardiogram (ECG). We also described the processes used
for data acquisition, data-cleaning, feature extraction, machine-learning modeling, and performance
evaluation. This review showed that support-vector-machine and deep-learning techniques have
been well studied, to date.After reviewing over 200 papers, we also discussed the current challenges
and opportunities in this field.

Keywords: system review; multi-channel multi-modal biometric signals; machine learning; mental
health

1. Introduction

It is a bitter pill to swallow: At least one-in-five adults suffers from at least one form
of mental health issue or disorder.These health conditions involve changes in emotions,
thinking, behavior, or a combination of these [1], such as attention-deficit/hyperactivity
disorder (ADHD), sleep apnea disorder, and depression [2-6]. Mental health issues affect
well-being, impairing relationships and cognitive activities and causing body responses
that may place individuals at risk.

A significant amount of research has leveraged the application of machine learning
(ML) techniques for extracting, detecting, and classifying mental health biomarkers in
sensor datasets [7-12]. These biosensor data are usually multi-channel, and even multi-
modal, time series [13]. In the medical field, two types of signals are commonly collected
for diagnosis, which includes bio-electric and non-bio-electric signals. These signals typ-
ically require expert evaluation to make a valid diagnosis [14]. With the assistance of
ML techniques, there is the potential to increase the efficiency of mental health diagnosis
and even the prognoses of mental disorders at an early stage, given the widely moni-
tored signals through wearable devices in recent years. Biological signals can be collected
through different modalities. For example, in this paper, we reviewed the application of ML
techniques for electroencephalograms (EEGs), which records signals from the brain [15];
electro-oculograms (EOGs), which record the movement signals of the eyes [16]; electromyo-
grams (EMGs), which record signals from muscle activities during sleep stages [17-19]; and
electrocardiograms (ECGs), which record signals from the heart via a heart-rate monitor.
Non-bio-electric signals include body temperature, respiration, and blood pressure. Despite
there being many biological signals for diagnosing mental diseases, this work concentrated
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on bio-electrical signals and ML techniques that have been used to promote the diagnosis
of mental health issues [20].

There are various biological signal types [21]: bio-electrical signals, bio-acoustic signals,
bio-mechanical signals, bio-chemical signals, and body temperature. Bio-electrical signals
occur in the body of cells, and they originate from the electric activities occurring in the
body. These signals have been used for diagnosing various diseases using ML techniques,
which is a subset of artificial intelligence (AI) methodologies. In this work, we reviewed
the trends and the state-of-the-art of these ML techniques for mental health diagnosis, and
we investigated the methods by which these signals are used to increase the efficiency of
diagnosing mental health diseases.These bio-electric signals are collected through electrodes
and specialty devices. In sleep medicine, large datasets have been generated with these
devices to assist in characterizing and quantifying sleep and sleep-related disorders [22].
Polysomnography (PSG) data [23] have been the most commonly used test for the diagnosis
of obstructive sleep apnea syndrome (OSAS) and other related ailments. PSG procedures
have been conducted primarily overnight in a sleep laboratory. To effectively diagnose
sleep disorders, PSG records have been used, collected, and scored by experts [24-27]. PSG
records are data extracted from brain-wave recordings, oxygen levels, heart rate monitors,
breathing rates, as well as leg and eye movements of patients.EEG, EOG, EMG, and ECG
signals as well as sleep videos have also been integrated into PSGs [17,23-25,28]. It has
been estimated by World Health Organization (WHO) that nearly one-third of the world
population suffers from sleep disorders [29]. PSG analysis has been defined as the gold
standard for detecting sleep disorders and other mental health diseases [30]. PSG records
are multi-signal channels. For sleep studies and scoring, an expert is often required to
manually examine PSG records. Therefore, the results are at risk of human error, and it is
time-consuming and expensive to carry out [31].

Collecting PSG data can be very expensive and uncomfortable for the patient; therefore,
it is vital to ensure an accurate diagnosis based on this test’s results [32-35].The traditional
PSG process requires the measuring of EEG, EOG, EMG, and ECG signals [28]. A significant
amount of research has employed deep-learning approaches to model the spatio-temporal
aspects of PSG data [24]. Later in this paper, we reviewed the advantages of ML in a study of
mental health diseases. Since 1970, there have been improvements in the automatic scoring
of PSG records, in accordance to Rechtschaffen and Kales (RK) sleep research [33,36] based
on the American Academy of Sleep Medicine (AASM) rules [37]. The visual interpretations
of the PSG signals of patients have been a widely accepted approach for analyzing sleep
stages and mental-health-related diseases [38]. In many countries, PSG technology and
experts in sleep study have been limited, however, so there is an urgent need to achieve
automated PSG data analysis with the help of Al techniques [39].

Sleep recordings require the measurement of brain activity (EEG), eye movement
(EOG), and muscle activity (EMG) to accurately identify specific sleep stages. EEGs have
been intensely researched by many scholars. EEG signals are classified by employing a
common spatial pattern (CSP) and differential entropy (DE) characteristics to the delta,
theta, alpha, beta, and gamma frequency bands [40,41]. The diagnosis of mental health
and sleep disorders can be tedious and requires significant time investment and expertise
to obtain a reliable and accurate diagnosis. In many cases, patients have been subjected
to prolonged interviews to improve the diagnostic accuracy of the health personnel or
expert [41]. With an EEG system, some limitations have been overcome, and the process of
feature extraction, classification, and prediction for the diagnosis of mental health diseases
based on PSG datasets could potentially be automated using ML techniques.

Among other signal types, EEGs have been a focus of much study for mental health
diagnosis by many researchers. However, there are significantly fewer articles on other
biological signals, such as EMG, EOG, and ECG. The study in [42] presented a compre-
hensive survey of ECG signals, and the authors concluded that a significant amount of
studies will be published on ECG in the near future. The study in [43] showed that HRV
analysis was a viable method for feature extraction from ECG signals. The researchers
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in [44] proposed and evaluated an automated analysis of single-lead ECG analyses using
human recognition patterns. EMGs have different statistical and spectral properties from the
other signals [25]. EMG signals have been used as a bio-signal for hand-and-wrist-gesture
recognition [45]. PSG data provide comprehensive information for sleep studies and sleep
disorder diagnosis.

It has been estimated that at least 2—4 percent of adults and 1-3 percent of children
suffer from sleep-related ailments [31]. There are many classifications that have been used
for determining sleep stages. The application of ML and Al has assisted scientists and
health professionals in recent times to improve the accuracy of sleep-stage classification
and mental health diseases [46]. Combrisson et al. [47] implemented several algorithms for
the automatic detection of sleep features and embedded them within a software platform,
which they referred to as “detection” panels.

PSG records have been broken into 30s epochs, which were then classified as dif-
ferent sleep stages by experts [48], based on the AASM and Rechtschaffen and Kales
sleep classification recommendations [29,48,49]. Sleep has been classified into periods of
rapid eye movement (REM) and non-rapid eye movement (NREM), including Stage W
(wakefulness), Stage N1 (NREM 1), Stage N2 (NREM 2), Stage N3/N4 (NREM 3), and
Stage R (REM) [22,24,25,32,50]. Many studies have identified EEG signals as a more effec-
tive bio-electric signal for sleep classification [51] and for the diagnosis of other mental
health diseases, such as depression and ADHD [35,52]. Figure 1 [29,38] shows a schematic
flowchart of sleep-stage classification with PSG signals from bio-electric signals, specifi-
cally EEG. We classified sleep as light sleep and deep sleep, and the wavelength shown in
Figure 1 is a typical wave pattern for EGG signals [53]. Each sleep stage can be distinguished
based on the wavelengths.

PSG
(Bio-electric signals)

Sleep Stage
Classification

v v

- | - 1|i
AN | My Wa] iy

Figure 1. Schematic diagram of the sleep stages according to EEG signals. The annotation was created

according to RK standards and AASM recommendations for classifying sleep stages.

In this work, we reviewed the application of ML techniques on multi-modal and
multi-channel PSG datasets. This work aimed to provide researchers with information
on the current trends related to the application of ML for bio-electrical signals.The rest of
this paper is structured as follows: First, a background section with a subsection details
the method of article selection. Secondly, a section illustrates the methods of applying
ML techniques on multi-modal and multi-channel PSG datasets. This section has multiple
subsections, including data acquisition, data preparation, feature extraction, balancing
datasets, ML techniques, and performance evaluation. Thirdly, a summary and discus-
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sion section is presented. Finally, this study is concluded, and some recommendations
are discussed.

2. Background and Prior Work
2.1. Literature Search Process

For this review, we carried out keyword searches on specific literature databases.
The keywords used for this literature search were based on the goal of this study. The
keywords used for this search were as follows: (“EEG” OR “ECG” OR “EOG” OR “EMG”
OR “PSG”) AND “Machine Learning” AND “Mental Health”. This search was carried out
on commonly used databases, such as Science Direct, IEEE Xplore, MDPI, and PubMed.
The search criteria used for obtaining literature for this work are summarized, as follows:

*  Publications had to be released in 2017 or later.

*  To deepen the understanding of the research questions, we also added 25 articles pub-
lished between the years 2000 and 2016. This range was selected based on references
from similar research.

*  Articles had to have at least one or more of the keywords.

*  Articles had to be published in recognized literature databases/websites.

¢ All selected papers had to be written in English.

¢ All papers were either studies, surveys, or reviews of the application of ML on PSG
data and the classification of mental health issues using ML.

Table 1 shows the digital-database advanced search strings used to collect articles
for this review. Using the following search criteria (“EEG” OR “ECG” OR “EOG” OR
“EMG” OR “PSG”) AND “Machine Learning” AND “Mental Health”, which consisted of
commonly used boolean operators [1,54], i.e., AND (must be included in the search) as well
as OR (may or may not be included in the search), 1074 article were identified, and they
were further screened for inclusion in this work.

Table 1. A summary of search criteria and results from the different digital databases.

Digital Database Search String Used Total Articles Collected

(“EEG” OR “ECG” OR “EOG”
OR “EMG” OR “PSG”) AND
“Machine Learning” AND
“Mental Health”

(“EEG” OR “ECG” OR “EOG”
OR “EMG” OR “PSG”) AND
“Machine Learning” AND
“Mental Health”

(“EEG” OR “ECG” OR “EOG”
OR “EMG” OR “PSG”) AND
“Machine Learning” AND
“Mental Health”

(“EEG” OR “ECG” OR “EOG”
OR “EMG” OR “PSG”) AND
“Machine Learning” AND
“Mental Health”

IEEE Xplore Access 41

Science Direct 944

MDPI 26

PubMed 76

Figure 2 shows The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) for article search and collections for our review. Using PRISMA 2020
statements and guidelines, a checklist was used to structure this systematic review and
avoid biases during article selection. PRISMA was designed in 2009 [55] to address poor
or weak reporting of systematic reviews, and it also assisted in structuring a review in
order to provide useful value for the readers of systematic reviews. This study was also
registered in INPLASY, which is an international platform of registered systematic review
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and meta-analysis protocols. Many existing review articles studied in this systematic review
also used the PRISMA statement and guidelines [32,54,56-60]. This work leveraged prior
research from different authors to perform a detailed review of the applications of ML on
multi-channel and multi-modal PSG data.

[ Identification of studies via databases and registers ]
' o
c H .
o Records identified from: Records_ removed before screening:
® . * Duplicate records removed
0 Databases (IEEE, Science (n =20)
= Direct, MDPI and PubMed
c _ * Records removed based on
=z (n=1087) aper title (n =34)
2 Records identified from pap
— other source not listed
above: (n =52)
A Records excluded manually
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(n =1085 ) « Does not meet our research goal
+ PDF might not easily accessible
=) * Quality of research work
=
@
Q
A \ 4 Records excluded:
Reports assessed for eligibility (n = 38)
(n = 256) » - After abstract screening
«  After skimming through paper
main methodology
—
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Figure 2. PRISMA Analysis of articles searched: Flow diagram for study collection and reviews,
which included searching databases .

In this work, we included 218 papers that met our criteria and were related to our
research questions in terms of material presentation, methods, and results, as shown in
the PRISMA flow diagram in Figure 2. Records were screened and reviewed against the
quality of work conducted in the studies and its relevance to our research goal.

2.2. Word-Cloud Ouverview

Word clouds and bar graphs were created based on the titles and abstracts of all
the articles reviewed [61]. Figure 3 shows a word cloud and bar graph of all the titles
of the articles reviewed for this work. The most frequent words, as shown by the word
cloud, were learning, EEG, sleep, machine, detection, and anomaly, among others, and
Figure 4 shows a word cloud and the 30 most frequent words used in the abstracts from
all the articles reviewed in this paper. The most frequent words used in the abstracts were
similar to those used in the full-text articles, but with more weight on words such as data,
model, and so on.This showed that the collected articles aligned with the main goal of this
study. Furthermore, most of the sleep studies were related to the use of EEG signals and
considered the problem as a time-series anomaly detection problem.
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Figure 3. Word cloud and bar graph of the titles of the articles used in this review.
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Figure 4. Word cloud and bar graph of all the abstracts of the articles used in this review.

2.3. Literature Distribution by Publication Year

Figure 5 is a summary of the number of articles reviewed in this paper, grouped by
publication year, with 55 and 43 articles published in 2022 and 2021, respectively. We
focused on recent research that had been carried out by researchers in this field.

Total Number of Publication Per Year

60

50

Number
w
o

20
) II I
.mm_ N

2013 2014 2015 2016 2017 2018 2019 2020 2021

Year

2022 2023

Figure 5. Reviewed paper distribution by year of publication.
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2.4. Methods

In this section, Figure 6 shows a process flow of deploying ML on PSG datasets. We
considered the details of each individual block, as shown in Figure 6. Each block shows
how the PSG data were prepared [62], extracted, processed, and classified for disease
diagnosis, step by step. A similar approach was also used by Sekkal et al. [63].

Data Preparation Feature Extraction ML Modeling Validation

EEG

Raw PSG Data

SVM Cross-validation

"V/ Accuracy

ACC\I(ZC)’ (A“) = (TP+FP+FN+TN)

Acquisii
“c.quyls‘/lmlon RNN-CNN Sensitivity
el SR et | >
' fi ; AR Sensivity (50 = e B
ALY CripEas
| E— NP F1 -Score

Preprocessing AAR MLP P Saane() = s
Data Filter = - LSTM Precision
Imbalance 7 o Transformer Preciion () =

(a (b) (c) (d)

Figure 6. Overview of the process flow or steps of data preparation, feature extraction, ML model-
ing, and classification. Note the nomenclature section for abbreviations in the above process flow
image. (a) Data Preparation [64]. (b) Feature Extraction [65]. (c) Machine-Learning Modeling [66].
(d) Validation.

2.4.1. Data Preparation

The methodologies of processing PSG signal-processing have been divided into four
stages [67]: data acquisition, pre-processing, feature extraction, and classification. PSG
data have become the most prevalent records used for studies that apply ML for mental
health diagnosis and classification, and there were many open-access datasets that had
been generated by previous research. In this review, we summarized some of the available
datasets and the papers they used. We identified three predominant resources that provided
open access to PSG data.

1.  An official website (https://sleepdata.org/; accessed on 21 February 2023) managed
by The National Sleep Research Resource, provides open access for researchers and
those interested in sleep studies, with large collections of physiological signals and
clinical data elements. These datasets were collected from structured research cohorts
and clinical trials. The Nationwide Children’s Hospital (NCH) Sleep Data Bank
consisted of three folders: Sleep Data, Health Data, and the Sleep Data with annotated
PSG data recordings [68].

2. The Montreal Archive of Sleep Studies (MASS) (http://ceams-carsm.ca/en/MASS/;
accessed on 21 February 2023) is an open-access and collaborative database of laboratory-
based PSG recordings. It also comprised a cohort of subsets [25,69].

3. PhysioNet (https://physionet.org/; accessed on 21 February 2023) is an open-access
physiologic-signal data source that is managed by members of the MIT Laboratory for
Computational Physiology [68,70,71].

Table 2 summarizes the commonly used open-access PSG datasets. Khosla et al. and
Engemann et al. [72-74] have more detailed lists of PSG/EEG datasets.
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Table 2. A summary of open-access PSG datasets. We presented basic information used by previous

research in this field of study.

Dataset Description Source
Sampling frequency = 173.61 Hz; No. of persons =5
Epileptic seizure developed by University of (healthy) + 5 (Unhealthy); Total duration of [75]
Bonn, Germany a segment = 23.6 s .; No. of trails/channels in a
class = 100; Data size in this study =200 x 4097
Sampling frequency = 250 Hz; No. of persons = 14
Schizophrenia EEG dataset collected by the Institute of  (healthy) + 14 (Unhealthy); Epoch size = 60 s x 250 Hz [75]
Psychiatry and Neurology in Warsaw, Poland =15,000; Data size in this study = [19 x (14 + 14)] x
15,000 = 532 x 15,000
Sampling frequency = 100 Hz; No. of persons = §;
Sleep-EDF (S-EDF) (Scored by 1 sleep expert) Epoch length = 30 5; Data size = 15,139 [29,38,76]
Sleep-EDF (Expanded) (SE-EDF) (Scored by 1 sleep Sampling frequency = 100Hz; No. of persons = 20 [29,38,76]
expert) Epoch length = 30 s; Data size =40,100 T
. Sampling frequency = 128 Hz; No. of persons= 45
Laboratory for Neurophysiology and NeuroCor.nput.er (schizophrenic) + 39 (Normal); Data size = 16 x 7680; [77]
Interfaces of M. V. Lomonosov Moscow State University A .
Matrix with 1344 instances
The Epilepsy Ecosystem dataset Sampling frequency = 400 Hz; No. of persons = 3 [78]
The CHB-MIT dataset Sampling frequency = 256 Hz; No. of persons = 23 [78]
The BCI competition-II Dataset-III Sampling frequency = 128 Hz [79,80]
Sampling frequency for ECG = 125 Hz in SHHS1 while
Test Set of SHHS1 Test Set of SHHS2 ECG for SHHS2 = 250 Hz; No. of persons= 5793 for [24,81,82]
SHHS1 and 2651 for SHHS2
MESA by National Sleep Research Resource Sampling frequency =256 Hz for ECG; No. of [81,83]
persons = 2056
The SLPDB database Sampling frequency = 250 Hz; No. of persons = 16 [81]
} Sampling frequency = 128 Hz; No. of persons = 57 men
Apnea-ECG dataset + 13 women); Epoch length = 60 s; Segments = 17,045 [82,84]
. Sampling frequency = 250 Hz; No. of persons = 16;
The MIT-BIH polysomnography dataset Epoch length = 30 5 [85]
The Massachusetts General Hospital (MGH Dataset) . _ . B
Sleep Laboratory Sampling frequency = 200 Hz; Epoch length = 30 s [24]
Sampling frequency = 128 Hz for EEG and 256 Hz for
DREAMER dataset ECG No, of persons = 23 [76,82,86,87]
Haaglanden Medisch Centrum Sleep Center Sampling frequency = 256 Hz; No. of persons = 85 male [82]
Database (HMC) + 66 female
Sampling frequency = 200 Hz; No. of
Sleep Telemetry Study (Telemetry) persons = 22 subjects (male and female) [82]
: Sampling frequency = 100 Hz; No. of
ISRUC-SLEEP dataset (ISRUC) persons = 100 subjects (55 male and 45 female) [82]
National Institute of Mental Health of the Czech .
Republic (NIMH-CZ). Sampling frequency = 250 Hz; No. of persons = 18 [23]
3 . Sampling frequency = 16,000 Hz; No. of
DAIC-WOZ depression dataset persons = 189 Subjects (54 % male and 46 % female ) 1
. . Sampling frequency = 256 Hz; No. of
Montreal Archive of Sleep Studies (MASS) persons = 97 male + 103 female [69,88]
Department of Epileptology at Bonn University Sampling frequency =256 Hz; No. of [89]

persons = 23 subjects
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2.4.2. Data Acquisition

For a typical sleep study, at least a one-night PSG test was required per subject for data
collection [37,90-92]. With the assistance of expert interviews, the data were determined.
All raw PSG datasets were stored in the European data format (EDF). Devices/sensors
were always attached to the body of the subject overnight to collect data [41,42,93]. The
key characteristics of a good dataset were the following: It had an appropriate sampling
frequency in Hz with multiple channels and a reference electrode. The source of the
dataset was also necessary to ensure researchers could reference the datasets in their works.
The collected datasets had to be large in size and heterogeneous in nature. Most EGG
dataset used 19 or 16 channels [67,94], i.e., (F3, F4, T3, T4, C3, C4, P3, P4, FZ, CZ, PZ, Fp1,
Fp2, F7, F8, T5, T6), and (O1, O2) [67,74]. Notations including F, T, C, P, and O denoted
frontal, temporal, central, parietal, and occipital, respectively, which were used to identify
the brain lobes and placements of the electrodes on the scalp surface [14,21,54]. Figure 7
shows the various locations of electrode placement for electroencephalogram (EEG) data
collection using a 10-20 scalp electrode system [14,95] for capturing EEG signals. The scalp
electrodes were used to record brain activities via EEG signals. This was recorded by an
electroencephalograph. In clinical practice, a standard ECG signal was obtained using 10
electrodes (4 limb and 6 thorax electrodes) [21,96]. All these bio-signals included noise
that originated from the patient’s body and the environment. Moreover, noise caused
distortions in the time and frequency of the signals. A filtering process is typically required
to eliminate these noises, which is known as pre-processing [97]. Most existing sleep studies
considered EEG signals the predominant PSG signals for the diagnosis. These are brain
wave signals collected at a sampling frequency.

Yertex

Figure 7. EEG electrode placement locations [96].

2.4.3. Pre-Processing of Signals

For feature extraction, all acquired signal needed to be pre-processed by setting up
a frequency threshold. It is common practice to set the EEG signal at 100 (pv) . Signals
above this threshold are then considered to be noise [95,98]. Figure 8 shows the step for pre-
processing to eliminate various noises from EEG signals. There are many techniques used
for pre-processing. For instance, the ResNet-50 model [99] was adapted to automatically
extract EEG features and reduce the manual steps required for pre-processing data.
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U -
Figure 8. Flowchart of EEG signal pre-processing.

Categorizing EEG waveform is typically according to five frequency bands namely,
Delta (6), Theta (6), Alpha («), Beta (B), and Gamma (7y) [34,74,79,95,100-105]. These
bands include informative detail frequency for signal classification based on the waveform,
such as sleep stage disorder classification [28,31]. Table 3 shows the various frequency and
amplitude as recommended by the American Academy of Sleep Medicine (AASM).

Table 3. EEG waveform frequency band.

Bands Frequency (Hz) Amplitude (uv) Activities
Delta (6) 0-4.5 20-100 Deep sleep
Theta (6) 4-8 10 Light sleep
Alpha («) 8-13 2-100 Calm or relaxed

Beta (f) 15-22 5-10 Alert
Gamma (7y) >30 - Hyperactive

2.5. Feature Extraction

After filtering and signal pre-processing, informative features needed to be
extracted [43,80,106,107]. This was one of the critical steps for the application of ML
models for bio-electric signals, and the appropriate design of this step has improved model
performance [108,109]. Different ML models have been used for PSG data analysis [28,31].
Most used for PSG datasets required robust feature extraction that was sufficiently corre-
lated. These features have been extracted based on uni-variate (measures taken on each
channel separately), multi-variate (measures taken on two or more channels) [110], and
multi-modal (measures taken from multiple modalities, such as EEG, ECG, EMG, and
EOG) approaches.There are four predominant features commonly extracted from PSG
data: (1) time-domain, (2) frequency-domain scale, (3) time—frequency domain, and (4)
non-linear [39,111-113]. EEG has typically been analyzed for the frequency domain, while
EOG and EMG have been analyzed for the time domain [36]. Power spectrum density
(PSD) has been a common approach for feature extraction from EEG signals [114-117]. The
most popular method of estimating PSD was based on the measure of the signal’s power
from the device against the device’s time—frequency [34,47,71,118]. PSD was calculated
using Welch and Fourier transformations [114,119-123]. Other widely researched feature
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extraction methods for PSG signals have included continuous wavelet transform (CWT)
coefficients, autoregressive (AR) coefficients [124,125], and Hjorth parameters [126]. Zhang
et al. [112,127] and Galvao et al. [87] discussed additional feature extraction methods.
Table 4 shows a summary of feature extraction methods for PSG data.

Table 4. A summary of feature extraction methods for PSG data.

Feature Extraction Techniques Signal Type Reference
Adaptive auto-regressive (AAR) EEG-Motor-Imagery [79]
Adaptive auto-regressive

Fuzzy discernibility matrix (first adaptation) EEG-Motor-Imagery [124]
Random asynchronous particle swarm optimization Eye Movement EEG [128]
Least angle regression + the direct leave-one-out error

estimation by the PRESS statistic Motor-Imagery [129]
Principal component analysis + decision-tree-based feature

ranking (C4.5) Motor-Imagery [129-131]
Wavellet paC.k et decomposition + z.ipprox1mat1on N n’FroPy N Motor-Imagery, Emotional Recognition [132,133]
one-dimensional real-valued particle-swarm optimization

Common spatial model (CSP) Motor-Imagery [134]
Dlscr(?te wa\{elet decomposition (DWT) in five frequency bands, Motor-Imagery, Emotional Recognition [21,76,135]
combined with wavelet entropy

Differential entropy (DE) Motor-Imagery [136]

2.6. Balancing Datasets

It has been established that PSG data in their raw state are not balanced, as a normal
sleep pattern contains more non-REM sleep than REM sleep, as well as more light sleep than
deep sleep [137]. The imbalance makes it difficult for an ML model to be trained effectively.
Zhou et al. [138] studied different dataset-balancing approaches. Efe et al. [139] proposed a
hybrid neural network architecture using focal-loss and discrete-cosine-transform methods
to solve the training data imbalance. Utomo et al. [133] proposed a model based on ECG
signal to address imbalanced learning challenges. Over-sampling and under-sampling
have been two common strategies, but each has critical weaknesses. For instance, the
straightforward and simple way to handle class imbalance has been to increase the minority
class, i.e., over-sampling, but this approach disrupts the data architecture [140].

2.7. Machine-Learning Modeling

ML leverages the framework of mathematical modeling to classify, predict trends,
and detect anomalies in specified time series [4,30,141,142]. In healthcare, ML has been
used for the feature extraction and classification of disease in many studies [57,143,144].
There have been a plethora of ML approaches used for PSG data classification and per-
formance improvement. The growth of research concerning Al and ML approaches as
well as for the analysis of PSG datasets has shown an upward trend [145,146]. When
applying ML techniques to any dataset, statistical and machine-learning models have
been the two most common models applied [66,147], and this has been further bro-
ken down into sub-categories, including supervised, semi-supervised, and unsupervised
learning [8,59,148,149]. PSG signals have been treated as multi-variate, multi-modal time
series [150]. Lu et al. [7,40] concluded that deep learning was the most-used ML approach
for feature extraction. A significant amount of research and other literature has explored
both statistical and deep-learning approaches on PSG datasets [151], in which support
vector machine was also widely studied in shallow ML approaches and CNNs for deep
learning. Sarkar et al. [152] studied the suitability of recurrent neural networks (RNN)
with long short-term memory (LSTM), support-vector-machine (SVM) [151,153,154], and



Biomedinformatics 2023, 3

204

logistic-regression (LR) models [155,156] to monitor depressive symptoms via EGGand
found that under supervised learning, SVM and LR outperformed the others. In recent
years, different ML models [40,46] have been used to classify and diagnose mental health,
imagery, emotions, behaviors, etc. With the recent increase in the use of ML in the health-
care domain, some of these models have been intensely studied, while others have not
been sufficiently explored. Thamaraimanalan et al. [157] proposed a radial basis function
network (RBEN), which is a variation of artificial neural network (ANN) models. The main
aim of the RBFN model was to solve problems faster and more accurately. The authors
of [158] studied explainable artificial intelligence (XAI), which assisted the final users in
obtaining a reasonable explanation as to underlying fundamentals of the Al model.There
have been a plethora of models proposed in various studies. Below are some of the popular
models noted in the literature selected for this review.

K-Nearest Neighbor (KNN): KNN has been shown to provide high accuracy for
EEG-based emotion classifications [44,86,159,160]. It is a supervised learning method that
was first developed in 1951. KNN has commonly been used for both classification and
regression [161]. KNN is considered to be one of the simplest ML models. It promotes
the concept of the “majority carries the day”. An object is classified based on the plurality
vote of its neighbors [44]. There is a decrease in the classification speed as the number of
variables increases. KNN algorithms are peculiar because of their sensitivity to the actual
data structure.

Support Vector Machine (SVM): SVM is a kernel-based learning method, a supervised
ML algorithm, which has also been commonly adopted for regression problems [154,159,162].
It has been widely studied and used for the classification of PSG datasets [161,163-165].
In many studies, SVM has resulted in a higher accuracy score than its unsupervised
counterparts [161]. Similar to KNN, it is efficient in analyzing data for classification and
regression. In contrast to KNN, however, SVM is a fast and reliable algorithm, and it also
performs well with a limited amount of samples for analysis.

Logistic Regression (LR): LR uses a logistic function on the dependent variable [166].
Subani et al. [165] used LR to model the relationship between a reduced set of features and
the corresponding treatment outcomes based on captured datasets that had been processed
and feature-extracted [163-165] . For feature interpretation, LR model coefficients have been
noted as indicators. Unknown records are easily classified, and it is easy to implement and
interpret. When the datasets were linearly structured, LR was very effective [166], because
LR assumes linearity among independent variables [166].

Extreme Learning Machine (ELM): ELM uses a single layer of feedforward neuron
networks (SLFN) and chooses the input weights randomly [43,125,133,134,167,168]. ELM is
a simplified form of an artificial neural network (ANN). ELM was invented in 2006. It differs
from the other neural network model as it does not need gradient-based backpropagation
to be trained. It is not as accurate as other neural network models. Kadam et al. [125]
studied a different type of ELM, called hierarchical ELM, which extended the basic ELM to
multiple layers. Hierarchical ELM was implemented as a supervised learning method.

Multi-Layer Perceptron (MLP): MLP is classified as a feedforward ANN [152,169,170]
that has input, output, and hidden layers in its architecture [137]. It is credited as the
algorithm that forms the base of a complex neural network. MLP classifies data that are not
linearly separable. For difficult or complex datasets, MLP can be customized with a robust
architecture to solve regression and classification tasks. In many applications, MLP has
been shown to be sensitive to feature-scaling due to the option of its activation functions.

Long Short-Term Memory (LSTM): LSTM has been considered by many researchers
as an effective and scalable model for several learning problems related to time-series
data [7,8,13,35,82,105,119,169,171-174]. Using LSTM on PSG data has also resulted in
much success. LSTM has been firmly established as a state-of-the-art approach in sequence
modeling [175,176]. In addition, LSTM has been credited with advanced results in sequence-
processing tasks [131,142,177-183]. The study in [175] presented a more robust model called
a transformer, which was the first sequence-transduction model entirely based on attention
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and replaced recurrent layers [175,176,184].To the best of our knowledge, there have been
few studies that have applied this model on a PSG dataset [185].

Convolutional Neural Network (CNN): A CNN is typically composed of two types
of layers, where the convolutional layer is followed by a max-pooling layer [169,186-188].
CNNs are more commonly used for image recognition and feature extraction. Using a CNN
alone has produced relatively low forecasting accuracy for time-series data; therefore, a
CNN-LSTM hybrid model has been widely studied on PSG datasets [7,66,142,169,189-196].
For EEG-based analysis, it provided high accuracy and contained a non-linear domain due
to its random and chaotic properties [192,194].

Spiking Neural Network (SNN): SNN is often referred to as the third generation of
ANN [197]. It is a relatively rare approach used to model spatio-temporal brain data (STBD),
and EEG is a well-known non-invasive type of STBD [198]. It has the ability to learn from
changes in temporal data. SNN was inspired by information processing in biology [199].
Despite the increase in the research using SNN, SNN performance has been reported as
relatively low, as compared to other ML counterparts [199]. This limitation was found
in major benchmark datasets. However, because of SNN’s ability to measure biological
spikes without further transformation issues, it has attracted the interest of Al researchers.
The training time of SNN has been an impediment, due to the fact that SNN uses a more
complex method, as compared to other CNN approaches [199].

Table 5 provides a summary of the studies using machine learning for the classification
and prediction of PSG data.

Table 5. A summary of machine learning-based studies for classification and prediction of PSG data.

Model Application Data Used Accuracy  Year Ref.
EEG abnormalities of micro-states in Privately sourced dataset from a o
LR temporal lobe epilepsy (TLE) tertiary institute 66.70% 2018 [156]
Mental depression from EEG dataset emotlons.csvi available on the 96.60% 2022 [152]
Kaggle website
Emotion Recognition DREAMER (discrete emotion recognition)  94.49% 2021 [86]
KNN EGG, (stress and emotion classification 97.00% 2022 [200]
Obstructive sleep apnea (OSA), ECG and . o
SPO2 signals PhysioNet Sleep Apnea Database 95.08% 2017 [71]
SVM EEG image data and emotion classification =~ SEED dataset 56.00% 2022 [99]
Obstructive sleep apnea (OSA), ECG and . o
SPO2 signals PhysioNet Sleep Apnea Database 96.64% 2017 [71]
EEG sleep quality Sleep-EDF Database 91.40% 2019 [28]
Imaging and EEG data for ADHD ADHD-200 dataset 97.60% 2022 [151]
Human recognition EEG EMOTIV INSIGHT dataset 94.44% 2016 [201]
mental stress detection using EEG signal mental arithmetic tasks database 97.26% 2022 [56]
EEG-dimensionality reduction Dataset III of BCI competition II 81.40% 2017 [124]
motor imagery EEG signal The BCI competition-II Dataset-III 78.57% 2019 [79]
Identlf}catlon of chronic alcohol users from NIMHANS- ECG dataset 87.50% 2017 [43]
ECG signals
Sleep quality measurement Sleep-EDF Database 93.50% 2019 [28]
Mental depression from EEG dataset emOtlonS'CSV. available on the 95.89% 2022 [152]
Kaggle website
Detection of schizophrenia from EEG data EEG dataset from NNCIM. V. Lomonosov 53.50% 2022 [77]

Moscow State University
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Table 5. Cont.
Model Application Data Used Accuracy  Year Ref.
ResNet-50  EEG image data and emotion classification =~ SEED Dataset 85.11% 2022 [99]
CNN gﬁgjﬁgﬁ;ﬁge using multi-scale Sleep-EDF Database 96.70% 2022 [29]
Mental depression from EEG dataset emotlons.csv. available on the 49.82% 2022 [152]
Kaggle website
Automatic sleep scoring ?ﬁ;largkaGG dataset was used for 74.17% 2021 [82]
Emotion recognition DREAMER (discrete emotion recognition)  99.90% 2021 [86]
ELM fﬁdggtigi:g“ of chronic alcohol users from  \jjy 114 ANs- ECG Dataset 94.64% 2017 [43]
MLP Mental depression from EEG dataset emOtlonS'CSV. available on the 76.43% 2022 [152]
Kaggle website
RNN Mental depression from EEG dataset emotlons.csv. available on the 93.90% 2022 [152]
Kaggle website
RNN with . emotions.csv available on the o
LSTM Mental depression from EEG dataset Kaggle website 97.65% 2022 [152]
Detection of schizophrenia from EEG Data EEG dataset from N NC.I M. V. Lomonosov 98.00% 2022 [77]
Moscow State University
Insomnia detection MASS Dataset- EEG, EOG, EMG, ECG, 7 50, 2021 [88]
and respiratory signals
Depression using EEG BCI project for EEG signal and frontal 99.66% 2021 [202]
facial data
CNN- . . Multiple EGG dataset was used for o
LSTM Automatic sleep scoring this work 80.17% 2021 [82]
Sleep apnea Apnea-ECG dataset 97.21% 2022 [84]

2.8. Performance Evaluation

In this section, we discuss model performance measures, which quantified the ef-
fectiveness of a model for classifying or predicting new cases or disease conditions after
being trained, validated, and tested using the available dataset. The results are described
based on different aspects of performance [193,195,203,204]. Most of the papers in this re-
view measured accuracy, precision, sensitivity (recall), specificity, F1-scores, and confusion
matrices [13,54,97,205-210].

1.

Sensitivity: It is also known as recall. This measures the ratio of the number of samples
correctly predicted to the total samples in the class. Sensitivity can be calculated based
on true positive (TP) and false negative (FN) parameters [31,208,211]. Equation (1)
shows a mathematical representation of the sensitivity computation.

_ True Positive
~ True Positive + False Negative

M

Sensitivity (Sy)

Accuracy: This is the fraction of samples that were correctly classified. Accuracy can
be expressed as the ratio of the summation of true-positive (TP) and true-negative (TN)
parameters to the total sample size, which includes true positive (TP), false positive
(FP), false negative (FN), and true negative (TN) [31,137,208,211]. Equation (2) shows
a mathematical representation of accuracy.

_ True Positive + True Negative
~ True Positive + False Positive + True Negative + False Negative

@

Accuracy(Ac)
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3. Precision: It is the ratio of the samples correctly predicted to the total predicted
positive samples. Equation (3) shows a mathematical representation of the precision
computation.

True Positive

Precision(Ps;) = 3
rec151on( s) True Positive + False Positive ®)

4. Specificity: It measures how many healthy (negative) samples were identified as
healthy (negative) samples by a model. Equation (4) shows a mathematical represen-
tation of the specificity computation.

o True Negative
S ficity(S,) = :
pecifici Y( e) True Negative + False Positive @

5. Fl-score: It is a function of precision and sensitivity (recall). It is represented as
the harmonic mean of sensitivity and precision. Equation (5) shows a mathematical
representation of Fl-score computation. Fl-scores range from 0 to 1, with 1 being
a perfect precision sensitivity (recall) and 0 being the lowest precision sensitivity.
Equation (5) shows a mathematical representation of the F1-score computation.

2PsSy

Fl-SCOfe(Fl) = W
S X

®)

The above are the most commonly used performance evaluation metrics for classifi-
cation problems. Using accuracy alone to determine the performance of a classification
model could be misleading. Calculating a confusion matrix provides a more accurate

benchmark for evaluating the performance of classification models, particularly regarding
their accuracy and suitability [54,107,204,212-214].

3. Summary and Discussion

The study of ML methodologies for measuring biomedical signals has, in recent years,
attracted increased attention. In this work, the reviewed literature provided an overview
of the application of ML approaches on PSG datasets.In this section, we summarize the
advantages, the limitations, and the current research gaps concerning these models. We
provide detailed steps for applying ML methods to multi-channel and multi-modal PSG
data. Using ML methods for feature extraction, prediction, diagnosis, and disease classifi-
cation has reduced the dependence of clinical professionals on the manual processing of
PSG datasets.

ML facilitates a more robust and deeper understanding of PSG dataset processing. The
benefits of ML for mental health diagnosis and classification have been confirmed.However,
we reviewed the literature to identify the key steps for applying ML to PSG datasets,
as well as the limitations and benefits.We discuss data-capturing, the types of datasets,
data-processing, feature extraction, model classification, and performance evaluation.

3.1. Challenges of Using ML on Multi-Channel and Multi-Modal PSG Datasets

Data-capturing: Biomedical signals are often recorded using multiple electrodes. This
leads to an increase in the dimension of recorded signals, which makes the analysis of
multi-channel PSG datasets challenging. Typically, these multi-channel EEG signals are
converted to single-channel signals for ease of analysis.

Recently, an increase in available PSG datasets have made ML research possible.
Research conducted by Guillot et al. utilized eight different datasets [185]. In most of the
articles reviewed in this work, many open-access datasets were used. The correct type of
data increased the accuracy of the results. The limitations of certain datasets concern the
issues of imbalance and noise. For satisfactory ML development, datasets must be cleaned
to remove noise, as well as prepared, before applying a classification model.
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Data-formatting: Biomedical signals are stored using different data formats, such as
the European data format (EDF), the general data format (GDF), and BrainVision (VHDR,
VMRK, EEG). Itis standard practice to store PSG data in an EDF or EDF+ format, as these are
simple and flexible formats for the exchange and storage of multi-channel biological, multi-
modal, and physical signals [215,216]. However, the inconsistencies in data-formatting
create barriers for the widespread use of a dataset in the ML research community.For
example, in contrast to comma-separated-values (CSV) files that are commonly used for
data storage, EDF and EDF+ are not as accommodating as CSV files and require a special
tool to read and pre-process.

Data imbalance: PSG datasets must be processed and balanced for satisfactory clas-
sification performance. Due to the nature of these datasets, balancing all the channels in
a multi-channel dataset is always a challenge. In many cases, there is a dominant class.
We found a significant amount of literature that detailed the process of balancing a PSG
dataset. Furthermore, there are issues with multi-modal datasets that have been included
in PSG datasets, as these then have to be treated as a different modality. This also increases
the complexity of balancing a PSG dataset.

Extracting features: In this study, we showed the most commonly used methods for
feature extraction. However, different feature extraction methods can work according to
different data properties. Extensive tests are usually required. PSG datasets often contain a
significant amount of noise, making feature extraction difficult.

Classification model: Such as found in prediction models, there are training, valida-
tion, and testing datasets. Dividing PSG datasets into training, validation, and testing data
poses a challenge because of insufficient labeling, large dataset sizes, and large time stamps.
The presence of additional modalities in PSG datasets also poses a challenge for effective
data fusion.

Performance evaluation: We found in this work that the most used performance
evaluations for ML applications were sensitivity (recall), specificity, F1-score, and accuracy.
Most of the literature in this review had calculated the model accuracy as a way of deter-
mining model performance, but only calculating accuracy was not an effective evaluation
of the robustness of a model. It remained challenging to interpret information presented in
PSG datasets without the assistance of experts to determine the actual performance of a
classification model.In practice, sex and race were considered protected attributes. This
increased concerns regarding the security of subjects’ or patients’ private information since
the actual patient’s personal information was required for data-capturing. The measure of
fairness for PSG datasets has also been challenging [217]. Fairness measures used for ML
have been reported as not universally suitable [217].

3.2. Research Gaps

It was clear that ML offered significant benefits for diagnosis and classification of
mental health issues when used correctly. We showed that when implementing ML for
multi-variate multi-modal PSG datasets, a solid understanding of the steps and techniques
was required.There are many techniques and methods that are highly dependent on the
type of dataset. One major gap in the research was that the gold standard methods and
techniques have yet to be clearly defined.

Data-capturing: As compared to other data-capturing procedure for ML application,
sleep studies required an overnight period for data-capturing. Many patients reported this
as "too long". In all the articles reviewed in this work, there was little effort to reduce this
time. Furthermore, to the best of our knowledge, there has been limited research conducted
concerning the reduction in the number of electrodes or sensors used to capture these
datasets. Using a high number electrodes has been reported as uncomfortable by some
patients [218,219].
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Data-formatting: Increasing the accessibility of bio-electric datasets has been limited
by using only EDF and EDF+ file extensions.Among the 204 articles selected for this review,
none either proposed or developed a more widely accessible format.

Feature extraction: Establishing gold-standard feature-extraction techniques could
improve their scalability and ease of use.

Classification modeling: Many existing studies have been based on typical ML mod-
els. There have been some proven classification models with robust performance on PSG
datasets. SVM appeared to be a common model that many have used effectively on PSG
datasets. There were many studies that used deep-learning methods. There were a few that
used self-attention models on PSG datasets. More advanced models should be considered,
such as transfer learning, explainable machine learning, and robust learning.

4. Conclusions and Future Work

This study reviewed over 200 articles and their contributions towards the application
of ML techniques for the diagnosis of mental health issues. According to the literature
related to sleep studies and other mental health disorders, ML approaches have improved
diagnostic accuracy, as compared to traditional manual processes, and this trend is likely to
continue.More and more researchers are leveraging ML and Al tools to improve various
aspects of the healthcare environment. There is still more research needed to advance the
reliability and efficiency of these techniques. In this study, we focused on providing the
detailed steps involved when applying ML to PSG datasets.

Based on the literature reviewed in this work and on the basis of our own knowledge,
more research should be conducted regarding the application of attention-based models.
We plan on creating a benchmark for the implementation of ML techniques on PSG datasets.
Currently, there have been various techniques proposed, with most indicating robust
performance enhancements. We plan on researching methods to assist researchers in the
selection of the best classification models and feature extraction techniques.
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Nomenclatures

The following terms were used in this manuscript:

AASM  American Academy of Sleep Medicine
ADHD  Attention-Deficit Hyperactivity Disorder
Al Artificial Intelligence

ANN Artificial Neural Network

CNN Convolutional Neural Networks

ECG Electrocardiograph

EEG Electroencephalogram

ELM Extreme Learning Machine

EMG Electromyogram
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EOG Electro-oculogram

FFT Fast Fourier Transformation
HRV Heart Rate Variability

LR Logistic Regression

LSTM Long-Short Term Memory

ML Machine Learning

NREM Non-Rapid Eye Movement
REM Rapid Eye Movement

RF Random Forest

RNN Recurrent Neural Networks

RK Rechtschaffen and Kales

PCA Principal Component Analysis
PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PSD Power Spectral Density

SNN Spike Neural Network

PSG Polysomnography

SPO2 Saturation of Peripheral Oxygen
SVM Support Vector Machine
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