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Abstract

Sleep apnea-hypopnea syndrome (SAHS) is a chronic and highly prevalent disease con-
sidered a major health problem in industrialized countries. The gold standard diagnos -
tic methodology is in-laboratory nocturnal polysomnography (PSG), which is complex, 
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diagnostic alternatives are demanded. Sleep scientists carried out an exhaustive research 
during the last decades focused on the design of automated expert systems derived from 
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diagnosis systems aimed at assisting physicians in the management of SAHS. In this 
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ment are thoroughly reviewed.
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1. Introduction
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suitable treatment using several variables from multiple clinical data sources, which is a 
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available, from symptoms reported by the patient and details stored in their clinical history 
to biochemical data and outcomes from biomedical recordings or medical images. In this 
context, machine learning methods are essential to maximize the usefulness of medical data 
in order to expedite decisions and avoid misdiagnosis. In the last decades, the increasing 
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number of studies published in the context of biomedical engineering during the last years 
clearly shows this trend.
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rule, the predicted class must be the one that maximizes a posteriori probability in order to 
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normal distribution, homoscedasticity, linearity, independency, or stationarity decrease the 
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assumptions are made about the probability density functions of input features and the train -
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and limitations. However, the ability to model complex nonlinear problems, which are very 
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dependent input parameters. However, once designed, they are reliable and easy to use tools, 
even by nontrained personnel. In addition, once optimized, the computational time is small, 
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the last years due to the need for automating their complex diagnostic processes. Particularly 
challenging is the management of sleep apnea-hypopnea syndrome (SAHS). The gold stan-
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computer-aided diagnosis systems have emerged as very useful tools to deal with complex 
rules involving several biomedical recordings simultaneously, in order to expedite diagnosis 
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applied in the context of SAHS and merit a thorough analysis.
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of the studies published during the past decade has been carried out. The review is structured 
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staging, and treatment monitoring.
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order to model the statistical properties of the problem under study and accordingly compose 
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most important issues regarding the design, training, and validation stages common to all approaches 
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Figure 2. Flow diagram summarizing the training, validation, and test stages, as well as the most important issues 
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the most widely used, where each neuron in a layer is connected to every neuron on the next 
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allowed. Therefore, data is always moving forward from one layer to the next, i.e., from the 
input to the output.
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weights, which are optimized during the training stage. Similar to the process of memory, 
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ber of neurons per layer, and the connectivity strength among them. Regarding the number of 
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dependent decision, whereas the number of neurons and the connectivity degree (weights) 
are both determined automatically during the learning process. Regarding the number of 
nodes in the hidden layer, it is commonly optimized by means of a hold-out or cross-validation 
approach using the data in a training dataset. In this regard, it is supposed that the complex 
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a reduced number of nodes can model complex problems and reach high prediction ability. In 
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tion of neurons in the hidden and output layers. The hyperbolic tangent function is a common 
activation function for neurons in the hidden layer since it has been demonstrated that it pro -
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single neuron (perceptron) with a sigmoid activation function. Regarding the learning process, 
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to estimate a continuous variable.
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assigned to one of two mutually exclusive classes: SAHS positive (class C�V or positive class) 
or SAHS negative (class C�W or negative class). A possible target coding scheme would be the 
following: t�1�½�1�V�1�•�˜�›�1�•�‘�Ž�1positive  class and t�1�½�1�W�1�•�˜�›�1�•�‘�Ž�1negative class. This architecture can be 
used also in regression problems, where the variable to be approximated is unidimensional 
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estimate the apnea-hypopnea index (AHI).
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approach, the activation function of the output neuron could be a nonlinear function with out -
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features (x�—) and the bias term (bj) in order to compute the output ( yk).
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Regarding the error function governing the learning process, the cross-entropy error function 
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to obtain as much information as possible, e.g., sociodemographic, anthropometric, clinical, 
and/or variables from automated feature extraction algorithms. Therefore, their values may 
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can be used to standardize (zero mean and unit variance) the magnitudes of each input fea-
ture by subtracting its mean and dividing by its standard deviation.
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The training or learning process can be (i) supervised, in which the learning process is guided 
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ing the learning stage is referred to as the training set. According to this training input-output 
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that the training set would be large enough to represent fairly the problem under study.
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order to minimize the error. This procedure is repeated throughout several iterations, which are 
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dataset. In this regard, it is noteworthy that the goal of the training stage must be to build a 
general statistical model of the problem under study rather than to learn data samples from 
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characteristics and thus the best generalization is obtained when a compromise between the 
�Œ�˜�—���’�Œ�•�’�—�•�1�›�Ž�š�ž�’�›�Ž�–�Ž�—�•�œ�1�˜�•�1�œ�–�Š�•�•�1�‹�’�Š�œ�1�Š�—�•�1�œ�–�Š�•�•�1�Ÿ�Š�›�’�Š�—�Œ�Ž�1�’�œ�1�Š�Œ�‘�’�Ž�Ÿ�Ž�•�1�ý�W�[�ð�1�W�]�þ�ï

A way to reduce both bias and variance simultaneously is to increase the number of train -
ing samples. As a result, model complexity increases, which minimizes the bias. At the same 
time, constrains imposed by the training data will be more rigorous, thereby also reducing 
variance. As mentioned earlier, to achieve this goal the size of the training set should increase 
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smoothing mapping is needed to prevent from poor generalization �1�ý�W�Y�ð�1�W�]�þ�ï�1���—�1�•�‘�’�œ�1�›�Ž�•�Š�›�•�ð�1
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by reducing the number of adjustable parameters during the training set. Weight decay and 
early stopping are common approaches of regularization. Weight decay is probably the most 
widely used, consisting on adding a penalty term to the error function in order to penalize 
complex mappings.
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An additional issue regarding the training sample size is called the course of dimensionality 
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sion of the feature space, i.e., the number of variables in the input feature vector. The course of 
dimensionality states that the number of training samples needed to characterize the under-
lying problem grows exponentially as the number of input features increases. Therefore, the 
size of the training dataset must also increase according to the input space dimension in order 
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completeness, or accuracy, among others) is used to obtain the optimum feature subset. There 
are several feature selection methodologies but principal component analysis and stepwise 
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performance assessment stages must be carried out using independent datasets, i.e., the so-called 
training, validation, and test datasets. The goal of model selection is to obtain the optimum net -
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design parameters, i.e., number of neurons in the hidden layer and usually the regularization 
parameter. The hold-out method is commonly used for this purpose because it avoids a biased 
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It is worth to notice that, unfortunately, several studies from the literature do not implement 
a suitable validation of their proposed methodology, providing biased overoptimistic results 
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training and validating the models in the same training set without biasing the selection of 
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rithms to deal with small populations under study.

�6�O�H�H�S���$�S�Q�H�D�������5�H�F�H�Q�W���8�S�G�D�W�H�V����



�Y�ï�1���•�’�—�’�Œ�Š�•�1�Š�™�™�•�’�Œ�Š�•�’�˜�—�œ�1�˜�•�1�����œ�1�’�—�1�•�‘�Ž�1�Œ�˜�—�•�Ž�¡�•�1�˜�•�1�œ�•�Ž�Ž�™�1�Š�™�—�Ž�Š�,�‘�¢�™�˜�™�—�Ž�Š�1
�œ�¢�—�•�›�˜�–�Ž

�������œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�Š�™�™�•�’�Ž�•�1�•�˜�1�–�˜�•�Ž�•�1�™�›�˜�‹�•�Ž�–�œ�1�’�—�1�œ�Ž�Ÿ�Ž�›�Š�•�1���Ž�•�•�œ�ð�1�œ�ž�Œ�‘�1�Š�œ�1�’�—�•�ž�œ�•�›�’�Š�•�1�™�›�˜�Œ�Ž�œ�œ�Ž�œ�1
�˜�™�•�’�–�’�£�Š�•�’�˜�—�ð�1 �Ž�Œ�˜�—�˜�–�’�Œ�1 �Š�—�•�1 ���—�Š�—�Œ�’�Š�•�1 �–�˜�•�Ž�•�’�—�•�ð�1 �Œ�‘�Ž�–�’�œ�•�›�¢�ð�1 �™�‘�¢�œ�’�Œ�œ�ð�1 �‹�’�˜�•�˜�•�¢�ð�1 �˜�›�1 �–�Ž�•�’�Œ�’�—�Ž�ð�1
�Š�–�˜�—�•�1�˜�•�‘�Ž�›�œ�1�ý�Y�^�.�Z�X�þ�ï�1���—�1�•�‘�Ž�1�•�›�Š�–�Ž� �˜�›�”�1�˜�•�1�����
���1 �–�Š�—�Š�•�Ž�–�Ž�—�•�ð�1�Š�ž�•�˜�–�Š�•�Ž�•�1�Ž�¡�™�Ž�›�•�1�œ�¢�œ�•�Ž�–�œ�1
�‹�Š�œ�Ž�•�1 �˜�—�1�������œ�1�‘�Š�Ÿ�Ž�1 �‹�Ž�Ž�—�1�–�Š�’�—�•�¢�1 �Š�™�™�•�’�Ž�•�1 �•�˜�1 �Œ�•�Š�œ�œ�’�•�¢�1 �™�Š�•�’�Ž�—�•�œ�1�œ�ž�œ�™�Ž�Œ�•�Ž�•�1 �˜�•�1 �œ�ž���Ž�›�’�—�•�1 �•�›�˜�–�1
�����
���1 �û�‹�’�—�Š�›�¢�1 �Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—�ñ�1 �—�˜�1 �����
���1 �Ÿ�œ�ï�1 �����
���ü�ð�1 �•�˜�1 �Œ�Š�•�Ž�•�˜�›�’�£�Ž�1 �•�‘�Ž�1 �œ�Ž�Ÿ�Ž�›�’�•�¢�1 �˜�•�1 �•�‘�Ž�1 �•�’�œ�Ž�Š�œ�Ž�1
�û�–�ž�•�•�’�Œ�•�Š�œ�œ�1�Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—�ñ�1�—�˜�1�����
���ð�1�–�’�•�•�ð�1�–�˜�•�Ž�›�Š�•�Ž�ð�1�Š�—�•�1�œ�Ž�Ÿ�Ž�›�Ž�ü�ð�1�•�˜�1�Ž�œ�•�’�–�Š�•�Ž�1�•�‘�Ž�1���
���1�û�›�Ž�•�›�Ž�œ-
�œ�’�˜�—�1�˜�•�1�Š�1�Œ�˜�—�•�’�—�ž�˜�ž�œ�1�Ÿ�Š�›�’�Š�‹�•�Ž�ü�ð�1�•�˜�1�•�Ž�•�Ž�Œ�•�1�Š�—�•�1�š�ž�Š�—�•�’�•�¢�1�›�Ž�œ�™�’�›�Š�•�˜�›�¢�1�Ž�Ÿ�Ž�—�•�œ�1�û�—�˜�›�–�Š�•�1�‹�›�Ž�Š�•�‘�’�—�•�1�Ÿ�œ�ï�1
�Š�™�—�Ž�’�Œ�ü�ð�1�Š�—�•�1�•�˜�1�Œ�Š�•�Ž�•�˜�›�’�£�Ž�1�Š�™�—�Ž�’�Œ�1�Ž�Ÿ�Ž�—�•�œ�1�û�Œ�Ž�—�•�›�Š�•�ð�1�˜�‹�œ�•�›�ž�Œ�•�’�Ÿ�Ž�ð�1�Š�—�•�1�–�’�¡�Ž�•�ü�ï�1�������œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1
also used to implement automated sleep staging and arousal detection, which are very useful 
functionalities incorporated in current commercial software applications for sleep analysis. In 
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studies have been carried out to estimate the AHI using a regression approach (continuous 
function).
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increasing research in the context of biomedical signal processing allows physicians to derive 
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nasal pressure, abdominal and chest movements, snoring sounds, and EEG have been also 
studied. Alternatively, in order to avoid sleep studies, automated signal processing of speech 
recordings and even image analysis for facial recognition have been also assessed as an alter-
native to PSG-derived signals to assist in the detection of SAHS.

The main goal of computer-aided tools for SAHS management is to simplify and speed up the 
diagnostic methodology, in order to alleviate large waiting lists and increase accessibility of 
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portable devices. Therefore, powerful tools are needed to obtain as much information as possible 
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features derived from the signals under study and thus they are suitable and reliable tools to 
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ent automated signal processing methods have been applied, such as common statistics (mean, 
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transform, bispectrum), and/or nonlinear methods (entropy measures, Poincaré plots, complex-
ity measures), among others, both individually or jointly.
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Recent studies have built updated predictive models based on anthropometric and clinical data, 
since characteristics of patients referred nowadays to sleep units have changed compared to those 
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in order to classify patients into normal subjects or mild, moderate, or severe SAHS patients. 
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�6�O�H�H�S���$�S�Q�H�D�������5�H�F�H�Q�W���8�S�G�D�W�H�V����



���ž�•�‘�˜�›�1�û�¢�Ž�Š�›�ü�1�ý���Ž�•�ï�þ �������1�–�˜�•�Ž�• ���ž�›�™�˜�œ�Ž ���Š�›�•�Ž�•�1�•�ž�—�Œ�•�’�˜�—�&
�Œ�•�Š�œ�œ�û�Ž�œ�ü

���—�™�ž�•�1�Ÿ�Š�›�’�Š�‹�•�Ž�œ ���Ž�›�•�˜�›�–�Š�—�Œ�Ž�1�–�Ž�•�›�’�Œ�œ

��’�›�‹�¢�1�Ž�•�1�Š�•�ï�1�û�W�_�_�_�ü�1
�ý�Z�Y�þ

�	������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—�1
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
���1
�û���
���1�Ã�W�V�1�Ž�&�‘�ü

���•�’�—�’�Œ�Š�• �_�^�ï�_�–�1���Ž
�^�V�ï�V�–�1���™
�_�W�ï�Y�–�1���Œ�Œ

���•�,���˜�•�‘�1�Ž�•�1�Š�•�ï�1�û�W�_�_�_�ü�1
�ý�W�_�þ

������ Regression AHI estimation ���•�’�—�’�Œ�Š�•�1�Š�—�•�1
anthropometric

�����1�½�1�V�ï�^�[�X
�Œ�ž�•�˜���1�W�V�1�Ž�&�‘
�_�Z�ï�_�–�1���Ž�1�,�1�\�Z�ï�]�–�1���™
�Œ�ž�•�˜���1�W�[�1�Ž�&�‘
�_�[�ï�Y�–�1���Ž�1�,�1�\�V�ï�V�–�1���™
�Œ�ž�•�˜���1�X�V�1�Ž�&�‘
�_�[�ï�[�–�1���Ž�1�,�1�]�Y�ï�Z�–�1���™

���ž�1�Ž�•�1�Š�•�ï�1�û�X�V�W�X�ü�1�ý�Z�[�þMMTS
����
��������
������
������
����
RS

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�Z�,�Œ�•�Š�œ�œ�ü

���˜�›�–�Š�•�&�–�’�•�•�& 
moderate/severe

Anthropometric and 
�š�ž�Ž�œ�•�’�˜�—�—�Š�’�›�Ž�1�•�Š�•�Š

�^�Z�ï�Y�^�–�1�Š�Ÿ�Ž�›�Š�•�Ž�1���Œ�Œ
�[�[�ï�Y�Y�–�1�Š�Ÿ�Ž�›�Š�•�Ž�1���Œ�Œ
�Y�Z�ï�V�Z�–�1�Š�Ÿ�Ž�›�Š�•�Ž�1���Œ�Œ
�Z�]�ï�X�X�–�1�Š�Ÿ�Ž�›�Š�•�Ž�1���Œ�Œ
�[�Y�ï�^�X�–�1�Š�Ÿ�Ž�›�Š�•�Ž�1���Œ�Œ
�\�Y�ï�[�Z�–�1�Š�Ÿ�Ž�›�Š�•�Ž�1���Œ�Œ
�W�Y�ï�X�V�–�1�Š�Ÿ�Ž�›�Š�•�Ž�1���Œ�Œ

���Š�—�•�1�Ž�•�1�Š�•�ï�1�û�X�V�W�\�ü�1
�ý�X�]�þ

��������

������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�Z�,�Œ�•�Š�œ�œ�ü

���˜�1�����
���&�–�’�•�•�&
moderate/severe

Anthropometric and 
�š�ž�Ž�œ�•�’�˜�—�—�Š�’�›�Ž�1�•�Š�•�Š

�Z�]�ï�[�–�1���Œ�Œ�ð�1�V�ï�W�Z�[�1k, 
�V�ï�X�^�^�1�•�,�–�Ž�Š�—
�Z�Y�ï�Z�–�1���Œ�Œ�ð�1�V�ï�W�^�W�1k, 
�V�ï�X�^�V�1�•�,�–�Ž�Š�—

��Š�›�Š�–�Š�—�•�’�1�Ž�•�1�Š�•�ï�1
�û�X�V�W�\�ü�1�ý�X�W�þ

������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
��
�û���
���1�Ã�W�V�1�Ž�&�‘�ü

���Ž�¡�ð�1�Š�•�Ž�ð�1�������ð�1
snoring status

�^�\�ï�\�–�1���Œ�Œ

���˜�•�Š�•�1�Ž�•�1�Š�•�ï�1�û�X�V�V�^�ü�1
�ý�X�_�þ

��������
����������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
��
�û���
���1�Ã�1�[�1�Ž�&�‘�ü

In-lab PSG-derived �W�V�V�–�1���Ž�ð�1�_�Y�ï�[�–�1���™�ð�1
�_�[�ï�W�–�1���Œ�Œ�ð�1�V�ï�_�\�1������

Ghandeharioun et 
�Š�•�ï�1�û�X�V�W�[�ü�1�ý�Y�V�þ

������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�Z�,�Œ�•�Š�œ�œ�ü

���˜�1�����
���&�–�’�•�•�&
moderate/severe

In-lab PSG-derived 
and anthropometric

�_�Z�ï�X�–�1���Ž�ð�1�_�]�ï�^�–�1���™�ð�1
�_�\�ï�[�–�1���Œ�Œ

���Š�›�Œ�˜�œ�1�Ž�•�1�Š�•�ï�1�û�X�V�V�^�ü�1
�ý�X�V�þ

������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
��
�û���
���1�Ã�W�V�1�Ž�&�‘�ü

���˜�—�•�’�—�Ž�Š�›�1�•�Ž�Š�•�ž�›�Ž�œ�1
�•�›�˜�–�1���™���X

�^�_�ï�^�–�1���Ž�ð�1�]�_�ï�Z�–�1���™�ð�1
�^�[�ï�[�–�1���Œ�Œ

���Š�›�Œ�˜�œ�1�Ž�•�1�Š�•�ï�1�û�X�V�V�^�ü�1
�ý�X�Z�þ

�������,���

�������,������

�������,������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
��
�û���
���1�Ã�W�V�1�Ž�&�‘�ü

���˜�—�•�’�—�Ž�Š�›�1�•�Ž�Š�•�ž�›�Ž�œ�1
�•�›�˜�–�1���™���X

�^�_�ï�Z�–�1���Ž�ð�1�^�W�ï�Z�–�1���™�ð�1
�^�\�ï�W�–�1���Œ
�^�\�ï�\�–�1���Ž�ð�1�^�W�ï�_�–�1���™�ð�1
�^�Z�ï�]�–�1���Œ�Œ
�^�_�ï�^�–�1���Ž�ð�1�]�_�ï�Z�–�1���™�ð�1
�^�[�ï�[�–�1���Œ�Œ

Almazaydeh et al. 
�û�X�V�W�X�ü�1�ý�Z�\�þ

������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

Healthy vs. SAHS
�û���
���1�Ã�[�1�Ž�&�‘�ü
Physionet

�������Y�ð�1�•�Ž�•�•�Š�1�’�—�•�Ž�¡�ð�1
�������1�•�›�˜�–�1���™���X

�^�]�ï�[�–�1���Ž�ð�1�W�V�V�–�1���™�ð�1
�_�Y�ï�Y�–�1���Œ�Œ

���Š�›�Œ�˜�œ�1�Ž�•�1�Š�•�ï�1�û�X�V�W�V�ü�1
�ý�X�X�þ

������
�����,������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
��
�û���
���1�Ã�W�V�1�Ž�&�‘�ü

Statistical, spectral, 
and nonlinear 
�•�Ž�Š�•�ž�›�Ž�œ�1�•�›�˜�–�1���™���X

�^�\�ï�Z�–�1���Ž�ð�1�\�X�ï�^�–�1���™�ð�1
�]�\�ï�^�–�1���Œ�Œ
�^�]�ï�^�–�1���Ž�ð�1�^�X�ï�Z�–�1���™�ð�1
�^�[�ï�\�–�1���Œ�Œ

���˜�›�’�•�•�˜�1�Ž�•�1�Š�•�ï�1�û�X�V�W�X�ü�1
�ý�Z�]�þ

�����,������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ. SAHS
�û���
���1�Ã�W�V�1�Ž�&�‘�ü

Time, stochastic, 
spectral, and 
nonlinear features 
�•�›�˜�–�1���™���X

�_�X�ï�Z�–�1���Ž�ð�1�_�[�ï�_�–�1���™�ð�1
�_�Y�ï�_�–�1���Œ�Œ

�8�V�H�I�X�O�Q�H�V�V���R�I���$�U�W�L�I�L�F�L�D�O���1�H�X�U�D�O���1�H�W�Z�R�U�N�V���L�Q���W�K�H���'�L�D�J�Q�R�V�L�V���D�Q�G���7�U�H�D�W�P�H�Q�W���R�I���6�O�H�H�S���$�S�Q�H�D���+�\�S�R�S�Q�H�D���6�\�Q�G�U�R�P�H
�K�W�W�S�������G�[���G�R�L���R�U�J����������������������������

����



���ž�•�‘�˜�›�1�û�¢�Ž�Š�›�ü�1�ý���Ž�•�ï�þ �������1�–�˜�•�Ž�• ���ž�›�™�˜�œ�Ž ���Š�›�•�Ž�•�1�•�ž�—�Œ�•�’�˜�—�&
�Œ�•�Š�œ�œ�û�Ž�œ�ü

���—�™�ž�•�1�Ÿ�Š�›�’�Š�‹�•�Ž�œ ���Ž�›�•�˜�›�–�Š�—�Œ�Ž�1�–�Ž�•�›�’�Œ�œ

�
�ž�Š�—�•�1�Ž�•�1�Š�•�ï�1�û�X�V�W�[�ü�1
�ý�X�\�þ

��������

������

����������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
��
�û���
���1�Ã�[�1�Ž�&�‘�ü

�������Z�1�•�›�˜�–�1���™���X �^�^�ï�V�–�1���Ž�ð�1�_�Y�ï�Y�–�1���™�ð�1
�_�V�ï�]�–�1���Œ�Œ
�^�V�ï�]�–�1���Ž�ð�1�]�_�ï�Y�–�1���™�ð�1
�^�V�ï�V�–�1���Œ�Œ
�_�V�ï�]�–�1���Ž�ð�1�^�\�ï�V�–�1���™�ð�1
�^�^�ï�Y�–�1���Œ�Œ

��‘�Š�—�•�˜�”�Ž�›�1�Ž�•�1�Š�•�ï�1
�û�X�V�V�_�ü�1�ý�X�Y�þ

������

������

�����

������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

Healthy vs. SAHS
�û���
���1�Ã�[�1�Ž�&�‘�ü
Physionet

Wavelet 
decomposition of 
�
�����1�Š�—�•�1�������1�•�›�˜�–�1
�����	

�W�V�V�–�1���Ž�ð�1�W�V�V�–�1���™�ð�1
�W�V�V�–�1���Œ�Œ
�_�V�–�1���Ž�ð�1�W�V�V�–�1���™�ð�1�_�Y�–�1
Acc
�^�V�–�1���Ž�ð�1�_�V�–�1���™�ð�1 
�^�Y�–�1���Œ�Œ
�^�V�–�1���Ž�ð�1�[�V�–�1���™�ð�1 
�]�V�–�1���Œ�Œ

��‘�Š�—�•�˜�”�Ž�›�1�Ž�•�1�Š�•�ï�1
�û�X�V�V�^�ü�1�ý�Z�^�þ

�������� ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���™�—�Ž�’�Œ�1�Ÿ�œ�ï�1���˜�›�–�Š�•
Hypopnea vs. Apnea
���‹�œ�•�›�ž�Œ�•�’�Ÿ�Ž�1�Ÿ�œ�ï�1���Ž�—�•�›�Š�•

�����	 �^�]�ï�\�–�1���Ž�ð�1�_�[�ï�[�–�1���™�ð�1
�_�[�ï�W�–�1���Œ�Œ
�^�\�ï�W�–�1���Ž�ð�1�]�^�ï�]�–�1���™�ð�1
�^�Y�ï�Z�–�1���Œ�Œ
�_�Y�ï�]�–�1���Ž�ð�1�_�_�ï�X�–�1���™�ð�1
�_�^�ï�_�–�1���Œ�Œ

Acharya et al.  
�û�X�V�W�W�ü�1�ý�Z�_�þ

�������� ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�Y�,�Œ�•�Š�œ�œ�ü

���˜�›�–�Š�•�&�Š�™�—�Ž�Š�&
hypopnea

���˜�—�•�’�—�Ž�Š�›�1�–�Ž�Š�œ�ž�›�Ž�œ�1
�•�›�˜�–�1�����	

�_�[�ï�V�–�1���Ž�ð�1�W�V�V�–�1���™�ð�1
�_�_�ï�W�–�1���Œ�Œ�1�û�—�˜�›�–�Š�•�ü
�^�^�ï�V�–�1���Ž�ð�1�_�V�ï�V�–�1���™�ð�1
�_�\�ï�[�–�1���Œ�Œ�1�û�Š�™�—�Ž�Š�ü
�^�V�ï�V�–�1���Ž�ð�1�^�_�ï�[�–�1���™�1
�^�]�ï�^�–�1���Œ�Œ�1�û�‘�¢�™�˜�™�—�Ž�Š�ü

��� �Ž�Ž�œ�”�¢�1�Ž�•�1�Š�•�ï�1 
�û�X�V�W�W�ü�1�ý�[�V�þ

�������� ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�›�–�Š�•�1�‹�›�Ž�Š�•�‘�’�—�•�1�Ÿ�œ�ï�1
apnea epochs

P-wave features  
�•�›�˜�–�1�����	

�_�V�ï�V�–�1���Ž�ð�1�_�Z�ï�X�–�1���™�ð�1
�_�X�ï�V�–�1���Œ�Œ

Mendez et al.  
�û�X�V�V�_�ü�1�ý�[�W�þ

�������� ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�›�–�Š�•�1�‹�›�Ž�Š�•�‘�’�—�•�1�Ÿ�œ�ï�1
apnea
�û���
���1�Ã�[�1�Ž�&�‘�ü

Time and spectral 
features from RRi 
�Š�—�•�1�������1�Š�›�Ž�Š�1�•�’�–�Ž�1
series

�^�_�ï�V�–�1���Ž�ð�1�^�\�ï�V�–�1���™�ð�1
�^�^�ï�V�–�1���Œ�Œ�1�û�–�,�‹�¢�,�–�ü
�W�V�V�–�1���Œ�Œ�1�û�›�Ž�Œ�˜�›�•�ü

���•�ž�¢�Ž�—�1�Ž�•�1�Š�•�ï�1 
�û�X�V�W�Z�ü�1�ý�[�X�þ

�������1

������

Ensemble

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�›�–�Š�•�1�œ�•�Ž�Ž�™�1�Ÿ�œ�ï�1�œ�•�Ž�Ž�™�1
apnea epochs

�
�����1�Œ�˜�–�™�•�Ž�¡�’�•�¢�1�‹�¢�1
�–�Ž�Š�—�œ�1�˜�•�1������

�^�[�ï�\�–�1���Ž�ð�1�]�_�ï�W�–�1���™�ð�1
�^�Y�ï�X�–�1���Œ�Œ
�_�Y�ï�]�–�1���Ž�ð�1�\�[�ï�_�–�1���™�ð�1
�^�Z�ï�W�–�1���Œ�Œ
�^�\�ï�Z�–�1���Ž�ð�1�^�Y�ï�[�–�1���™�ð�1
�^�[�ï�Y�–�1���Œ�Œ

Fiz et al. 
�1�û�X�V�W�V�ü�1�ý�[�Y�þ

������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�1�����
���1�Ÿ�œ�ï�1�����
��
���
���1�Ã�[�1�Ž�&�‘
���
���1�Ã�W�[�1�Ž�&�‘

Time and spectral 
features from  
snoring recordings

�^�]�ï�V�–�1���Ž�ð�1�]�W�ï�V�–�1���™
�^�V�ï�V�–�1���Ž�ð�1�_�V�ï�V�–�1���™

���•�ž�¢�Ž�—�1�Š�—�•�1���˜�—�1
�û�X�V�W�[�ü�1�ý�[�Z�þ

�•�,������
������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�›�–�Š�•�1�‹�›�Ž�Š�•�‘�’�—�•�1�Ÿ�œ�ï�1
snoring

Spectral content 
snoring recordings

�_�\�ï�V�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ
�^�X�ï�V�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ

���Š�•�•�ž�”�1�Ž�•�1�Š�•�ï�1 
�û�X�V�W�W�ü�1�ý�[�[�þ

������ ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

���˜�›�–�Š�•�1�Ÿ�œ�ï�1�����
���1�����	�1
epochs

���’�œ�™�Ž�Œ�•�›�Š�•�1�Š�—�Š�•�¢�œ�’�œ�1
of EEG

�_�Z�ï�W�–�1���Ž�ð�1�_�^�ï�X�–�1���™�ð
�_�\�ï�X�–�1���Œ�Œ

�6�O�H�H�S���$�S�Q�H�D�������5�H�F�H�Q�W���8�S�G�D�W�H�V����



���ž�•�‘�˜�›�1�û�¢�Ž�Š�›�ü�1�ý���Ž�•�ï�þ �������1�–�˜�•�Ž�• ���ž�›�™�˜�œ�Ž ���Š�›�•�Ž�•�1�•�ž�—�Œ�•�’�˜�—�&
�Œ�•�Š�œ�œ�û�Ž�œ�ü

���—�™�ž�•�1�Ÿ�Š�›�’�Š�‹�•�Ž�œ ���Ž�›�•�˜�›�–�Š�—�Œ�Ž�1�–�Ž�•�›�’�Œ�œ

���’�ž�1�Ž�•�1�Š�•�ï�1 
�û�X�V�V�^�ü�1�ý�Y�W�þ
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cardiorespiratory and/or neuromuscular signals have been used predominantly, while anthropo -
metric and clinical variables have been used marginally.
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respiratory rate.
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event detection, and AHI regression.
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used to predict the current value of the breathing sound signal using the preceding samples, 
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with an optimized threshold. The proposed method reached an average sensitivity and speci -
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derive the AHI, several neuromuscular and cardiorespiratory recordings from the overnight 
PSG have to be analyzed. However, the interpretation of a PSG is a complex and laborious 
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as accurate tools to analyze both the macrostructure (automated sleep staging) and the micro-
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a commercial wireless device for automated sleep staging based on the combined activity of 
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�Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—

���Š�”�Ž�&���������1�W�,�Z�&
REM

�����	�1�û���Y�,���X�ü�1�û�˜�Ÿ�Ž�›�Š�•�•�1
variance, relative 
power)
EMG (overall  
variance)

�����ñ�1�X�^�1�¹�1�X�–

���Ž�—�•�˜�ž�›�Š�œ�1�Ž�•�1�Š�•�ï�1 
�û�X�V�V�[�ü�1�ý�]�V�þ

������ ���’�—�Š�›�¢�1
�Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—

Sleep spindle 
detection

Single channel EEG 
�û���£�ü

�^�V�ï�X�–�1���Ž�ð�1�_�[�ï�V�–�1���™

���Š���Š�›�Ž�•�1�Ž�•�1�Š�•�ï�1�û�X�V�V�\�ü�1
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���� �Z�,�Œ�•�Š�œ�œ
�X�,�Œ�•�Š�œ�œ

���Š�”�Ž�&�•�’�•�‘�•�1�œ�•�Ž�Ž�™�&
deep sleep/REM
���Š�”�Ž�1�Ÿ�œ�ï�1�œ�•�Ž�Ž�™

�����	�1�û���£�,���W�ü k�1�½�1�V�ï�Y�V�[
k�1�½�1�V�ï�Z�Z�_
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���Š�”�Ž�&
���������W�¸�������&
���������X�&������

Wavelet 
decomposition of 
single channel EEG
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�_�Y�ï�V�–�1���Œ�Œ
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Sleep spindles  
�û�����ü�&�������&��� �Š�”�Ž

���Š�Ÿ�Ž�•�Ž�•�1�Œ�˜�Ž���Œ�’�Ž�—�•�œ�1
from EEG

�_�[�ï�Y�[�–�1���Œ�Œ�1�û�˜�Ÿ�Ž�›�Š�•�•�ü
�_�\�ï�^�Z�–�1���Œ�Œ�1�û�����ü
�_�Y�ï�\�^�–�1���Œ�Œ�1�û�������ü
�_�[�ï�[�X�–�1���Œ�Œ�1�û��� �Š�”�Ž�ü
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�[�,�Œ�•�Š�œ�œ�1
�Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—

���Š�”�Ž�&���������W�&
���������X�&�������& 
REM

Energy features from 
single-channel EEG

�^�]�ï�X�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ
�^�W�ï�W�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ
�^�W�ï�^�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ

Shambroom et al. 
�û�X�V�W�X�ü�1�ý�]�Z�þ

���� ���’�—�Š�›�¢�1
�Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—

Sleep �Ÿ�œ�ï�1� �Š�”�Ž
���’�•�‘�•�1�Ÿ�œ. deed  
sleep

���˜�–�‹�’�—�Ž�•�1�����	�&�����	�&
EMG activity by a 
single lead
�û� �’�›�Ž�•�Ž�œ�œ�1���Ž�˜�ü

�_�Y�ï�\�–�1���Œ�Œ
�^�W�ï�W�–�1���Œ�Œ

Griessenberger et al. 
�û�X�V�W�Y�ü�1�ý�]�[�þ

���� ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�Z�,�Œ�•�Š�œ�œ�ü

���Š�”�Ž�&�������&�•�’�•�‘�•�1
sleep/deep sleep

���˜�–�‹�’�—�Ž�•�1�����	�& 
�����	�&�����	�1�Š�Œ�•�’�Ÿ�’�•�¢�1�‹�¢�1
a single lead
�û� �’�›�Ž�•�Ž�œ�œ�1���Ž�˜�ü

�]�X�ï�\�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ

���Š�•�•�ž�”�1�Ž�•�1�Š�•�ï�1�û�X�V�W�V�ü�1
�ý�]�\�þ

�������� ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�[�,�Œ�•�Š�œ�œ�ü

���������1�W�1�•�˜�1�Z�& 
REM

���’�•�•�Ž�›�Ž�•�1�����	�1�Š�—�•�1
EMG

�]�Z�ï�]�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ
�]�X�ï�\�–�1���Œ�Œ�1�û���������W�ü
�]�Y�ï�Y�–�1���Œ�Œ�1�û���������X�ü
�]�^�ï�V�–�1���Œ�Œ�1�û���������Y�ü
�]�X�ï�Y�–�1���Œ�Œ�1�û���������Z�ü
�]�]�ï�Y�–�1���Œ�Œ�1�û�������ü

���‘�Š�™�˜�•�˜�•�1�Š�—�•�1���Ž�Œ�š�1
�û�X�V�V�_�ü�1�ý�]�]�þ

Ensemble 
������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�\�,�Œ�•�Š�œ�œ�ü

���Š�”�Ž�&���W�1�•�˜�1���Y�&
REM/Movement

Statistical, spectral, 
nonlinear features 
from EEG and EMG

�Y�\�1�¹�1�W�[�–�1�Ž�›�›�˜�›�1�›�Š�•�Ž
�V�ï�Z�^�1�¹�1�V�ï�W�^�1k
�Y�Z�–�1���Œ�Œ�1�û���Š�”�Ž�ü
�Z�Y�–�1���Œ�Œ�1�û���W�ü
�[�W�–�1���Œ�Œ�1�û���X�ü
�^�X�–�1���Œ�Œ�1�û���Y�ü
�^�X�–�1���Œ�Œ�1�û�������ü
�W�Y�–�1���Œ�Œ�1�û���˜�Ÿ�ï�ü

���‘�Š�›�‹�˜�—�—�’�Ž�›�1�Ž�•�1�Š�•�ï�1
�û�X�V�W�W�ü�1�ý�]�^�þ

Ensemble 
������

���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
�û�[�,�Œ�•�Š�œ�œ�ü

���Š�”�Ž�&���������W�&
���������X�&�������& 
REM

Time and spectral 
(Fourier analysis) 
features from EEG, 
�����	�ð�1�Š�—�•�1�����	

�^�[�ï�[�–�1�˜�Ÿ�Ž�›�Š�•�•�1���Œ�Œ
�]�^�ï�W�–�1���Œ�Œ�1�û���Š�”�Ž�ü
�\�Z�ï�^�–�1���Œ�Œ�1�û���������W�ü
�^�\�ï�_�–�1���Œ�Œ�1�û���������X�ü
�_�Z�ï�^�–�1���Œ�Œ�1�û�������ü
�]�_�ï�Y�–�1���Œ�Œ�1�û�������ü
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statistical, spectral, and nonlinear features from EEG and EMG signals and an ensemble clas-
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and the submental EMG channel were analyzed to automatically detect arousals in the con-
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was computed by means of the Fourier transform and four automated expert systems were 
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Álvarez-Estevez and 
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���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)

Arousal detection Energy in common 
bands of EEG  
(Fourier analysis)

�V�ï�W�_�\�1�¹�1�V�ï�V�W�[�1����
�V�ï�W�_�[�1�¹�1�V�ï�V�W�[�1����
�V�ï�W�Z�V�1�¹�1�V�ï�V�W�X�1����
�V�ï�V�_�X�1�¹�1�V�ï�V�W�V�1����

���Š�•�Ž�•�1�Ž�•�1�Š�•�ï�1�û�X�V�W�W�ü�1�ý�^�[�þ �������� ���•�Š�œ�œ�’���Œ�Š�•�’�˜�—
(binary)
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arousal detection, and drowsiness monitoring.
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are characterized by variable performance.
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alertness monitoring systems are already incorporated in many high-end vehicles.
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ments during the last years focused on the modulation of the pressure delivered by the device 
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the design and implementation of their automated signal processing algorithms and thus 
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As aforementioned, determining the optimal therapeutic pressure has been a major goal of 
�›�Ž�œ�Ž�Š�›�Œ�‘�1�›�Ž�•�Š�›�•�’�—�•�1���������1�•�›�Ž�Š�•�–�Ž�—�•�ï�1���’���Ž�›�Ž�—�•�1�›�Ž�œ�™�’�›�Š�•�˜�›�¢�,�›�Ž�•�Š�•�Ž�•�1�œ�’�•�—�Š�•�œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�Š�œ�œ�Ž�œ�œ�Ž�•�1
�•�˜�›�1�Š�ž�•�˜�–�Š�•�Ž�•�1�›�Ž�•�ž�•�Š�•�’�˜�—�1�˜�•�1�•�‘�Ž�1�™�›�Ž�œ�œ�ž�›�Ž�ï�1���’�›���˜� �ð�1���™���X�1�•�›�˜�–�1�˜�¡�’�–�Ž�•�›�¢�ð�1�
�����ð�1�™�‘�Š�›�¢�—�•�Ž�Š�•�1� �Š�•�•�1
vibration, and snoring sounds have been involved in automated algorithms aimed at detect -
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to predict breathing events and control the airway pressure level supplied to the user. This 
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pressure determined by standard titration during overnight PSG and the pressure predicted by 
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to conventional PSG-based titration, as well as lower titration failure.
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Researchers carried out an exhaustive study during the last decades focused on the design 
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their daily practice. Accordingly, several computer-aided decision support systems have 
been proposed to overcome limitations of the standard diagnostic methodology for SAHS. 
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between input variables.
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ing information about the problem under study, such as symptoms reported by the patient, 
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to highlight that, sometimes, researchers try to compose a wide initial feature set in order to 
gather as much information as possible, including features from signal processing algorithms 
regardless of their relevance or clinical meaning. In this way, feature selection strategies are 
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tion stage.

�������œ�1 �‘�Š�Ÿ�Ž�1 �¢�’�Ž�•�•�Ž�•�1 �›�Ž�•�’�Š�‹�•�Ž�1 �Š�—�•�1 �Š�Œ�Œ�ž�›�Š�•�Ž�1 �Š�™�™�•�’�Œ�Š�•�’�˜�—�œ�1 �’�—�1 �•�‘�Ž�1 �Œ�˜�—�•�Ž�¡�•�1 �˜�•�1 �����
���1 �•�Ž�•�Ž�Œ�•�’�˜�—�ï�1
���Ž�Ÿ�Ž�›�•�‘�Ž�•�Ž�œ�œ�ð�1�’�•�1�’�œ�1�—�˜�•�Ž� �˜�›�•�‘�¢�1�•�‘�Š�•�ð�1�’�—�1�•�‘�Ž�1�•�Š�œ�•�1�¢�Ž�Š�›�œ�ð�1�•�‘�Ž�›�Ž�1�’�œ�1�Š�1�•�›�Ž�—�•�1�•�˜�1�ž�œ�Ž�1�•�’���Ž�›�Ž�—�•�1�™�Š�4�Ž�›�—�1
�›�Ž�Œ�˜�•�—�’�•�’�˜�—�1�Š�•�•�˜�›�’�•�‘�–�œ�ð�1�™�Š�›�•�’�Œ�ž�•�Š�›�•�¢�1�������œ�1�Š�—�•�1�Ž�—�œ�Ž�–�‹�•�Ž�1�Œ�•�Š�œ�œ�’���Ž�›�œ�ï�1�������œ�1�‘�Š�Ÿ�Ž�1�Ž�–�Ž�›�•�Ž�•�1�Š�œ�1
�™�˜� �Ž�›�•�ž�•�1�•�˜�˜�•�œ�1�Š�‹�•�Ž�1�•�˜�1�Š�Œ�‘�’�Ž�Ÿ�Ž�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�‘�’�•�‘�1�™�Ž�›�•�˜�›�–�Š�—�Œ�Ž�1�‹�˜�•�‘�1�’�—�1�Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—�1�Š�—�•�1�›�Ž�•�›�Ž�œ-
�œ�’�˜�—�1�™�›�˜�‹�•�Ž�–�œ�ï�1���‘�Ž�¢�1�Š�›�Ž�1�”�Ž�›�—�Ž�•�,�‹�Š�œ�Ž�•�1�–�Š�¡�’�–�ž�–�1�–�Š�›�•�’�—�1�Œ�•�Š�œ�œ�’���Ž�›�œ�ð�1�’�ï�Ž�ï�ð�1�•�‘�Ž�1�•�Ž�Œ�’�œ�’�˜�—�1�‹�˜�ž�—�•�Š�›�¢�1
is determined by a subset of the training data samples in a transformed space in which the 
margin (the distance between the boundary and the closest samples) is maximized. In this 
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databases are limited and most studies are carried out using no publicly available datasets, 
which restricts comparisons.
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potential of this approach in the context of SAHS diagnosis.
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