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Abstract

Electroencephalogram (EEG) is one of biomedical signals measured during all-night polysomnography
to diagnose sleep disorders, including sleep apnoea. Usually two central EEG channels (C3-A2 and C4-
Al) are recorded, but typically only one of them are used. The purpose of this work was to compare
discriminative features characterizing normal breathing, as well as obstructive and central sleep apnoeas
derived from these central EEG channels. The same methodology of feature extraction and selection was
applied separately for the both synchronous signals. The features were extracted by combined discrete
wavelet and Hilbert transforms. Afterwards, the statistical indexes were calculated and the features were
selected using the analysis of variance and multivariate regression. According to the obtained results, there is
a partial difference in information contained in the EEG signals carried by C3-A2 and C4-A1 EEG channels,
so data from the both channels should be preferably used together for automatic sleep apnoea detection and
differentiation.

Keywords: sleep apnoea detection, EEG signal, discrete wavelet transforms, Hilbert transforms, analysis of
variance, multivariate regression analysis.
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1. Introduction

Polysomnography (PSG) is a conventional method for assessment of sleep disorders, in
particular sleep apnoea, basing on biosignals recorded in sleep laboratories [1-3]. Its primarily
effect is the evaluation of incidence of breathing disturbances and the overall quality of sleep.
Electroencephalogram (EEG) is one of biomedical signals registered during all-night PSG [1],
representing the electrical activity of the brain and revealing changes in functioning of the
central neural system. In sleep studies, EEG is usually used to detect sleep stages related to
waking up (W) and two main phases: REM (rapid eye movement) and NREM (non-rapid eye
movement) [4, 5].

The basic approach to the analysis of EEG signal, especially when detecting sleep disorders,
is the analysis of brainwaves classified as: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8—14 Hz), beta
(14-30 Hz) and gamma (30-80 Hz) [6]. Apart from these main five brainwaves, there are also
other waveforms, as saw-tooth waves, sleep spindles and K complexes [6].
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Sleep apnoea is one of the most common sleep disorders affecting about 4% of adult men and
2% of adult women [1]. It is characterized by the repeated and temporary cessation of airflow
for at least 10 seconds or its reduction (hypopnea, characterised by a more than 50% decrease
in airflow and associated decrease in blood oxygen saturation) [1]. These breathing events cause
fragmentation of sleep, affecting health and well-being of patients. There are three types of apnoea:
central (CSA), obstructive (OSA) and mixed one (MSA) [1]. The most common of them is OSA,
characterized by repetitive episodes of upper airway obstruction, while maintaining the respiratory
rhythm. CSA is seen as the complete elimination or reduction of ventilation effort. Its direct cause
is usually a failure in the central nervous system influencing the work of cerebral hemispheres or
brainstem. In MSA, both the central and obstructive factors are the sources of apnoea episodes.
Such apnoea episodes affect the EEG signal, changing the brainwaves. Specifically, they decrease
the amplitude of signal before and during an episode, increasing, however, the energy of alpha
and beta waves, with arousals appearing after them [7-13], and these changes have a regional
character [14].

The brainwaves are recorded from the central and occipital areas of the scalp during PSG
[15, 16]. Standard electrode leads are based on the International 10/20 System of Electrode
Placement, including C3-A2 or C4-A1 and O1-A2 or O2-A1 channels [16], which make it possible
to clearly capture necessary EEG waveforms [15]. The central placements (C3-A2 and C4-Al)
are used to distinguish characteristic sleep stage attributes, including vertex sharp waves, K
complexes, sleep spindles and delta waves [16]. A review of methods for digital EEG signal
analysis in obstructive sleep apnoea, the so-called quantitative EEG (QEEG), has been published
recently [17].

Although both central channels C3-A2 and C4-A1 are typically recorded during PSG [18],
the data from only one channel were usually used in previous approaches to the automatic
apnoea detection [2, 19-22]. On the other hand, some studies revealed asymmetries in ac-
tivity of the human brain’s hemispheres during sleep, and thus differences in the content of
symmetrical EEG channels [23-26]. In particular, such inter-hemispheric asynchrony was ob-
served during OSA [27, 28]. Nevertheless, a relatively little attention has been devoted to this
phenomenon, and, according to the best knowledge of the authors, such differences have not
been studied in the context of automatic sleep apnoea detection. Therefore, the question arises
whether it is sufficient to use one, freely chosen from two EEG channels (C3-A2 or C4-Al), or
whether it would be more reasonable to use both of them for the automatic detection of sleep
apnoea.

The aim of this research was to compare the features characterising normal breathing (NB),
OSA and CSA, derived from two symmetric EEG channels in the central areas of the scalp (C3-A2
and C4-A1). The identity or diversity of such features can answer the question about the usefulness
of data obtained from one or two EEG channels in the algorithms detecting sleep apnoea epochs.
To this end, the same feature extraction and selection methods were applied separately to both EEG
channel recordings. The used here methodology of finding the best discriminative features within
the three classes (NB, OSA and CSA) was proposed recently [29]: first the features characterising
EEG epochs were extracted using the combined discrete wavelet and Hilbert transforms and
descriptive statistical methods, then the feature selection was performed applying the analysis of
variance and multivariate regression analysis, and finally the resulting feature vectors obtained
from two channels were compared.
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2. Materials and methods

The underlying methodology was described in more detail elsewhere [29] and will be pre-
sented briefly below. It is shown in Fig. 1. All procedures of data processing were written in
MATLAB R2017b (The MathWorks, USA).
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Fig. 1. A diagram of EEG signal processing.

2.1. EEG data

The data from the PhysioBank database were used in this research [18]. They contain, among
others, the whole-night EEG signals from two symmetric channels (C3-A2 and C4-A1) sampled
at 128 Hz from 25 patients (4 women and 21 men). The respiratory events were scored and
classified into obstructive, central and mixed apnoea and hypopnea events with a resolution of
1 s. [18]. First, all of the overnight signals were normalised within a range (—1, 1) to eliminate
inter-subject differences. Then, the 30-second epochs [1, 2, 5, 11, 22, 27, 29, 30] were extracted
from the signals around the well-defined respiratory events of apnoea or hypopnea. Lastly, the
prepared database was divided into three balanced classes: NB, OSA, and CSA (see Fig. 2).
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Fig. 2. Examples of EEG epochs for normal breathing, and obstructive and central sleep apnoea.

2.2. Feature extraction

The extraction of features from the synchronised EEG epochs was performed for the C3-A2
and C4-A1 channels using the combined discrete wavelet transform (DWT) and Hilbert transform
(HT). Such an approach enables to decompose the signals into the brainwave frequency ranges
(DWT) and then to calculate their instantaneous attributes as amplitude, frequency and amplitude-
weighted frequency (HT) [29].

DWT is a time-frequency signal analysis method returning approximation (a) and detailed
(d) coeflicients at a given level [31]. Finally, a signal x is decomposed into a weighted sum of
J-level series of wavelet functions ¢ and a scaling function ¢ (covering all wavelets of higher
levels):

J
x(m) = 3 diatria(n) + ) agkpri(n). (1)
j=1 k k

The sets of detailed D; = {d;x} and approximation coeflicients A; = {ay } were used to
extract features from x. In this work, the Daubechies wavelets of order 3 were chosen, often
used to decompose the EEG signal because of their similarity to its characteristic waves and
spikes [5, 32, 33]. The number of final sub-bands depends on the maximal number of selected
levels of decomposition. Taking into account the sampling frequency (128 Hz) and the frequency
ranges of brainwaves, 4 levels of decomposition were used, resulting in the following sub-
band coefficients: D, (32-64 Hz), D, (16-32 Hz), D3 (8-16 Hz), D4 (4—8 Hz) and A4 (0-
4 Hz), corresponding to the brainwaves: gamma, beta, alpha, theta and delta, respectively. An
example of the 4th level DWT decomposition of an EEG epoch representing OSA is shown
in Fig. 3.
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Fig. 3. Approximation and detailed coefficients from DWT of an EEG epoch representing OSA.

HT returns an analytic signal ¥ from a real data sequence y, which is expressed as:
Y(1) = y(@) + jh(t) = A@)e’?", )

where 4 is an HT of y; A is an instantaneous amplitude and ¢ is an instantaneous phase of Y. The
analytic signal can be further used to calculate instantaneous amplitudes (1A) and frequencies
(IF) [34]. An instantaneous frequency (f) is the derivative of ¢:

fioy= =22, 3)
T

The attributes IA and IF were computed for each of the above DWT coefficients, and then
the samples corresponding to negative instantaneous frequencies or lying outside the frequency
ranges related to a given DWT level were excluded [29, 35]. Additionally, an amplitude-weighted
instantaneous frequency (WIF) was calculated as [29]:

A
fuly = —20 o), @

where N is the number of samples. WIF is used to better represent the frequencies of dominant
energy [29]. The instantaneous amplitude, frequency and amplitude-weighted frequency (only
the samples corresponding to non-negative IF lying in the range of 8—16 Hz) yielded by the HT
of the 3rd level detailed coefficients (D3) from the EEG epoch representing OSA (see Fig. 3) are
presented in Fig. 4.

The last step of feature extraction was the calculation of five statistical indexes (mean, standard
deviation, skewness, kurtosis and median) for the 15 signals characterising each of EEG epochs.
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Fig. 4. Instantaneous amplitude, frequency and weighted frequency yielded by HT of D3 shown in Fig. 3.

2.3. Feature selection

Choosing adequate methods for the selection of features is a complex task. One of approaches
is using filters that select variables by ranking them, e.g. in terms of correlation coefficients.
Chosen in such a way, the most relevant features are usually suboptimal. However, this method is
faster than wrapper or embedded ones and the outcome is independent from a final classifier (not
used in this work) [36].

The result of feature selection by a suboptimal method depends often on the feature sequence.
To include this fact in the subsequent analyses, the order of features was set randomly 30 times
and the next steps were repeated also 30 times using these feature permutations.

The feature selection was performed using the one-way analysis of variance (ANOVA) and
multivariate regression analysis (MRA). ANOVA was used to check whether the examined
set included discriminative features and the weakly differentiating ones were finally rejected
(p < 0.05). Next, MRA was carried out, enabling the backward elimination of features that
were almost linearly dependent on others according to the adjusted coefficient of determination

[® > 0.97).

3. Results

The final balanced database used in this work amounted to 3750 synchronised epochs for each
of EEG channels (C3-A2 and C4-Al), with 1250 elements (randomly selected from sometimes
bigger sets) belonging to the three classes (NB, OSA and CSA). The feature extraction procedures
returned vectors with originally 75 elements characterising each of the EEG epochs. The feature
selection was repeated 30 times for different permutations of extracted features (however with the
same order for the two channels) and the obtained feature vectors (FVs) from C3-A2 and C4-Al
channels were compared.
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The selected features differed for the two channels in all of the 30 analysed cases. The FVs
were reduced from 75 to 44-51 for C3-A2 and to 43-50 features for C4-A1 channel, respectively.

The amount of selected features associated with the brainwaves is shown in Table 1 separately
for the two channels. The independent two-sample #-tests for equal sample size were used to
compare the mean values of these features in two EEG channels. Before that, the equality of
variances was checked in each instance (two-sample F-test), and statistically unequal variances
were found for the delta, alpha and beta brainwaves — this information was further used during the
t-tests. First, the two-tailed ¢-tests were performed, and the equality of means could not be rejected
for gamma brainwaves. Then, the one-tailed z-tests were performed for the rest of sub-bands to
test the alternative hypothesis that the number of C3-A2 discriminative features is either greater
or smaller than that from the C4-A1 channel. The results are presented in Table 1. This analysis
has indicated that the numbers of features selected from the C4-A1 channel’s delta and theta
waves are significantly greater than those selected from channel C3-A2, while the numbers of
features selected from the C3-A2 channel’s alpha and beta waves are significantly greater than
those selected from channel C4-Al.

Table 1. Numbers of features selected from C3-A2 and C4-Al channels representing the brainwaves
(* statistically significant difference).

Numbers of features (mean + SD)
Brainwaves
C3-A2 C4-A1 p-value

delta (A4)* 8.60 + 0.56 10.20 + 1.19 2.26-1078
theta (D4)* 10.63 + 0.56 12.60 + 0.62 6.42-10719
alpha (D3)* 9.90 + 1.06 8.00 + 0.00 5.20- 1071
beta (D2)* 10.03 + 0.61 8.63 + 0.96 9.3.107°
gamma (D1) 8.37 + 0.96 8.43 +0.97 0.79

Additionally, all the features were analysed in terms of their discriminative power in respect
of both channels. The four following cases were considered (with the threshold value of 15 counts
per 30 repetitions of feature selection): 1) a given feature was selected for both channels; 2) it
was selected only for C3A2 but not for C4-A1 channel; 3) it was selected only for C4A1 but not
for C3A2 channel; and 4) it was rejected for both channels. As a result, 41 mutual features were
selected for both EEG channels. The numbers of features were similar for each of the brainwaves
(7 for delta, 10 for theta and 8 for alpha, beta and gamma). A more interesting outcome, however,
concerns the features selected separately for only one channel. These features, four for C3-A2
and seven for C4-A1 channel, are presented in Tables 2 and 3, respectively.

Table 2. Features characterising separately channel C3-A2.

EEG channel C3-A2
No. Brainwave Signal from HT Statistical index
1 alpha (D3) 1A kurtosis
2 alpha (D3) WIF standard deviation
3 beta (D2) WIF standard deviation
4 gamma (D1) 1A skewness
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Table 3. Features characterising separately channel C4-Al.

EEG channel C4-A1

No. Brainwave Signal from HT Statistical index
1 delta (A4) 1A median
2 delta (A4) WIF skewness
3 delta (A4) WIF kurtosis
4 theta (D4) IF standard deviation
5 theta (D4) 1A standard deviation
6 theta (D4) WIF standard deviation
7 gamma (D1) WIF kurtosis

4. Discussion

The results demonstrate the difference between right (C4-A1) and left (C3-A2) EEG record-
ings from the central region of the scalp during all-night sleep with episodes of sleep apnoea.
These differences are noticeable especially in the features of delta, theta, alpha and beta waves. In
total, there are 48 discriminative features retrieved from the right hemisphere (C4-A1) and 45 fea-
tures coming from the left hemisphere (C3A2). This suggests a slightly more dynamic behaviour
of the right hemisphere during sleep in apnoeic subjects. This activity concerns mainly the delta
and theta waves (0.5—4 and 4-8 Hz, respectively), having more features in C4-A1 channel. On the
contrary, the features from the alpha and beta waves (8—14 and 14-30 Hz, respectively) dominate
in C3-A2 channel.

Most of discriminative features were extracted from the D4 (theta wave) coefficients of DWT
(13 features), showing the importance of low-frequency EEG components in apnoea detection.
However, for the other coefficients of DWT, their amounts were also significant and almost equal
(10 features for A4, D3 and D1, and 9 features for D2). In addition, the features were mostly related
to all of the HT instantaneous attributes: frequency (18 features), amplitude (17 features) and
amplitude-weighted frequency (17 features) — a result emphasising the usefulness of the recently
proposed approach to feature extraction [29]. Finally, the most frequently selected statistical
indexes (13, 12 and 11 features, respectively) were standard deviation, kurtosis and median.

Summarising the above findings, the difference in FVs extracted from two symmetrical,
central EEG channels was observed. Nevertheless, this result does not directly imply the differ-
ences in interhemispheric connectivity or synchronization. It is also possible that the observed
dissimilarities result from the operation of reference electrodes (Al and A2). Measuring (or
recalculating) these signals against a common reference would clarify this issue, however it is
impossible when using the retrospective data form the PhysioNet. Although the features do not
enable to draw conclusions about the pathophysiological background, it has been shown that they
enable the automatic detection and differentiation of sleep apnoea [29]. Moreover, it is worth
stressing that there are studies showing the asymmetry in functioning of the hemispheres during
sleep, including sleep apnoea [14]. A significantly greater amount of the delta waves in the right
frontal and central regions during sleep than in those of the left one, and no differences for other
brain regions, were observed [25]. Another work, investigating hemispheric asymmetries during
sleep in relation to the sleep stages, showed that the alpha waves dominated in the left hemisphere
in all channels during NREM sleep, whereas the dominance of the theta waves was observed
in the right hemisphere during NREM sleep and in the left hemisphere during REM sleep in
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the central-parietal regions [24]. Moreover, the apnoea-hypopnea events are strongly correlated
with NREM stages [30]. Additionally, other authors found the right hemisphere night-time su-
periority and the left hemisphere daytime superiority [26], as well as temporary changes in the
hemispheric dominance during sleep related to the state of airways (open or closed, as in OSA)
[27, 28]. According to the former research, the delta waves dominated in the left hemisphere and
beta waves dominated in the right hemisphere during undisturbed airflow through the airways,
and there were no noticeable differences between the hemispheres during apnoea episodes [28].
In contrast, the latter paper suggested that the functional asymmetries of brain regions during
sleep apnoea occurred and were associated with EEG arousals [27]. The results of this work are
generally in line with the previous findings summarised above.

5. Conclusion

The comparison of features characterising NB, OSA and CSA, derived from two symmetric
EEG channels in the central areas of scalp (left C3-A2 and right C4-A1), showed that some
discriminative features belonged separately to only one of the channels. For the C3-A2 channel
these features were in the alpha and beta frequency ranges, while for the C4-A1 channel they
were in the delta and theta ranges. Most of these features are standard deviation, kurtosis and
median derived from the analysis of the instantaneous frequency, amplitude or amplitude-weighted
frequency of DWT coefficient describing the frequency range of the theta (D4) waves.

The main finding of this work is that there is a partial difference in information contained
in the EEG signals derived from two symmetric EEG channels C3-A2 and C4-A1, and that the
data from the both channels should be used together for automatic sleep apnoea detection and
differentiation. The above results enable to undertake next steps towards the clinical application
of gEEG to the detection and differentiation of sleep apnoea.
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