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Obstructive sleep apnea hypopnea syndrome (OSAHS) is a prevalent and detrimental chronic condition.
The conventional diagnostic approach for OSAHS is intricate and costly. Snoring is one of the most typical
and easily obtained symptom of OSAHS patients. In this study, a series of acoustic features are extracted
from snoring sounds. A fused model that integrates a deep neural network, K-nearest neighbors (KNN), and
a random under sampling boost algorithm is proposed to classify snoring sounds of simple snorers (SSSS),
simple snoring sounds of OSAHS patients (SSSP), and apnea-hypopnea snoring sounds of OSAHS patients
(APSP). The ReliefF algorithm is employed to select features with high relevance in each classification model.
A hard voting strategy is implemented to obtain an optimal fused model. Results show that the proposed fused
model achieves commendable performance with an accuracy rate of 85.76 %. It demonstrates the effectiveness
and validity of assisting in diagnosing OSAHS patients based on the analysis of snoring sounds.
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1. Introduction

Obstructive sleep apnea hypopnea syndrome (OS-
AHS) is a chronic sleep-related disease with the high
incidence and great harm that is characterized by par-
tial or complete collapse of the upper airway during
sleep (ECKERT et al., 2007; FRIEDMAN et al., 2004,
Izc1, DouaLas, 2012; OSMAN et al., 2018). There are
many contributors to the collapse, including an ineffec-
tive pharyngeal dilator muscle function during sleep,
a low threshold for arousal to airway narrowing during
sleep, and unstable control of breathing, which may
be caused by a narrow, crowded, or collapsible up-
per airway of OSAHS patients (OSMAN et al., 2018).
OSAHS not only adversely influences the sleep qual-

ity of patients, but also leads to hypertension, coro-
nary heart disease, diabetes, cerebrovascular disease,
other complications, and even causes sudden death at
night (REDLINE et al., 2010; WHITE, 2005). The re-
cent epidemiological survey has found that the preva-
lence of OSAHS among the global population ranged
from 9 % to 38 % (CARON et al., 2017). The elderly
are the high incidence group that the prevalence rate
of OSAHS is as high as 90 % for older males and 78 %
for older females (CASTILLO-ESCARIO et al., 2019).
Polysomnography (PSG) is the gold standard for di-
agnosing OSAHS by detecting respiratory disturbance
events that mainly include apnea and hypopnea events
(MINARITZOGLOU et al., 2008). The apnea-hypopnea-
index (AHI) is obtained by PSG to measure the aver-
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age number of respiratory disturbance events per hour
during sleep. According to the American Academy of
Sleep Medicine (AASM), subjects can be diagnosed as
a simple snorer, mild, moderate, and severe OSAHS
patient based on AHI < 5,5 < AHI < 15, 15 < AHI < 30,
and AHI > 30, respectively (BERRY et al., 2012).
The PSG requires more than 15 sensors connected to
the patients that needs to be operated and checked by
professional doctors in the hospital to monitor multiple
biological signals of the test subject during sleep. The
expensive cost, inconvenient device, and complex pro-
cess limit the wide use of PSG that cause OSAHS to
be a serious disease with a low diagnostic rate (GOT-
TLIEB, PUNJABI, 2020; OSMAN et al., 2018). The high
prevalence and low diagnostic rate make the OSAHS
be a public health problem that greatly influences the
life quality of patients. With the increasing concern
about sleep problems, researchers have been focused
on studying various physiological signals during sleep-
ing to assist in monitoring apnea and hypopnea events.
The AASM indicates that one or more physiological
signals, including oxygen, nasal airflow, electrocardio-
gram, electroencephalography, and snoring sound can
be applied to detect apnea and hypopnea events to
diagnose OSAHS (BERRY et al., 2012).

Snoring is the most prominent symptom of OSAHS
patients that caused by the vibration of the upper
airway (GISLASON, BENEDIKTSDOTTIR, 1995; PEV-
ERNAGIE et al., 2010; SOWHO et al., 2020; ULUALP,
2010). The acoustic features of snoring sounds can re-
flect the specific structure of the upper airway (Lu-
GARESI et al., 1988). Studies have indicated that there
are obviously anatomical and non-anatomical struc-
tural differences of the upper airway between simple
snorers and OSAHS patients (AZARBARZIN, MOUS-
savi, 2013; F1z et al., 1996; MARKANDEYA et al., 2018;
HERZOG et al., 2008). Early studies have indicated that
palatal snoring mainly occurs in simple snorers with-
out any obstruction of the upper airways, while non-
palatal snoring can be an indicator for OSAHS pa-
tients (QIAN et al., 2021). Recent work by SUN et al.
(2023) has revealed that snoring sounds of OSAHS
patients exhibit higher formant frequencies. PEREZ-
PADILLA et al. (1993) found that there was different
energy distribution around 800 Hz of snoring sounds
between simple snoring and those of OSAHS patients.
Based on this condition, studies have been focused
on identifying simple snorers and OSAHS patients.
SOLA-SOLER et al. (2007) classified simple snorers and
OSAHS patients based on AHI = 10, which yielded
93 % precision. SUN et al. (2023) applied two Gaus-
sian mixture models to explore the acoustic charac-
teristics of snoring sounds throughout the whole night
to classify simple snorers and OSAHS patients with
90.0 % accuracy. DING et al. (2024) applied a fused
model obtained from different domain to classify snor-
ing sounds during the whole night of simple snorers

and OSAHS patients, which could exactly identify
OSAHS patients. Furthermore, researchers (LEE, EL-
L1s, 2012; Hou et al., 2019; ALSHAER et al., 2019;
CHENG et al., 2022; DING et al., 2023) have explored
the characteristics of snoring sounds obtained by differ-
ent sleep stages during the whole sleep to diagnose the
severity of OSAHS patients. LEE et al. (2012) showed
that there was different energy distribution of snor-
ing sounds during apnea-hypopnea events and simple
sleeping. DING et al. (2023) proposed VGG19-LSTM
model to classify snoring sounds of simple snores and
OSAHS patients with 99.31 % accuracy and 99.13 %
sensitivity. A long short-term memory (LSTM) neu-
ral network was proposed to classify three-category
snoring sounds related to the severity of OSAHS with
81.6 % accuracy (CHENG et al., 2022). These studies
have demonstrated the effectiveness and convenience of
diagnosing OSAHS patients based on analysis of snor-
ing sound.

The aforementioned classification results of snor-
ing sounds have clearly demonstrated that the struc-
ture of the upper airway of OSAHS patients is obvi-
ously different from that of simple snorer. The abnor-
mal structure could cause the occurrence of apnea and
hypopnea respiratory events, as well as abnormal snor-
ing sounds, which provided a strong basis for the diag-
nosis of OSAHS based on snoring sounds. Few studies
(CHENG et al., 2022; SONG et al., 2023; SUN et al.,
2023) focused on whether the abnormal upper airway
may influence the normal sleep process of OSAHS pa-
tients. Since the characteristic of snoring sounds could
reflect the structure of the upper airway, intuitively
classifying snoring sounds of simple snorers (SSSS),
apnea-hypopnea snoring sounds of OSAHS patients
(APSP), and simple snoring sounds of OSAHS patients
(SSSP) could explore the characteristics of the upper
airway in the different stages of sleep for simple snor-
ers and OSAHS patients, respectively. The classifica-
tion results could indicate that whether the abnormal
upper airway can be reflected by snoring sounds and
whether the abnormal upper airway influence the nor-
mal sleep for OSAHS patients. The existing studies
about snoring sound classification are based on a sin-
gle classification model, which had limited classifica-
tion accuracy and robustness. On this condition, the
snoring sound classification tasks based on a fusion
strategy might help to diagnose OSAHS patients more
accurately.

In this study, a fused model is proposed to classify
three kinds of snoring sounds, including SSSS, APSP,
and SSSP. A series of acoustic features were extracted
from snoring sounds. Three classifiers were first used to
classify these three kinds of snoring sounds based on
extracted acoustic features. Then a hard voting model
fusion strategy was applied to integrate these basic
models to obtain a model with relatively better classi-
fication performance and higher robustness.
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2. Material and methods
2.1. Dataset

The 46 subjects selected from the PSG-Audio
dataset are applied to validate the proposed method,
including 8 simple snorers and 38 OASHS patients
with different severities (KOROMPILI et al., 2021). All
snoring sounds are collected clinically. When a sub-
ject undergoes the PSG (Alice 6), an ultra-linear mea-
surement condenser microphone (Berringer ECM800)
is placed approximately 1 m above the subject’s bed to
record snoring sounds during the whole night. Sound
signals are sampled at 48 kHz with 24-bit resolu-
tion and saved as WAV. All recorded signals are en-
hanced and segmented by the noise reduction algo-
rithm (WANG et al., 2017). These enhanced snoring
segments are labeled by ear-nose-throat (ENT) experts
as SSSS, SSSP, and APSP. In the experiment, there
are 73373 effective snoring segments extracted from
all 46 subjects, including 12967 SSSS, 44 748 simple
SSSP, and 15658 APSP. These snoring sounds are di-
vided into a training set and a validation set by the
ratio of 4:1.

2.2. Proposed fused model

In the work, a fused model is proposed to classify
SSSS, SSSP, and ASSP to explore structures of the
upper airway of simple snorers and OSAHS patients
during sleeping. The overall structure of the proposed
model is shown in Fig. 1. A series of acoustic features
are firstly extracted to express snoring sounds. Three
basic classifiers, including the deep neural network —
DNN (JANIESCH et al., 2021), K-nearest neighbors
— KNN (ZHANG et al., 2017), and random under sam-
pling boost algorithm — RUSBoost (SEIFFERT et al.,
2010) are applied to classify these three types of snor-
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ing sounds. To adequately integrate these basic clas-
sifiers from different domains, a model fusion strategy
based on hard voting is used to fuse these classifiers.
That is to say, the final classification results of snoring
sounds were obtained by averaging the probability of
these three basic models.

The three basic classifiers used in this work are
DNN, KNN, RUSBoost. KNN is one of the most ma-
ture and simplest machine learning classification al-
gorithms with relatively high performance in differ-
ent domains. The basic idea of KNN is to calcu-
late the distance between the test sample and all
training samples to obtain its nearest neighbors and
then conduct KNN classification. Choosing the proper
K-value is an important part for training the KNN
model. The RUSBoost algorithm is an effective en-
semble method for the classification task with the un-
balanced sample distribution. RUSBoost incorporates
random under-sampling technology to remove sam-
ples from the majority class at each boosting iter-
ation of the Adaboost.M2 algorithm. Based on this
strategy, RUSBoost could adequately apply samples
of the majority class and solve the problem of un-
balanced sample distribution. The parameters that
RUSBoost needs to be trained are mainly concentrated
on Adaboost.M2, including a base estimator, the learn-
ing rate, n-estimators, and so on. DNN is a useful tech-
nology for the classification task with large samples. In
this work, a DNN structure with two hidden layers is
constructed to classify snoring sounds. There are 100
neurons in the first hidden layer and 5 neurons in the
second hidden layer. The loss function and the acti-
vation function used in the DNN are the logistic cost
regression function and the sigmoid function, respec-
tively. The optimizer used for training is Adam. The
batch size and the learning rate are set as 64 and 0.05,
respectively.
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Fig. 1. Overall structure of the proposed system.
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2.8. Feature extraction

In the work, a series of acoustic features from the
time and frequency domains are extracted to express
snoring sounds. There are 16 features with 45 di-
mensions, including the Mel-frequency cepstral coeffi-
cient (MFCC), the linear prediction coefficient (LPC),
800 Hz power ratio (PR800), the crest factor (CF), the
fundamental frequency (F0), the pitch, formants, and
a series of spectrum related features. Since the gen-
eration process of snoring sounds has a significant ef-
fect on its high frequency band and a smaller effect
on the low frequency band, all snoring sounds are con-
ducted pre-emphasizing that aims to compensate for
the loss of high frequency components before the fea-
ture extraction. These pre-emphasized snoring sounds
are framed by a hamming window with length of 20 ms
and 50 % overlap. All features are firstly extracted
for each frame. Statistic functions, including mean,
minimum, maximum, and variance, are calculated by
frames for each snoring segment to describe the feature
distribution for each snoring segment.

2.3.1. Mel-frequency cepstral coefficient

The extraction of MFCC can be divided into five
parts (ZHENG et al., 2001). Firstly, preprocessing, in-
cluding pre-emphasis, and framing aims to compen-
sate for the loss of high-value components. Then, per-
forming fast Fourier transform on each frame signal
to transform the time-domain signal into a frequency-
domain signal. The spectral energy of each frame is
calculated. Finally, the Mel filter is applied to trans-
form frequency-domain signal into Mel-frequency scale
to describe the human ear perception of frequency. The
Mel-frequency (fmel) could be obtained from the real
liner frequency (frea1) by the equation:

fmel )
700 /)

fmel = 2595 - log (1 + (1)

In this study, the average of all frames of an audio
segment are taken as features. MFCCs with dimension
of 13 were extracted.

2.8.2. Linear prediction coefficient

The basic concept of a linear prediction is that the
current sampling value of audio can be approximately
replaced by a linear combination of several past sam-
pling values (SUN et al., 2022). A unique set of predic-
tion coeflicients can be obtained by approximating the
minimum mean square error of the actual audio sam-
pling value and the linear prediction sampling value.
LPC have the advantages of fast calculation and ef-
fective prediction. The 12-element LPC parameters of
each sound segment were extracted, and the average
value for each frame of every segment is calculated as
the feature vector.

2.8.8. Power ratio

The PR is the ratio of power below and above
a certain frequency fy. It can roughly reflect the power
distribution of audio signals divided by a certain fre-
quency (SUN et al., 2023). The PR can be expressed by:
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where fo and Y are the cutoff frequency and spectrum
of the audio signal, respectively. In this work, fy is set
as 800 Hz. Four statistic features, including PR can,
PRumin, PRimax, PRyar are calculated to express PR.

2.8.4. Fundamental frequency

The definition of F0 is the lowest oscillation fre-
quency in a free oscillation system or the lowest
frequency in a composite wave. It can reflect the open-
ing and closing time of the vocal cords. In this work,
the normalized autocorrelation function is applied to
calculate FO values for each frame audio signal. The
average of all frames of an audio segment are taken as
features.

2.3.5. Pitch

The tone is related to the fundamental frequency of
the sound, reflecting the information of pitch. The av-
erage, minimum, maximum, and variance of all frames
of an audio segment are taken as features, which are ex-
pressed as Pitchyean, Pitchyin, Pitchyax, and Pitchy,,,
respectively.

2.3.6. Crest factor

The CF is defined as the ratio of the waveform peak
to the effective value (QIAN et al., 2016):

Vin

CF=—"
‘/;a

(3)
where V,,, is the maximum absolute value of an audio
signal amplitude, and V is the root mean square value
of the audio signal amplitude absolute value. It reflects
the amplitude of changes in the audio signal in the
time domain. The mean value of the peak factor of
each frame of the signal is taken as a feature.

2.8.7. Spectrum related features

Spectrum related features are widely used in the
analysis of snoring sounds. It can reflect impor-
tant details of snoring sounds with different types.
In this work, spectral cut-off frequency, spectral skew-
ness, spectral slope, spectral variance, spectral kurto-
sis, spectral entropy, and spectral flux are extracted for
further analysis (SUN et al., 2023).
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Spectral skewness is a measure of the direction and
degree of skewness in the distribution of statistical
data, which is a numerical characteristic of the degree
of asymmetry in the distribution of statistical data. It
is defined as the third-order standard moment of the
sample, and the calculation formula is as follows:

X-u\*1 ks ks
Skewness(X) = E[(U) ] =5 @, (4)

where ko and k3 represent the second- and third-order
central moment, respectively.

Spectral slope is a measure of the speed at which
the spectrum of an audio signal tilts towards high fre-
quencies, typically calculated using linear regression.
Spectral variance is used to measure the degree of dis-
persion of a sound signal. This can be expressed as
follows:

Var = % zn;(:vz -7)% (5)

For spectral variance, which can reflect the inter-
ference of noise on data, this paper uses a noise power
function of the carrier frequency, and the spectral vari-
ance of the signal can be obtained by the Fourier trans-
form of its autocorrelation function:

V@)= o [y (©)

—00

Spectral kurtosis can be used to measure the steep-
ness of the probability distribution of random vari-
ables. Take the average of the obtained results to ob-
tain the average kurtosis in this work. In this work,
the sample entropy is calculated for the entire effec-
tive snoring signal. Spectral traffic records the sum
of squares of the normalized amplitude differences be-
tween two frames, which can describe the changes in
adjacent frames. Its definition is

Wi

Flii = Y (Bi(k) - Eia(K))?, (7)
k=1

Bk = 2 (3)

where F;(k) is the normalized amplitude, and W1 is
the sampling window length.

2.3.8. Formants

Formants are areas in the spectrum of audio sig-
nals where energy is relatively concentrated. It reflects
the physical characteristics of the vocal tract, namely
the degree of contraction of the throat. The first three
formant frequencies of snoring sounds are extracted in
this work, including the first formant (F'1), the second

formant (F'2), and the third formant (F'3). The aver-
age value of all frames is applied to express a piece of
snoring sound.

2.4. Feature selection

Studies have indicated that extracted features not
only determine the performance of a classification
model, but also determine the complexity of the model
and influence its computation cost (KURsA, RuD-
NICKI, 2010; L1 et al., 2017). Selecting effective fea-
tures with high discriminability and low complexity is
an important step for machine learning. It can reduce
the dimension of features and the complexity of the
proposed classification model. In this work, the Reli-
efF algorithm is applied to select features by calculat-
ing the contribution of each feature to the classification
task (WU et al., 2020).

The idea of ReliefF algorithm can be simply ex-
pressed as: if a feature has the same category to its
nearest neighbor (with similar numerical values), the
feature weight will be reduced; if the feature is different
from its nearest neighbor category, increase its weight.
The specific calculation method for the weight W is as
follows. Firstly, setting the weights of all features W
to 0. When calculating the weight of the j-th fea-
ture, an observation value z, is randomly selected from
the feature and the k-observation values are found
in the dataset of each category of the feature that are
closest in value to the observation value. Updating the
weight of the feature parameter by the relationship
between each nearest neighbor (z,,) and the observed
value (x,). Then repeating the iterative calculation un-
til all parameters of the feature are traversed. The spe-
cific calculation formula is as follows:

1) when the observed value z,, is of the same category
as the nearest neighbor x,,:

Aj(o,2n)

-don; (9)
m

i -1

2) when the observed value z, is different from the
category of the nearest neighbor z,,:

Wiyt L S0 o)
1-py, m

where W; is the weight of the i-th iteration of the

j-th feature; Aj(z,,x,) is the relative difference

between z, and x,, where I represents the set

of the j-th feature parameter, then the expression

for Aj(xzo,x,) is

|330 _xn|
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3(%o 2n) max (F;) — min (F})

(11)

where don is the formal distance function between
T, and x,:
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where rank(o,n) is the corresponding position of
a certain nearest neighbor x, in the total near-
est neighbor sorting table of z, after sorting KNN
by distance. Calculate sigma in Eq. (13) to change
the scaling ratio, py, is the prior probability of the
category to which the observed value x, belongs,
Dy, is the prior probability of the category to
which the nearest neighbor x,, belongs.

3. Result
3.1. Feature selection

A strategy of feature selection based on the ReliefF
algorithm is applied to select features with high robust-
ness and low redundancy. Figure 2 displays the normal-
ized weight value of each feature to the related label.
Most features make significant contributions to this
classification task, especially for MFCC and pitch fea-
tures. The importance weights of MFCC1 to MFCC13
are higher than 0.1, which indicates that there is evi-
dently different energy distribution on each frequency
band divided by the Mel filter. The MFCC5 to MFCCS8

yield the highest weights more than 0.14. These re-
sults show that the differences of snoring sounds
of simple snorers, normal snoring sounds of OSAHS
patients, and abnormal snoring sounds of OSAHS pa-
tients mainly concentrated on the low and middle fre-
quency bands. Pitchy,, also has relatively high weight
values, which means that the three kinds of snoring
sound have different pitches.

Furthermore, the relationship between the dimen-
sion of selected features and the classification results is
explored to select optimal features. Figure 3 shows the
relationship between the dimension of selected features
and the accuracy based on the KNN, RUSBoost, and
DNN classifiers. The dimension of features has great
influence on the classification results for all classifi-
cation models. With the increase of the dimension of
selecting features, the accuracy of classifiers gradually
increases and tends to be stable. When the feature di-
mension exceeds the optimal one, the classification re-
sult will not increase with the increase of the feature
dimension. The redundant features not only cannot im-
prove the model classification performance, but also
increase the computational complexity of the model.
For different classification models, there are significant
differences in the degree of influence of features and
the dimension of optimal features. The optimal fea-
ture dimension is 16, 18, and 37 for KNN, RUSBoost,
and DNN classifier, respectively. The related accuracy
of KNN, RUSBoost, and DNN model with optimal
features are 85.44 %, 84.45 %, and 83.91 %, respec-
tively.
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8.2. Classification results

Table 1 shows the classification results of SSS,
SSSP, and ASSP based on KNN, RUSBoost, DNN
classifiers under the original feature set. The accuracy
obtained by KNN, RUSBoost, and DNN are 84.81 %,
83.80 %, and 83.67 %, respectively. Under the same
feature set, different classifiers may have different em-
phases. KNN and DNN achieve much higher recall for
SSSS and SSSP and lower recall for ASSP than RUS-
Boost. Specifically, the recall of SSSS, SSSP, and ASSP
obtained by DNN are 97.53 %, 91.94 %, and 48.54 %,
respectively. The recall of SSSS, SSSP, and ASSP ob-
tained by KNN are 99.14 %, 91.26 %, and 54.50 %,
respectively. The recall of SSSS, SSSP, and ASSP ob-
tained by KNN are 97.99 %, 84.60 %, and 69.75 %, re-
spectively.

Table 1. Classification results of SSS, SSSP, and ASSP
based on different classifiers under the original feature set.

Snoring | oo luation | KNN | RUSBoost | DNN | Fused
type model
Accuracy |0.8481| 0.8380 |0.8367 | 0.8556

S Recall |0.9914| 0.9799 |0.9753 | 0.9954
Precision | 0.9799| 0.9704 | 0.9900 | 0.9847

F1 |09856| 09751 |0.9826| 0.9900

Recall |0.9126| 0.8460 |0.9194| 0.9083

SSSP | Precision |0.8515| 0.88% | 0.8314| 0.8655
F1 |08810| 08667 |0.8732| 0.8864

Recall | 0.5450 | 0.6975 |0.4854| 0.5938

ASSP | Precision |0.6939| 0.6179 | 0.6839 | 0.6987
F1 |0.6105] 0.6553 |0.5678 | 0.6420

To obtain classification results with higher robust-
ness and stableness, the three basic models KNN,

RUSBoost, and DNN are further fused by the vot-
ing strategy. The fused model adequately fuses the
advantage of the three basic models. It achieves
85.56 % accuracy, which increases nearly 2 % com-
pared with RUSBoost and DNN. The fused model
not only maintains the relatively high recall for
SSSS, but also significantly increases the recall of
ASSP. The recalls obtained by the fused model are
10.84 % and 4.88 % higher than DNN and KNN, re-
spectively. The recalls of SSSS and SSSP of fused
model are 99.57 % and 90.21 %, respectively, which
indicates that there are evident differences between
SSSS and SSSP. The classification results imply that
the upper airway structure of OSAHS patients on the
normal sleep is different from that of simple snorers.

To obtain model with lower complexity and high
performance, the feature selection strategy is applied
in the model. Table 2 shows the classification results
of SSS, SSSP, and ASSP based on KNN, RUSBoost,
and DNN classifiers under the selected feature set with

Table 2. Classification results of SSS, SSSP, and ASSP
based on different classifiers under the selected feature set.

Snoring | g . luation | KNN | RUSBoost | DNN | Fused
type model
Accuracy [0.8544 | 0.8445 0.8391| 0.8576

SSSS Recall 0.9926 0.9840 0.9775| 0.9957
Precision |0.9859 0.9830 0.9909 | 0.9856

F1 0.9892 0.9835 0.9842 | 0.9906

Recall 0.9090 0.8521 0.9127 | 0.9021

SSSP Precision |0.8617 0.8930 0.8385| 0.8709
F1 0.8847 0.8721 0.8740 | 0.8862

Recall 0.5841 0.7072 0.5143 | 0.6162

ASSP Precision |0.6974 0.6257 0.6782 | 0.6931
F1 0.6357 0.6639 0.5850 | 0.6524
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the dimension of 16, 18, and 37, respectively. Compar-
ing Tables 1 and 2, the progress of feature selection

Table 4. Confusion matrices of SSS, SSSP, and ASSP based
on different classifiers under the selected feature set.

not only reduces Fhe complexity of tb? pr.oposed fused Prodict label
model, but also improves the cl.assmcatlor% 9f SSSS, Real label S55s | sssp | assp | el (%]
SSSP, and ASSP. Compared Wlth. the original fea- o) KNN-under the sclected feature set
ture set, the recall of ASSP obtained by the fused 5555 PYTT 20 1 993
n}02d§140(;nduct1ng the feature selection improves value SSSP 30 10169 935 909
O . 0.
Tables 3 and 4 illustrate the confusion matrices of Preissjr}? @ 9;66 ;2122 2629876 5%4
KNN, DNN, RUSBoost, and its related fused model : . .
.. b) RUSBoost-under the selected feature set
under the original feature set and selected feature
set. There is a substantial distinction between snoring 5558 3176 37 28 %8
sounds of simple snorers and snoring sounds of OSAHS SSSP 63 9464 1660 8.6
patients. For all classification models, recalls of SSSS ASSP 34 1150 2730 698
are higher than 98 %. Under all test conditions, a cer- Precision [%] o7 88.9 61.8 _
tain amount of ASSP and SSSP are mislabeled, result- c) DNN-under the selected feature set
ing in relatively lower recall and precision. The results SSSS 3168 o 3 7.8
of Tables 3d and 4d indicate that the proposed fused 555P 25 10210 952 91.3
method could effectively merge the advantage of dif- ASSP 4 1897 2013 514
ferent classifiers and different features to relatively ac- Precision [%] | 99.1 83.9 67.8 -
curate SSSS, SSSP, and ASSP. d) Fusion-under the selected feature set
SSSS 3227 12 2 99.6
Table 3. Confusion matrices of SSS, SSSP, and ASSP based SSSP 29 10092 1066 90.2
on different classifiers under the original feature set. ASSP 18 1484 2412 61.6
Prodict Tabel Precision [%] 98.6 87.1 69.3 -
Real label Recall [%)]
SSSS SSSP ASSP
a) KNN-under the original feature set 4. Discussion
SSSS 3213 23 6 99.1
SSSP 43 10 209 935 91.3 In this study, a fused model based on KNN, RUS-
ASSP 23 1758 2133 54.5 Boost, and DNN is proposed to classify SSSS, SSSP,
Precision [%] 08 85.2 69.4 and APSP. The ReliefF algorithm is applied to se-
b) RUSBoost-under the original feature set lect optimal features in each basic model. The hard
SSSS 3189 24 28 08.4 voting strategy is employed to fuse the three basic
SSSP 27 9532 1628 85.2 models. The feature selection and model fusion strate-
ASSP 28 1118 2768 707 gies evidently improve the classification performance of
Precision [%] | 98.3 29.3 62.6 the proposed model. Experiment results show that the
<) DNN-under the original feature set proposed model achieves 85.76 % accuracy. The recall
39S 3161 73 5 975 and precision of SSSS are 99.57 % and 98.56 %, respec-
) % 10285 376 91.9 tively. The recall and precision of SSSP are 90.21 %
ASSP 6 2003 1900 185 and 87.09 %, respectively. The recall and precision of
Precision [%] 9 ] 54 ASSP are 61.62 % and 69.31 %, respectively.
d) Fusion-under the original feature set Table 5 displays details of studies on the identifica-
3533 3226 T " 995 tion of APSP. Since there is no open snoring dataset
SSSP 28 10161 998 90.8 with label, studies of analysis of snoring sounds
ASSP o) 1568 2324 294 are based on dataset. Collect.ed apd labeled.by their
— own labs. The unavoidable situation makes it impos-
Precision [%] 98.5 86.6 69.9 . . .
sible to compare the performance of different classifica-
Table 5. Literature reviews about snoring sounds classification of OSAHS patients.
Author Subjects Feature Validation method Accuracy [%)]
CHENG et al. (2022) 44 MFCC, LPC, Fbanks LSTM 81.60
DING et al. (2023) 50 Mel-spectrogram VGG19+LSTM 85.21
SONG et al. (2023) 40 Mel-spectrogram CNN, ResNet, and XGBoost fused model 83.44
Shen et al. (2020) 32 MFCC, LPCC, and LPMFCC LSTM 87.00
HoU et al. (2019) 120 MFCC GMMs 80.00
This work 40 A series of acoustic features KNN, RUSBoost, and DNN fused model 85.76
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tion models directly. As Table 5 shows, these studies
are capable of classifying snoring sounds with apnea-
hypopnea events or without apnea-hypopnea events.
Specifically, CHENG et al. (2022) extracted acoustic
features including MFCC, LPC and used LSTM to
classify SSSS, normal snoring sounds of OSAHS pa-
tients, and post-apnea snoring sounds of OSAHS
patients with accuracy of 81.6 %. Their work had
high recall for SSSS and normal snoring sounds of
OSAHS patients and low recall for post-snoring sounds
of OSAHS patients with value of 88.1 %, 93.4 %, and
63.5 %, respectively. The classification model proposed
by this work achieved recall with values of 99.87 %,
90.21 %, and 61.26 % for SSSS, SSSP, and APSP,
which are relatively better than the mentioned stud-
ies. The comparison demonstrates that the fused model
yields higher classification result and better robust-
ness. Since the snoring sound is generated by the
vibration of the upper airway, the classification re-
sults of SSSS, SSSP, and APSP demonstrate that the
structure of the upper airway is evidently different
from that of OSAHS patients. Obesity, smoking, and
other pathological reasons cause the upper airway of
OSAHS patients gets narrow (GHOSH et al., 2021).
The narrow upper airway is the main reason for the
occurrence of apnea and hypopnea events of OSAHS
patients. The classification results of simple snoring
sounds of OSAHS patients and apnea-hypopnea snor-
ing sounds of OSAHS patients indicate that OSAHS
patients snore continually throughout the whole night,
which is caused by the narrow upper airway. It can be
said that the narrow upper airway not only induces
hypopnea and apnea events during sleep, but also neg-
atively influences the normal sleep qualities and fre-
quently causes snoring sounds. Furthermore, the high
recall and precision of SSSS show solid experimental
verification for identifying simple snorers and OSAHS
patients based on analysis of snoring sounds. These
studies mentioned in Table 5 are concentrated on dis-
tinguishing simple snoring sounds of OSAHS patients
and apnea-hypopnea snoring sounds of OSAHS pa-
tients (CHENG et al., 2022; DING et al., 2023; SHEN
et al., 2020; SONG et al., 2023). The accuracies of all
classification model are higher than 80 %. These re-
sults indicate that there are evident differences among
snoring sounds occurred in different sleep stages for
OSAHS patients.

SONG et al. (2023) proposed a CNN, ResNet, and
XGBoost fused model to classify snoring sounds oc-
curred in different sleep stages and achieved 83.44 %
accuracy. The classification model may be only con-
centrated on differences at one latitude and achieve
limited classification results. The model fusion strat-
egy based on different fusion methods is proposed to
fuse basic classification models that has been widely
used in different kinds of classification tasks. In this
work, a hard voting fusion strategy is applied to fuse

KNN, RUSBoost, and DNN classifiers. This method
significantly increases classification recall and precision
of SSSS, SSSP, and ASSP. It also improves the effec-
tiveness and robustness of the proposed model. Exper-
iment results show promising foreground for diagnos-
ing severities of OSAHS patients based on analysis of
snoring sounds.

There are also some limitations of the proposed
model. Firstly, validation experiments of this work are
conducted based on subject dependence. It mainly fo-
cuses on exploring differences among these types of
snoring sounds. Further subject independent experi-
ments should be conducted to validate the generation
error and robustness of the proposed model. Moreover,
the proposed model just focuses on exploring differ-
ences among snoring sounds occurred in different sleep
stages. The relationship between apnea-hypopnea
snoring sounds and apnea-hypopnea events should be
studied to identify apnea-hypopnea events and esti-
mate AHI values of OSAHS patients.

5. Conclusion

In this work, a fused model based on KNN, RUS-
Boost, and DNN is proposed to classify SSSS, SSSP,
and APSP. Firstly, a series of acoustic features are
extracted to express snoring sounds. Three classifiers
KNN, RUSBoost, and DNN are independently trained.
The ReliefF algorithm is applied to select features in
each classification model. A hard voting strategy is
used to obtain an optimal fused model. Experiment
results show that the proposed fused model achieves
high performance with accuracy of 85.76 %. The recalls
of SSSS, SSSP, and APSP obtained by the proposed
model are 99.87 %, 90.21 %, and 61.26 %, respectively.
It demonstrates the effectiveness and validity of assist-
ing in diagnosing OSAHS patients based on analysis of
snoring sounds.

Acknowledgments

This work was supported by the National Natu-
ral Science Foundation of China (grant no. 11974121)
and National Youth Foundation of China (grant no.
81900927).

Data availability statement

The data used to support the findings of this study
are available from the corresponding author upon re-
quest.

Ethical approval

This study was approved by the Ethics Commit-
tee of Guangzhou Medical University and an informed
consent was obtained from each participant.



78

Archives of Acoustics — Volume 50, Number 1, 2025

Conflicts of interest

The authors declare that they have no known com-

peting financial interests or personal relationships that
could have appeared to influence the work reported in
this paper.

10.

References

. ALSHAER H., HUMMEL R., MENDELSON M., MARSHAL T.,

BrADLEY T.D. (2019), Objective relationship between
sleep apnea and frequency of snoring assessed by ma-

chine learning, Journal of Clinical Sleep Medicine,
15(3): 463-470, https://doi.org/10.5664/jcsm.7676.

. AZARBARZIN A., MOUSSAVI Z. (2013), Snoring sounds

variability as a signature of obstructive sleep ap-
nea, Medical Engineering and Physics, 35(4): 479485,
https://doi.org/10.1016/j.medengphy.2012.06.013.

. BERRY R.B. et al. (2012), Rules for scoring respiratory

events in sleep: Update of the 2007 AASM manual for
the scoring of sleep and associated events, Journal of
Clinical Sleep Medicine, 8(5): 597-619,
https://doi.org/10.5664/jcsm.2172.

. CArON C.J.J.M. et al. (2017), Obstructive sleep ap-

noea in craniofacial microsomia: Analysis of 755 pa-
tients, International Journal of Oral and Mazxillofacial
Surgery, 46(10): 13301337, https://doi.org/10.1016/
j.ijom.2017.05.020.

. CAsTILLO-ESCARIO Y., FERRER-LLUIS 1., MONTSER-

RAT J.M., JANE R. (2019), Entropy analysis of acoustic
signals recorded with a smartphone for detecting ap-
neas and hypopneas: A comparison with a commercial
system for home sleep apnea diagnosis, IEEE Access,
7: 128224-128241, https://doi.org/10.1109/ACCESS.
2019.2939749.

. CHENG S. et al. (2022), Automated sleep apnea de-

tection in snoring signal using long short-term mem-
ory neural networks, Biomedical Signal Processing and
Control, 7T1(Part B): 103238, https://doi.org/10.1016/
j-bspc.2021.103238.

. DiNnG L., PENG J., SONG L., ZHANG X. (2023), Au-

tomatically detecting apnea-hypopnea snoring signal
based on VGG19 + LSTM, Biomedical Signal Process-
ing and Control, 80(Part 2): 104351, https://doi.org/
10.1016/j.bspc.2022.104351.

. DiNG L., PENG J., SONG L., ZHANG X. (2024), Auto-

matically detecting OSAHS patients based on trans-
fer learning and model fusion, Physiological Measure-
ment, 45(5): 055013, https://doi.org/10.1088/1361-
6579 /ad4953.

. EckERT D.J., JORDAN A.S., MERCHIA P., MALHOTRA A.

(2007), Central sleep apnea: Pathophysiology and
treatment, Chest, 131(2): 595-607, https://doi.org/
10.1378/chest.06.2287.

Fiz J.A. et al. (1996), Acoustic analysis of snoring
sound in patients with simple snoring and obstructive
sleep apnoea, Furopean Respiratory Journal, 9(11):
2365-2370, https://doi.org/10.1183/09031936.96.0911
2365.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

FRIEDMAN M., IBRAHIM H., JOSEPH N.J. (2004), Stag-
ing of obstructive sleep apnea/hypopnea syndrome:
A guide to appropriate treatment, Laryngoscope,
114(3): 454-459, https://doi.org/10.1097,/00005537-20
0403000-00013.

GHOsH P., VArRMA N.K.S.,; AjitH V.V., SURESH A.
(2021), Upper airway and its association with neck cir-
cumference and hyoid position in OSA subjects —
A cephalometric study, International Journal of Cur-
rent Research and Review, 13(6): 167-171,
https://doi.org/10.31782/IJCRR.2021.13610.

GisLASON T., BENEDIKTSDOTTIR B. (1995), Snoring,
apneic episodes, and nocturnal hypoxemia among chil-
dren 6 months to 6 years old: An epidemiologic study
of lower limit of prevalence, Chest, 107(4): 963-966,
https://doi.org/10.1378/chest.107.4.963.

GotTLIEB D.J., PunjaBI N.M. (2020), Diagnosis and
management of obstructive sleep apnea: A review,
Journal of the American Medical Association, 323(14):
1389-1400, https://doi.org/10.1001/jama.2020.3514.

HErzOG M., ScHMIDT A., BREMERT T., HERZOG B.,
HOSEMANN W., KAFTAN H. (2008), Analysed snoring
sounds correlate to obstructive sleep disordered breath-
ing, Furopean Archives of Oto-Rhino-Laryngology,
265(1): 105-113, https://doi.org/10.1007/s00405-007-
0408-8.

Hou L., ZuanG W., Sui D., Liu H. (2019), Estimation
of apnea hypopnea index based on acoustic features of
snoring, Journal of Shanghai University (Natural
Science), 25(4): 435-444, https://doi.org/10.12066/
j-issn.1007-2861.1942.

Izct B., DouagrLas N.J. (2012), Obstructive sleep
apnea-hypopnea syndrome, [in:] Obstructive Sleep Ap-
nea: Causes, Treatment and Health Implications, Sac-
chetti L.M., Mangiardi P. [Eds.], pp. 129-182, Nova
Science Publishers.

JANIESCH C., ZscHECH P., HEINRICH K. (2021), Ma-
chine learning and deep learning, FElectronic Markets,
31(3): 685—695, https://doi.org/10.1007/s12525-021-
00475-2.

KARUNAJEEWA A.S., ABEYRATNE U.R., Hukins C.
(2011), Multi-feature snore sound analysis in ob-
structive sleep apnea—-hypopnea syndrome, Physiolog-
ical Measurement, 32(1): 83, https://doi.org/10.1088/
0967-3334/32/1/006.

KoroOMPILI G. et al (2021), PSG-Audio, a scored
polysomnography dataset with simultaneous audio
recordings for sleep apnea studies, Scientific Data,
8(1): 197, https://doi.org/10.1038/s41597-021-00977-w.

Kursa M.B., Rupnickl W.R. (2010), Feature selec-
tion with the Boruta package, Journal of Statisti-
cal Software, 36(11): 1-13, https://doi.org/10.18637/
jss.v036.i11.

LeEe B.S., ErLLis D.P.W. (2012), Noise robust pitch
tracking by subband autocorrelation classification, [in:]
13th Annual Conference of the International Speech
Communication Association 2012, https://doi.org/
10.21437 /interspeech.2012-221.


https://doi.org/10.5664/jcsm.7676
https://doi.org/10.1016/j.medengphy.2012.06.013
https://doi.org/10.5664/jcsm.2172
https://doi.org/10.1016/j.ijom.2017.05.020
https://doi.org/10.1016/j.ijom.2017.05.020
https://doi.org/10.1109/ACCESS.2019.2939749
https://doi.org/10.1109/ACCESS.2019.2939749
https://doi.org/10.1016/j.bspc.2021.103238
https://doi.org/10.1016/j.bspc.2021.103238
https://doi.org/10.1016/j.bspc.2022.104351
https://doi.org/10.1016/j.bspc.2022.104351
https://doi.org/10.1088/1361-6579/ad4953
https://doi.org/10.1088/1361-6579/ad4953
https://doi.org/10.1378/chest.06.2287
https://doi.org/10.1378/chest.06.2287
https://doi.org/10.1183/09031936.96.09112365
https://doi.org/10.1183/09031936.96.09112365
https://doi.org/10.1097/00005537-200403000-00013
https://doi.org/10.1097/00005537-200403000-00013
https://doi.org/10.31782/IJCRR.2021.13610
https://doi.org/10.1378/chest.107.4.963
https://doi.org/10.1001/jama.2020.3514
https://doi.org/10.1007/s00405-007-0408-8
https://doi.org/10.1007/s00405-007-0408-8
https://doi.org/10.12066/j.issn.1007-2861.1942
https://doi.org/10.12066/j.issn.1007-2861.1942
https://doi.org/10.1007/s12525-021-00475-2
https://doi.org/10.1007/s12525-021-00475-2
https://doi.org/10.1088/0967-3334/32/1/006
https://doi.org/10.1088/0967-3334/32/1/006
https://doi.org/10.1038/s41597-021-00977-w
https://doi.org/10.18637/jss.v036.i11
https://doi.org/10.18637/jss.v036.i11
https://doi.org/10.21437/interspeech.2012-221
https://doi.org/10.21437/interspeech.2012-221

Y. Luo et al. — Snoring Sounds Classification of OSAHS Patients Based on Model Fusion 79

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

L1 J. et al. (2017), Feature selection: A data perspec-
tive, ACM Computing Surveys, 50(6): 94,
https://doi.org/10.1145/3136625.

LuGAREsI E., CIRIGNOTTA F., MONTAGNA P. (1988),
Pathogenic aspects of snoring and obstructive apnea

syndrome, Schweizerische Medizinische Wochenschrift,
118(38).

MARKANDEYA M.N., ABEYRATNE U.R., Hukins C.
(2018), Characterisation of upper airway obstructions
using wide-band snoring sounds, Biomedical Signal
Processing and Control, 46: 201-211, https://doi.org/
10.1016/j.bspc.2018.07.013.

MINARITZOGLOU A., VAGIAKIS E. (2008), Polysomnog-
raphy: Recent data on procedure and analysis, Pneuo-
mon, 21(4).

OsMAN A.M., CARTER S.G., CARBERRY J.C., ECk-
ERT D.J. (2018), Obstructive sleep apnea: Current
perspectives, Nature and Science of Sleep, 10: 21-34,
https://doi.org/10.2147/NSS.S124657.

PEREZ-PADILLA J.R., SLAWINSKI E., DIFRANCESCcO L.M.,
FEIGE R.R., REMMERS J.E., WHITELAW W.A. (1993),
Characteristics of the snoring noise in patients with
and without occlusive sleep apnea, American Review of
Respiratory Disease, 147(3), https://doi.org/10.1164/
ajrcem/147.3.635.

PEVERNAGIE D.; AArRTS R.M., DE MEYER M. (2010),
The acoustics of snoring, Sleep Medicine Reviews,
14(2): 131-144, https://doi.org/10.1016/j.smrv.2009.
06.002.

QIAN K. et al. (2021), Can machine learning assist
locating the excitation of snore sound? A review,
IEEE Journal of Biomedical and Health Informat-
ics, 25(4): 1233-1246, https://doi.org/10.1109/JBHI.
2020.3012666.

QiaN K., JanoTT C., ZHANG Z., HEISER C., SCHUL-
LER B. (2016), Wavelet features for classification
of vote snore sounds, [in:] 2016 IEEE International
Conference on Acoustics, Speech and Signal Process-
ing (ICASSP), pp. 221-225, https://doi.org/10.1109/
ICASSP.2016.7471669.

REDLINE S. et al. (2010), Obstructive sleep apnea—
hypopnea and incident stroke, American Journal of
Respiratory and Critical Care Medicine, 182(2),
https://doi.org/10.1164/rcem.200911-17460c.

SEIFFERT C., KHOSHGOFTAAR T.M., VAN HULSE J.,
NAPOLITANO A. (2010), RUSBoost: A hybrid approach
to alleviating class imbalance, [in:] JEEE Transactions
on Systems, Man, and Cybernetics Part A: Systems
and Humans, 40(1): 185-197, https://doi.org/10.1109/
TSMCA.2009.2029559.

SHEN F., CHENG S., L1 Z., YUE K., L1t W., DA1 L.
(2020), Detection of snore from OSAHS patients based

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

on deep learning, Journal of Healthcare Engineering,
https://doi.org/10.1155/2020,/8864863.

SOLA-SOLER J., JANE R., F1z J.A., MORERA J. (2007),
Automatic classification of subjects with and without
Sleep Apnea through snoring analysis, [in:] 2007 29th
Annual International Conference of the IEEE Engi-
neering in Medicine and Biology Society,
https://doi.org/10.1109/TEMBS.2007.4353739.

SonG Y., SuN X., DinG L., PENG J., SONG L., ZHANG X.
(2023), AHI estimation of OSAHS patients based
on snoring classification and fusion model, American
Journal of Otolaryngology, 44(5): 103964,
https://doi.org/10.1016/j.amjoto.2023.103964.

SOwWHO M., SGAMBATI F., GUZMAN M., SCHNEIDER H.,
SCHWARTZ A. (2020), Snoring: A source of noise pol-
lution and sleep apnea predictor, Sleep, 43(6),
https://doi.org/10.1093/sleep/zsz305.

SuN X., DiNG L., SoNG Y., PENG J., SONG L., ZHANG X.
(2023), Automatic identifying OSAHS patients and
simple snorers based on Gaussian mixture models,
Physiological Measurement, 44(4): 045003,
https://doi.org/10.1088/1361-6579 /accd43.

SuN X., PENG J., ZHANG X., SONG L. (2022), Effec-
tive feature selection based on Fisher Ratio for snor-
ing recognition using different validation methods, Ap-
plied Acoustics, 185: 108429, https://doi.org/10.1016/
j-apacoust.2021.108429.

ULuALP S.0. (2010), Snoring and obstructive sleep ap-
nea, Medical Clinics of North America, 94(5): 1047—
1055, https://doi.org/10.1016/j.mcna.2010.05.002.

Wane C., PENG J., SoNG L., ZHANG X. (2017), Au-
tomatic snoring sounds detection from sleep sounds
via multi-features analysis, Australasian Physical and
Engineering Sciences in Medicine, 40(1): 127-135,
https://doi.org/10.1007/s13246-016-0507-1.

WHITE D.P. (2005), Pathogenesis of obstructive and
central sleep apnea, American Journal of Respiratory
and Critical Care Medicine, 172(11), https://doi.org/
10.1164/rcem.200412-1631S0.

Wu Z., WaNG X., JiIaANG B. (2020), Fault diag-
nosis for wind turbines based on ReliefF and eX-
treme gradient boosting, Applied Sciences, 10(9): 3258,
https://doi.org/10.3390/appl10093258.

ZHANG S., L1 X., ZOoNG M., ZHu X., CHENG D. (2017),
Learning k for kNN Classification, ACM Transac-
tions on Intelligent Systems and Technology, 8(3): 43,
https://doi.org/10.1145/2990508.

ZHENG F., ZHANG G., SoONG Z. (2001), Compari-
son of different implementations of MFCC, Journal
of Computer Science and Technology, 16(6): 582-589,
https://doi.org/10.1007 /BF02943243.


https://doi.org/10.1145/3136625
https://doi.org/10.1016/j.bspc.2018.07.013
https://doi.org/10.1016/j.bspc.2018.07.013
https://doi.org/10.2147/NSS.S124657
https://doi.org/10.1164/ajrccm/147.3.635
https://doi.org/10.1164/ajrccm/147.3.635
https://doi.org/10.1016/j.smrv.2009.06.002
https://doi.org/10.1016/j.smrv.2009.06.002
https://doi.org/10.1109/JBHI.2020.3012666
https://doi.org/10.1109/JBHI.2020.3012666
https://doi.org/10.1109/ICASSP.2016.7471669
https://doi.org/10.1109/ICASSP.2016.7471669
https://doi.org/10.1164/rccm.200911-1746oc
https://doi.org/10.1109/TSMCA.2009.2029559
https://doi.org/10.1109/TSMCA.2009.2029559
https://doi.org/10.1155/2020/8864863
https://doi.org/10.1109/IEMBS.2007.4353739
https://doi.org/10.1016/j.amjoto.2023.103964
https://doi.org/10.1093/sleep/zsz305
https://doi.org/10.1088/1361-6579/accd43
https://doi.org/10.1016/j.apacoust.2021.108429
https://doi.org/10.1016/j.apacoust.2021.108429
https://doi.org/10.1016/j.mcna.2010.05.002
https://doi.org/10.1007/s13246-016-0507-1
https://doi.org/10.1164/rccm.200412-1631SO
https://doi.org/10.1164/rccm.200412-1631SO
https://doi.org/10.3390/app10093258
https://doi.org/10.1145/2990508
https://doi.org/10.1007/BF02943243

