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ABSTRACT

The obstructive sleep apnea-hypopnea (OSAH) syndrome is a very common and generally undiagnosed
sleep disorder. It is caused by repeated events of partial or total obstruction of the upper airway while
sleeping. This work introduces two novel approaches called most dicriminative activation selection
(MDAS) and most discriminative column selection (MDCS) for the detection of apnea-hypopnea events
using only pulse oximetry signals. These approaches use discriminative information of sparse representa-
tions of the signals to detect apnea-hypopnea events. Complete (CD) and overcomplete (OD) dictionaries,
and three different strategies (FULL sparse representation, MDAS, and MDCS), are considered. Thus, six
methods (FULL-OD, MDAS-OD, MDCS-0D, FULL-CD, MDAS-CD, and MDCS-CD) emerge. It is shown that
MDCS-0D outperforms all the others methods. A receiver operating characteristic (ROC) curve analysis
of this method shows an area under the curve of 0.937 and diagnostic sensitivity and specificity percent-
ages of 85.65 and 85.92, respectively. This shows that sparse representation of pulse oximetry signals is a
very valuable tool for estimating apnea-hypopnea indices. The implementation of the MDCS-OD method
could be embedded into the oximeter so as to be used by primary attention clinical physicians in the

search and detection of patients suspected of suffering from OSAH.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the year 2014 the American academy of sleep medicine
(AASM) released the third edition of the international classifi-
cation of sleep disorders [1]. One of the most common sleep
disorders is the obstructive sleep apnea-hypopnea (OSAH) syn-
drome, which is caused by repeated events of partial (hypopnea)
or total (apnea) obstruction of the upper airway while sleep-
ing. To establish the degree of severity of the syndrome, the
apnea-hypopnea index (AHI) is created. The AHI represents the
number of apnea-hypopnea events per hour of sleep. The OSAH
is classified as normal, mild, moderate or severe if belongs to the
interval [0, 5), [5, 15), [15, 30), or [30, o), respectively.

Nowadays, the gold standard test for diagnosing sleep disorders
is a polysomnography (PSG) in a sleep medical center. However,
the accessibility to this type of study is usually very limited as well
as costly in terms of both time and money. A complete PSG con-
sists of simultaneous measurement of several physiological signals
such as electrical activity of the brain along the scalp, electrical
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activity of the heart using electrodes placed on the body’s sur-
face, electrical activity produced by skeletal muscles, respiratory
effort, airflow and blood oxygen saturation (Sa0O,) signals, among
others. Mainly due to its ease of acquisition, we are particularly
interested in the latter. In a typical PSG study, after a normal period
of sleep the recorded signals are provided to medical experts. Due to
its complexity, different alternatives to PSG have been developed.
One of the most popular alternatives to PSG is the so called home
respiratory polygraphy [2]. Although some studies have shown
that there is a very high correlation between AHIs generated by
polygraphy and PSG studies and polygraphy requires no neuro-
physiological signals [3], it still needs several others physiological
signals, whose acquisition affects the normal sleeping of the per-
sons. It is therefore highly desirable to develop a reliable system
which makes use of as few as possible physiological signals. Since
pulse oximetry is a well know, quite cheap and non-invasive tech-
nique, it has become a very valuable alternative to detect persons
suspected of suffering from OSAH [4]. A recent work has shown
that statistical analysis and feature extraction methods applied to
pulse oximetry signals provide satisfactory diagnostic performance
in detecting severe OSAH patients [5]. Cessation of breathing asso-
ciated with apnea-hypopnea events are always accompanied by
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a drop in the oxygen saturation level. It is appropriate to men-
tion however that this drop level can be very small and impossible
to detect by a human observer, reason for which advanced signal
processing techniques such as artificial intelligence methods could
provide a very valuable alternative. A decrease in blood oxygen
saturation usually produces changes in the pulse oximetry record
corresponding to intermittent hypoxemia. The intermittent hypox-
emia, with hypoxemia-reoxygenation cycles, very often indicates
OSAH syndrome.

Pulse oximetry, besides providing information about blood
oxygen saturation during sleeping, is used for computing some
parameters which quantify desaturation levels in the SaO, sig-
nal. The seek of patients suspected of suffering from OSAH can be
addressed by means of two different approaches. A global approach
consists of obtaining general characteristics of the Sa0, signal, such
as its mean, variance and entropy values, among others with the
only objective of classifying a person as healthy or sick without
taking into consideration the degree of severity of the illness. In
this work a local approach, which allows a more thorough analysis
of the Sa0, signal, is taken. This approach consists of detecting the
apnea-hypopnea events from sparse representations of segments
of Sa0, signals using a neural network classifier. The local approach
was previously used for estimating three parameters denoted by
ODI4, ODI3, and ODI2, which are defined as the number of times
per hour of sleep that the SaO, signal decreases below 4%, 3%, and
2% of a baseline level, respectively. It is timely to point out, how-
ever that although the concept of “baseline level” is very intuitive,
itis not uniquely defined and different criteria and definitions have
been adopted by different authors [6,7].

In the last fifteen years, a wide variety of machine learn-
ing algorithms were used for detecting several health disorders
[8]. Implementations of these algorithms were applied to detect
particular sleep disorders and different signal processing tech-
niques originating new methods based on non-linear systems,
higher-order statistics, spectral analysis, including independent
component analysis (ICA) [9-11]. Moreover pattern recognition
algorithms based on artificial neural network (ANN) were suc-
cessfully applied to assist OSAH diagnosis and classification [12].
Nowadays, a powerful method based on sparse representations
of signals finds the solution corresponding to the most compact
representation by means of a linear combination of atoms in a
dictionary [13,14]. It was found that this approach, when applied
to biological sensory systems, results in internal representations
having properties similar to the real ones, in particular similar to
those found in the primary auditive or visual cortex of the mam-
mals [15,16]. Some of the advantages of the sparse representations
are super resolution, robustness to noise and dimension reduc-
tion, among others. The sparse representations of signals provide

359

new grounds for treating both the signal modeling and the repre-
sentation problems. The dictionary is learned for the purpose of
obtaining the best representation of a given set of signals, although
the atoms involved in such representation are not necessarily the
atoms which capture discriminative information. It is therefore
clear that if the SaO, signal is to be used as the only input for
detection of apnea-hypopnea events, advanced signal processing
algorithms capable of extracting discriminative information from
sparse representations of signals will be needed.

In this work we present two novel methods called “most dis-
criminative activation selection” (MDAS) and “most discriminative
column selection” (MDCS) based on sparse representations of SaO,
signals. A preliminary related approach of this work has been
reported in [17]. The methods MDAS and MDCS involve finding an
optimal subset of most discriminative atoms and the correspond-
ing configuration of a multilayer perceptron (MLP) neural network
classifier for detecting apnea-hypopnea events from sparse rep-
resentations of segments of SaO, signals. The apnea-hypopnea
events were appropriately labeled by medical experts, who have
been carefully analyzed the complete PSG. Our methods allow for
a significant reduction in the dimension of the inputs to the MLP
neural network, preserving the most important characteristics of
the Sa0; signal.

This article is organized as follows: in Section 2 the materials and
methods used for obtaining sparse representations of SaO, signals
are explained. In Section 3 the results are described and the discus-
sion and conclusions are finally included in Section 4 and Section
5, respectively.

2. Materials and methods

A sparse representation problem can be divided into two sep-
arate sub-problems: a learning problem and an inference problem.
The first one, which is quite often more complex, consists of find-
ing an “optimal” dictionary & to represent a given set of signals
{x;}. A dictionary @ is called complete (CD) or overcomplete (OD)
depending on the number of basic waveforms be equal or greater,
respectively than the signal’s space dimension. The second problem
consists of selecting a set of representation vectors {a;} satisfying
a given sparsity constraint. The MDAS and MDCS methods involve
finding a set of discriminative coefficients (feature vector) to be
used as inputs of a MLP neural network [18]. In order to achieve
this objective all possible number of inputs (F) and a large number
of neurons in its hidden layer (NHL) are tested. Finally the opti-
mal configuration is obtained by choosing the F and NHL values
resulting in the best performance.

Fig. 1 shows a simplified block diagram of the proposed sys-
tem. In the first block (I) the signals are filtered and segmented by
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I ! v
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Fig. 1. A simplified block diagram of the classification process.
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Fig. 2. A portion of airflow and pulse oximetry signals. Original raw airflow and pulse oximetry signals (top and middle) and its wavelet-filtered version (bottom). Dashed

lines represent labels of apnea-hypopnea events introduced by the medical expert.

making use of wavelet filters [ 19] and segmentation techniques (as
described in Section 2.1), respectively. The processes for obtaining
sparse representations of the signals are presented by a previously
learned dictionary and orthogonal matching pursuit (OMP) algo-
rithm. The second block (II) shows the feature extraction stage by
using the MDAS (or MDCS) method (see details in Section 2.4). In
the last block (III), the estimated AHI (AHIeg¢) value is obtained by
post-processing a previously trained MLP neural network output
which produces the apnea-hypopnea event detection (see details
in Sections 2.3 and 3).

We consider two types of dictionaries (complete and over-
complete) and three different methods (use of the FULL sparse
representation, MDAS and MDCS). Thus, six methodologies
emerged, which we call FULL-OD, MDAS-OD, MDCS-0OD, FULL-CD,
MDAS-CD, and MDCS-CD. Thus, for instance, the FULL-OD method
makes use of an overcomplete dictionary @gp and the whole
representation vector a; as input of the MLP neural network clas-
sifier, while the MDAS-OD method uses the dictionary @op and a
selected set of features extracted from a; by applying the MDAS
method.

2.1. Filtering and segmentation

The set of biomedical signals used in this article was obtained
from the sleep heart health study (SHHS) dataset [20,21]. This
dataset comprises valuable material about detailed PSGs which
were properly obtained to explore correlations between sleep dis-
orders and cardiovascular diseases. The complete dataset includes
995 studies, each of them containing several biomedical signals
such as electrical activity of the brain, electrical activity of the heart,
nasal airflow, SaO,, among others. Annotations of sleep stages,
arousals and apnea-hypopnea events are also added. For our work,
only the Sa0, signal and its corresponding apnea-hypopnea labels
are considered.

The Sa0, signals are usually highly degraded by patient move-
ments, baseline wander, disconnections and the limited resolution
of the pulse oximeter, among others factors. When a disconnection
occurs, the values during the time interval where the sensor signal
is invalid are linearly interpolated. A wavelet processing technique
proposed in [19] is chosen for denoising the signals. The signals are
also sampled at 1Hz and the denoising process is carried out by
discarding the approximation coefficients, at level 8, as well as the

first three detail coefficients of the discrete dyadic wavelet trans-
form with mother wavelet Daubechies 2. The application of this
process has the effect of a band-pass filter where the baseline wan-
der and both the low frequency noise and the high frequency noise
as well as the quantization noise are eliminated. Fig. 2 shows a
portion of the airflow signal (top) as well as the original raw pulse
oximetry signal (middle) and the wavelet-filtered pulse oxime-
try signal (bottom). The corresponding labels of apnea-hypopnea
events (dash lines) are also included. By observing both the air-
flow and the raw pulse oximetry signals, it can be seen that there
is generally a causal relation between an apnea-hypopnea event
and the oxygen desaturation in the pulse oximetry signal. How-
ever, the time interval between the blockage of nasal airflow and
the start of the oxygen desaturation is highly variable. Although,
as previously mentioned an apnea-hypopnea event is not always
accompanied with “noticeable” oxygen desaturations (which are
used by medical experts to detect and label the apnea-hypopnea
events), artificial intelligent algorithms can detect slight changes
in the pulse oximetry signal. Note that the time duration of each
desaturation, which is associated to an apnea-hypopnea event,
is also variable. Fig. 2 also shows the effect of the wavelet-
filter in avoiding “disconnections” in the pulse oximetry signal.
In what follows, by the “Sa0, signal”, we will always mean the
denoised one.

In order to apply the sparse representation technique, an appro-
priate segmentation of the signals is required. For this reason,
segments of length N=128 (corresponding to 128s) with a 75%
overlapping between two consecutive segments are taken. In
this process, the time intervals where a disconnection occurs are
not taken into account. The segmentation process is depicted in
Fig. 3. The segments of pulse oximetry signals are simultaneously
arranged as column vectors X; € RN and labeled with ones and
minus ones, where a one is associated to an apnea-hypopnea event,
and a minus one to the lack of it, respectively. Finally a signal matrix
X s built by stacking side-by-side the column vectors x;, i.e. the sig-
nal matrix is defined as X =[X; X, X3 - - - X |, where n represents the
total number of segments.

2.2. Sparse representations

The problem of obtaining the sparse representation of a signal
X; in terms of a given overcomplete dictionary @ can be described
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Fig. 3. Schematic representation of SaO, signal segmentation.

as follows: given both a matrix @ € RN*M (with M > N) formed by
M columns ¢; (called atoms of the dictionary) and a signal x; € RN,
the sparse representation problem can be written as X; = Pagy();
where

argmin |la;l|; subjectto Pa; = x;, @)

aj

Asp(i) =

where the operator ||-||p denotes the zero-norm.

The term “basis” is often replaced by “dictionary” because the
atom-by-atom linear independence is not necessary needed, and
many times the number of atoms is greater than the dimension
of the signals. In that case, i.e. M> N, or more generally when the
atoms do not form a basis, then the representation of a given sig-
nal may not be unique and therefore a good enough constraint is
required to choice only one of them. In our case, sparsity (a crite-
rion for selecting a representation using the least number of atoms)
is used, although many other available criteria can be taken into
account.

By considering the representation given by x; = @a;. It is impor-
tant to point out that although the synthesis of the signals is linear,
the opposite operation (obtain a; in terms of X; and @) can be non-
linear.

In practical applications not just one but a given set of signals
is normally obtained. In this case the problem of sparse represen-
tation of such signals becomes very difficult because the build up
of the dictionary is part of the problem. Naturally the dictionary
could be constructed by staking side-by-side the whole signals.
Although the sparse representation problem will be optimal, this
kind of solution is highly undesired because of its huge size and
long redundancy. Thus it is very appropriate to use a method
which learn an optimal dictionary, in certain sense, from the sig-
nals in the given dataset. To achieve this objective a statistical
approach called noise overcomplete ICA (NOCICA) [13,22,23] was
taken. Egs. (2) and (3) describe iterative rules for updating both
the dictionary @ and the representation vector a by means of this
method:

A® = nAe((x— Pamap)ayyp — PHY), (2)

where 71 € (0, 1) is the so called “learning coefficient”, A¢ is the
noise covariance matrix, ayap is the maximum-a-posteriori (MAP)
estimator of a and H is minus the Hessian of the log-posterior eval-
uated at apap, and

Aa= DT A(x— Pa)— p|al, (3)
where p=(p1 pz --- pn)T corresponds to a proposed a Laplacian
a-priori distribution 7(a;) < exp(pjla;|) and p; <0.

2.3. MLP neural network

The MLP is a special type of neural networks which consist of
input units (input layer), at least one hidden layer and an output
layer [18]. Both the hidden and the output layers are composed of
computation units (neurons). The inputs, sometimes called feature

vector, are processed layer-by-layer moving forward through the
network. The output of a neuron is given by the application of an
activation function (linear or non-linear) to the weighted sum of
the inputs plus a bias term. In general the output of a neuron y; is
given by Eq. (4).

d d
yi=f ijixi +wjpo | =f ijixi ; (4)
i=1 i=0

where the activation function (sometimes called transfer function)
is denoted by f{-), and the weights connecting the ith input to the
Jjth neuron for a given layer is represented by wj;.

2.4. Detection of discriminative atoms

As already explained, the problem of sparse representations of
a signal consist essentially in approximating such a signal by a
linear combination of only a few atoms in a given dictionary. In
applications whose final objective is signal classification we are
not much interested in the accuracy of such a representation but
rather in its discriminative power, that is in its ability to distinguish
between the different classes. With this in mind, in this work we
introduce an atom selection process by means of discriminative
information. Roughly speaking, when an atom has a high acti-
vation frequency for one of the classes (but not for the others),
then this atom is classified as containing significant “discrimina-
tive” information. The MDAS and MDCS methods are explained
below.

The MDAS method: let @ be a given dictionary, X, and
Xya) training and validation signal matrices, respectively (built as
explained in Subsection 2.1), Ty.i, and Ty, training and validation
target vectors, respectively, and pg the sparsity level. We describe
now the building steps of the MDAS method together with the cor-
responding lines in its implementation algorithm (Algorithm 1).
First, each representation vector asg(;y is obtained by applying a
greedy pursuit algorithm called OMP [24] (line 2). Then a coeffi-
cient matrix A is assembled by stacking side-by-side the vectors
asg(j) (line 3). After that, the atom activation frequencies ). are
obtained for each one of the atoms ¢); and each one of the classes

k=1 and k=2 (line 5). Here, 1, represents the number of times
that the atom ¢); was used to represent segments belonging to
the class « and t, represents the column indices corresponding
to class «. The proposed discriminative approach begins by com-
puting the absolute difference between the activation frequencies,
i.e. D(j) = |7, — | (line 6). Clearly D(j) will be large if the jth-atom
is much more active in one class than in the other. Otherwise, if
the jth-atom has similar activation frequencies in both classes then
D(j)is close to zero. After that the vector D is redefined by rearrang-
ing its elements in decreasing order and saving the corresponding
vector of indices Ind (lines 8 and 9). Next the MLP neural network
is trained by varying the feature vector size and the number of neu-
rons located in the hidden layer (lines 10-19). The features taken
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Fig. 5. Absolute difference of activation frequency D(-) of the atoms of a dictio-
nary learned with segments of signals belonging to class 1, in decreasing order of
magnitude.

as input of the MLP neural network are those corresponding to the
most discriminative atoms of @ according to D (Fypas for training
and F, for validation). Once the MLP neural network training stage
is finished, an optimal configuration of the MLP neural network is
obtained (line 20). An schematic representation of the coefficient
selection process is depicted in Fig. 4. Fig. 5 shows, in decreasing
order, the absolute difference of activation frequencies of the atoms
corresponding to a dictionary which was learned using segments of
signals belonging to class 1. By observing this figure it is reasonable
to conclude that a large percentage of the discriminative informa-
tion can be captured by the first 40 or 50 atoms. Fig. 6 shows the
waveforms of some atoms in three different regions of the curve
shown in Fig. 5. In particular the first row in Fig. 6 shows the wave-
forms of the first three most discriminative atoms while rows 2 and
3 present the waveforms corresponding to atoms in the middle and
low discrimination ranges, respectively. It is very interesting to see
that the three first most discriminative atoms present waveforms
which are clearly associated with desaturations in the SaO, signals.

D(1) D(2) D(3)
D(63) W N_;j\\\{

<
~
y

(126) (127) D(128)

=

N
3

Fig. 6. Examples of some atoms of a dictionary learned with segments of signals
belonging to class 1 from three different regions of the curve of absolute differ-
ence of activation frequency (Fig. 5): most discriminative atoms (top), medium
discriminative atoms (middle row) and lowest discriminative atoms (bottom row).

Algorithm 1. MDAS algorithm
1: procedure MDAS(d)y Xitrains Xval, Ttrains Tval, Po)

stage 1:
2: agg(j) < argmin||x; — Pa;||3

I1al|
subject to [|aj]|o < po, VXi € Xirain

3: A < [asr(1) Asg(2) Asr(3) - - - Asrem ]
4: forj < 1,M do
5: N < [1AU, Ti)llo
6: D(j) < ) — 111
7: end for
8: D —[dy1) dya) dy3) -+~ dyomn]
9: Ind < [y(1) (2) y(3) --- y(M)]

stage 2:
10: form <1, Mdo
11: Indpew < [Ind(1) - - Ind(m)]
12: forh < 1,Ndo
13: fi < asgq (Indnew)
14: Fupas < [fi £2 f3 - ]
15: NHL < h
16: net<« Train(Fypas, Terain, NHL)
17 PM(n, m)< Valid(net, Fyaj, Tyar)
18: end for
19: end for

stage 3:
20: [Fop, NHLop] <— argmax PM

F,NHL

21: return Fy,, NHL,p
22: end procedure



R.E. Rolon et al. / Biomedical Signal Processing and Control 33 (2017) 358-367 363

The MDCS method: this method (whose implementation is
described by Algorithm 2) is similar to the previous one except for
the stage 2 that we describe next. Once the vector D is rearranged,
a new sub-dictionary @pew is built (line 4) and consequently the
feature vector f; is obtained by applying the OMP algorithm (line
5). Finally each feature vector f; is assigned to be the input of the
MLP neural network (line 7).

Algorithm 2. MDCS algorithm

1: procedure MDCS(@, Xtrains Xvals Ttrains Tvals Po)
stage 1: same as MDAS algorithm
stage 2:
form <1, Mdo

Indpew < [Ind(1) - - - Ind(m)]

Dnew < D(:, Indpew)

f; < argmin||x; — (pnewaing

1M
subject to ||aillo <po

uohN W N

6: forh < 1,Ndo
7: Fumpcs < [f1 f2 f5 - £y ]
8: NHL < h
9: net< Train(Fypcs, Ttrain, NHL)
10: PM(n, m)<« Test(net, Fya;, Tyar)
11: end for
12: end for

stage 3: same as MDAS algorithm
13: end procedure

At the training stage most of the computational cost (about 80%)
is due to dictionary learning. The remaining cost corresponds to the
inference of the coefficients and the MLP neural network training.
At the testing stage the computational cost is significantly reduced
(at about 30% of the training cost). The experiments were run on
a PC with a 3.5GHz, 6 cores AMD FX-6300 processor and 8 GB of
RAM.

3. Results

As mentioned in Section 2.1, the complete dataset contains 995
studies, 41 of which were discarded due to incomplete information.
Among the remaining 954 studies, a subset of 667 (70%) studies
were randomly selected and fixed in order to learn the dictionary
and train the MLP neural network. The final test was made using
the remaining 287 (30%) studies of the database. The SaO, sig-
nals were filtered and segmented (see details in Section 2.1) into
vectors of length 128 (this window size corresponds to 128s of
the recording). A matrix X, of size 128 x 455515 was built as
Xerain=[XSLi, X2, 1, where the matrices XS\, of size 128 x 183163
and Xfrzam of size 128 x 272352 were constructed considering seg-
ments belonging to class 1 and class 2, respectively. Another matrix
Xtest Was constructed stacking side-by-side all vectors Xx; corre-
sponding to each signal from the testing set.

At the dictionary learning stage, two types of dictionaries were
learned using both the Xf:am and the Xgrzam signal matrices. First a
complete dictionary @¢p of size 128 x 128 was learned using the
matrix X,in, Without taking into consideration any information
about the classes. Second, an overcomplete dictionary ®gp of size
128 x 256 was assembled by stacking side-by-side the atoms of two
previously learned 128 x 128 dictionaries <! and @2, which were
learned by using the matrices X¢L. and X%, | respectively. At the
dictionary learning stage the atoms were initially taken by ran-
dom selection from the corresponding signal matrix. The NOCICA
method [23] was used for the dictionary learning stage.

The representation coefficients agr(j) were obtained by applying
the OMP algorithm [25]. The reason for having chosen this greedy
algorithm is because it guarantees convergence to the projection
of x; into the span of the dictionary atoms, in no more than pg
iterations.

Table 1
MLP neural network’s hyper-parameters. Feature vector size and number of neurons
in the hidden layer.

Dictionary Method F NHL
FULL 256 32

oD MDAS 32 16
MDCS 64 32
FULL 128 32

CcD MDAS 64 32
MDCS 64 32

Since our problem involved a big and redundant dataset (big
data problem), a variation of the back-propagation algorithm,
called mini-batch training procedure, was used to train the MLP
neural network. In order to avoid overfitting and estimate the
neural network hyper-parameters, a large number of trials with
different hyper-parameter values were performed. In what fol-
lows, the final choice of the neural network hyper-parameters
are described. Batches of 1000 balanced segments were randomly
selected from the 455515 available training segments. To avoid
overtraining, the number of steps in the scaled conjugate gradi-
ent algorithm was set to 4. In addition, to minimize classification
bias, the above training scheme was repeated 455 times with re-
sampling.

In the proposed algorithms, two parameters need to be empir-
ically determined: the sparsity level py and the threshold of the
outputs of the MLP neural network. To determine an adequate
sparsity level, several trials were performed. It was found that a
percentage value of 12.5 of the signal’s space dimension presented
the best trade-off between representativity and discriminability of
the segments. Hence, sparsity level pg = 16 was chosen. On the other
hand, to establish an optimal threshold of the MLP neural network
outputs, different values in the interval [-0.2, 0.2] were tested. A
value of zero of the MLP neural network outputs was chosen. Hence
an output value greater than 0 was considered as containing an
apnea-hypopnea event, and considered to be normal otherwise.
Finally the AHles: value was determined as the number of detected
events divided by the record length of each study (in seconds).

In Table 1, the columns labeled “F” and “NHL” show the number
of inputs (feature vector size) and the number of neurons in the
hidden layer of the MLP neural network, respectively. Clearly the
application of the MDAS (or MDCS) method produces a significant
dimension reduction and therefore, the computing time required
for classification is also significant reduced. Thus, for instance, the
MDAS-0D method used only 32 features (12.5% of the total) com-
pared with the FULL-OD method, which used 256 features.

For analyzing the capability of the proposed classifier in the
detection of patients suspected of suffering from OSAH, two meas-
ures were introduced. The sensitivity (SE), defined as the ratio of
persons with OSAH for whom the trial process is positive, and the
specificity (SP), defined as the ratio of patients without OSAH for
whom the trial process is negative. Also a receiver operating char-
acteristics (ROC) [26] analysis allows to obtain the following values:
true positive (TP), true negative (TN), false positive (FP), false neg-
ative (FN), cut-off point (cut-off), and area under the curve (AUC).

The objective of our experiment was to compare the perform-
ances of our methods with those of other local approaches used
for OSAH detection. In particular, we compared our methods with
those introduced by Chiner et al. [6] and Vazquez et al. [7], and with
that presented by Schlotthauer et al. [10]. Tables 2, 3 and 4 show
the AUC values as well as SE, SP, and accuracy (ACC) measures for
AHI diagnostic threshold values of 10 and 15 for the reference.

Table 2 shows the results obtained with the use of sparse rep-
resentations by means of overcomplete dictionaries. We observed
a significant increment in the AUC and SE values obtained with
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Table 2 Table 5
Performance measures for OSAH detection using an overcomplete dictionary. Computational cost: average CPU time for each study.
Method AHly, AUC SE (%) SP (%) ACC (%) Method Time (s)
FULL-OD 10 0.896 88.37 75.86 82.12 MDCS-OD 2.85
15 0.923 83.33 87.32 85.33 Chiner et al. [6] 0.81
MDAS-OD 10 0.847 86.05 72.41 79.23 Vazquez etal. 7] 121
a : . : . .[10 .
15 0.891 81.02 83.10 82.06 Schlotthauer et al. [10] 13>
MDCS-OD 10 0.906 81.40 79.31 80.35
15 0.937 85.65 85.92 85.78

The values in bold format represent the best performance measures (AUC, SE, SP
and ACC) for AHIthr values of 10 and 15.

Table 3
Performance measures for OSAH detection using a complete dictionary.
Method AHl AUC SE (%) SP (%) ACC (%)
FULL-CD 10 0.903 78.68 82.76 80.72
15 0.930 85.65 85.92 85.78
MDAS-CD 10 0.870 73.64 82.76 78.20
15 0.906 85.65 85.92 85.78
MDCS-CD 10 0.901 86.82 75.86 81.34
15 0.934 85.19 87.32 86.25

The values in bold format represent the best performance measures (AUC, SE, SP
and ACC) for AHIthr values of 10 and 15.

Table 4
Performance measures for OSAH detection using different methods.
Method AHlgy,, AUC SE (%) SP (%) ACC (%)
MDCS-OD 10 0.906 81.40 79.31 80.35
15 0.937 85.65 85.92 85.78
Chiner et al. [6] 10 0.810 77.87 76.00 76.93
15 0.795 76.17 78.12 77.15
Vazquez et al. [7] 10 0.870 7747 84.00 80.74
15 0.909 80.84 87.50 84.17
Schlotthauer et al. [10] 10 0.890 80.63 84.00 82.32
15 0.922 84.11 85.94 85.02

The values in bold format represent the best performance measures (AUC, SE, SP
and ACC) for AHIthr values of 10 and 15.

the use of the MDCS (MDCS-0OD) method. It can also be seen that
the application of the MDAS (MDAS-OD) method does not produce
significant changes in the AUC, SE, and SP values. Hence, the best
performance of the classifier for the case of overcomplete dictio-
naries is obtained with the MDCS (MDCS-0OD) method.

Table 3 shows the results obtained with the use of sparse repre-
sentations by means of complete dictionaries. Although the MDAS
method produces slight improvements in the AUC, SE, SP, and ACC
values as compared with the MDAS-OD method, the results are not
the best. In fact, it can be seen that the application of the MDCS
method results in the best AUC, SP, and ACC values. A comparison
of Tables 2 and 3 allows us to conclude that the application of the
MDCS method to sparse representations results in the best option
for OSAH detection.

Finally Table 4 presents a comparative summary of the best
results (MDCS-OD method) and of those obtained with the other
three previously mentioned methods. As observed, our method
outperforms all the others. For AHI threshold values of both 10
and 15, our method reaches the maximum AUC values of 0.906
and 0.937, respectively. Also for an AHI threshold value of 15, our
method achieves sensitivity and specificity percentages of 85.65%
and 85.92%, respectively. The optimal operating point was chosen
in order to maximize both the sensitivity and specificity percent-
ages. Fig. 7 shows the ROC plots for the four methods presented in
Table 4 corresponding to AHI threshold values of 10 (Fig. 7a) and 15

(Fig. 7b). We also tested the use of a support vector machine (SVM)
classifier with a Gaussian kernel function instead of the MLP neural
network classifier. No improvements in the results were observed.

Finally, a detailed account of the computational costs for the
four methods at the testing stage is presented in Table 5. It can be
observed that although our method needs more than twice of the
CPU time required for the other three methods, 2.85 s for analyzing
the data corresponding to study of 10h of duration is insignifi-
cant, even more so taking into account the improvements in OSAH'’s
detection reached by our method, as it can be observed in Table 4.

4. Discussion

OSAH is a highly prevalent syndrome in the general human pop-
ulation. From a sample of 602 workers, with ages between 30 and
60, Young et al. [27] found that 24% of men and 9% of women had
an AHI value above 5. Duran et al. [28] also found that aging, being
male, snoring and obesity are all factors increasing the risk of suf-
fering from OSAH. Given this high prevalence of OSAH, primary
attention medicine is determinant in the identification of patients
suffering from it and therefore simple and cheap diagnostic tools
are highly important. An additional valuable aspect of our work is
the fact that we were able to establish a relationship between the
final feature vectors and the apnea-hypopnea events. This rela-
tionship can be seen in Fig. 8. On the upper right of this figure
a portion of the wavelet-filtered Sa0O, signal with the marks of
apnea-hypopnea events labeled by the medical expert is shown.
Immediately below a curve (in green) representing the cumulative
absolute activation of the sixteen most discriminative coefficients
and the labels of apnea-hypopnea events (inred) are presented. The
image appearing on the lower right part of Fig. 8 shows the absolute
value of the sixteen most discriminative coefficients of our method.
A high correlation between the tags labeled by the medical experts
and the most discriminative coefficients can be clearly observed.
On the other hand, on the upper left corner of Fig. 8 a segment
of 128 s of the wavelet-filtered SaO, signal with the correspond-
ing marks of apnea-hypopnea events is shown, while immediately
below the three most discriminative atoms (¢, ¢g, and ¢13, respec-
tively) involved in its representation are shown. It can be clearly
seen how these three most discriminative atoms assemble together
to capture the main features of the waveform of the filtered SaO,
signal.

An adequate use of simplified and correctly validated systems
would allow, once the cases have been selected, to decentralize the
diagnosis of the reference units which are usually saturated. This
decentralization would favor the creation of new smaller diagnostic
units equipped with oximeters. This decentralization of the diag-
nostic process will have to be accompanied by appropriate training
of the personnel as well as of good coordination with the reference
sleep units for a deeper study of the difficult or doubtful cases [29].
Networks of increasing complexity will have to be created in order
to allow immediate consultation with a sleep medicine expert and
the possibility of performing, whenever necessary, a polisomnog-
raphy for the diagnostic and treatment of this real public health
problem which is OSAH [29]. The design of diagnostic tools and
equipment which could be handled by non-expert personnel for
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Fig. 7. ROC plots for the methods described in Table 4 for two different AHI threshold values.
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detecting patients with severe OSAH is a priority, since an early
identification will allow immediate access to a correct treatment.

Apnea-hypopnea events during sleeping occur as a conse-
quence of a functional-anatomic disturbance of the upper airway
producing its collapse. At the end of each apnea-hypopnea event,
a desaturation of the hemoglobin usually occurs. This desatu-
ration originates a characteristic pattern in the pulse oximetry
record corresponding to intermittent hypoxemia. The intermit-
tent hypoxemia, with hypoxemia-reoxygenation cycles, promotes
oxidative stress and angiogenesis, increases the sympathetic acti-
vation with increment of blood pressure and systemic and vascular
inflammation with endothelial dysfunction which contributes to
multi-organic chronic morbidity, metabolic dysfunction, cognitive
impairment and cancer progression [30].

Due to the intermittent hypoxemia in the cells
(hypoxemia-reoxygenation cycles) which induce angiogene-
sis and tumor growth, a strong correlation between neoplastic
diseases and OSAH has been described [31]. On the other hand,
a recent study among male mice suggests that the intermittent
hypoxia associated with OSAH could induce fertility reduction
[32].

In this work we presented two novel methods which allow
for the detection of apnea-hypopnea events using only the SaO,

signals. These methods were successfully applied to signals coming
from the polysomnography records in the study database [20,21].
Asitcanbe observed in Section 3, the application of the FULL, MDAS,
and MDCS strategies, both to complete and overcomplete dictio-
naries, resulted in six different methods. Tables 2 and 3 show the
results of each one of the six methods for two different AHI thresh-
old values (AHI,; = 10 and AHly,, = 15). These threshold values were
strategically chosen in order to be able to analyze the performance
of each method, independently of the severity of the OSAH (or
the AHI value) that one wishes to detect. Although usually an AHI
threshold value of 5 is used as the lower limit for detecting mild
cases of OSAH, in our case, a reliable ROC analysis for that thresh-
old value could not be made. The main reason for that is the fact our
database is highly unbalanced, containing only 16 studies with AHI
values below 5. Our random selection of studies resulted in only
three of them being considered for testing purposes. A statistically
significant correlation between OSAH’s severity and comorbidi-
ties, such as hypertension, diabetes, dyslipidemia and metabolic
syndrome, has been found in previous works. Although this cor-
relation is found in mild OSAH, it increases considerably with
the OSAH’s degree, reaching its highest value with severe OSAH.
Hence if the objective is OSAH treatment and the prevention of the
associated comorbidities, an AHI threshold value of 15 is clearly
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pathological [33]. There is evidence that close to 93% of women
and 82% of men with moderate to severe OSAH remain undiagnosed
[34]. Since sleep fragmentation, intermittent hypoxemia, increased
sympathetic tone and hypertension are main causes of mortality
and morbidity, it is highly desirable to have everyone with mod-
erate to severe OSAH appropriately diagnosed. Although the gold
standard for diagnosing sleep disorders is the complete PSG, this
diagnosing procedure presents many limitations, such as: limited
resources, limited number of recording beds, high costs, long wait-
ing lists, and high labor requirements, among others. It is for those
reasons that there is a lot of interest in exploring the possibility
of using screening devices together with automated algorithms as
alternative methods for diagnosing OSAH. Mild cases can be ana-
lyzed by standard methods. The ideal screening device should be
cheap and easy to be used with minimal risks to the patient.

By considering an AHIy,,=15, a detailed analysis of
Tables 2 and 3 show that, although most methods have good
performances, MDCS-OD outperforms all the others. The appli-
cation of this method results in an area under the ROC curve of
0.937 and sensitivity and specificity percentages of 85.65 and
85.92, respectively. Taking into account that out of the 287 records
in the testing database, 216 had an AHI value above 15, and the
remaining 71 were below that threshold value, a 85.65% sensitivity
indicates that of the 216 cases with AHI values above 15, 185
were appropriately identified while 31 were erroneously detected.
On the other hand, an 85.92 specificity indicates that of the 71
cases with AHI values below 15, 61 were appropriately identified
while only 10 were erroneously detected. It is timely to point
out here that for the 10 cases that the MDCS-OD method yielded
an AHI value higher than 15, the registry database indicated an
AHI average value of 10.62 with a standard deviation of 3.88.
By analyzing each one of these studies in detail, it was observed
that most of the respiratory events informed by the medical
expert were hypopneas and not all of them were related to Sa0,
desaturations. This fact indicates that the medical experts have
not taken into account the AASM criteria.

The MDCS-OD method was compared with those proposed by
Chiner et al. [6], Vazquez et al. [7], and Schlotthauer et al. [10].
These four methods were successfully applied to pulse oximetry
signals included in the study database [20,21]. Table 4 shows a
detailed comparison of the performances of such methods. The
results clearly show that the MDCS-OD method is a very attractive
tool to assist physicians in the detection of patients whose AHI val-
ues are above the objective threshold AHI,, = 15. Thus, the sparse
representation of pulse oximetry signals is undoubtedly a promis-
ing technique for the design of new methods for OSAH detection.

Since there exist applications where a particular value of sen-
sitivity or specificity is highly desirable, other operation points in
the ROC curves (Fig. 7) can be chosen. If the primary purpose of the
test is “screening”, i.e. detection of early disease in large numbers
of apparently healthy individuals, then a high sensitivity is gen-
erally chosen. With this in mind, if a sensitivity of 98% is chosen
in the ROC curves in Fig. 7a, our method achieves a specificity of
44.83%, followed by Schlotthauer’s et al. which reaches 28.00%. For
an operating point of 98% sensitivity in the ROC curves in Fig. 7b, our
method achieves a specificity of 46.48%, followed by Schlotthauer’s
etal. whichreaches 34.37%. On the other hand, if the objective testis
“diagnostic”, i.e. to establish the presence (or absence) of disease,
then a high specificity is usually selected. Thus, if a specificity of
100% is chosen in the ROC curves in Fig. 7a, our method achieves
a sensitivity of 62.79%, followed by Vazquez's et al. which reaches
46.25%. For an operating point of 100% sensitivity in the ROC curves
in Fig. 7b, our method achieves a sensitivity of 71.76%, followed by
Vazquez’s et al. which reaches 54.67%.

There are several technical and physiological limitations asso-
ciated with pulse oximetry which hinder the acquisition of a

“good” signal in some cases. This is so, for instance in the follow-
ing cases: weak contact between the probe and the finger due to
body motions, anemia, use of nail polish, use of artificial nails, skin
pigmentation, onychomycosis, cold fingers and low perfusion of
vascular bed [35,36]. Even so, pulse oximetry has shown its effec-
tivenessin clinical practice and therefore an alert and well informed
clinical physician must be aware of both its proper use and limita-
tions.

5. Conclusions

It has been shown that the sparse representation of pulse oxime-
try signals is a tool which allows a very good performance for
estimating AHI values above 15. The previous results have been
shown that there is a high correlation between the AHI observed
by the medical physician via PSG and the AHles; obtained by using
sparse representations of pulse oximetry signals. This fact consti-
tutes a strong evidence that such a procedure could be helpful in the
detection of individuals suspected of suffering from OSAH, which
require a complete PSG study for their correct diagnosis. The MDCS-
OD algorithm could be embedded into the oximeter so as to be used
by primary attention clinical physicians in the search and detection
of patients with moderate OSAH.
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Appendix A. Dictionary updating rule.

Proof.
AP = nAcE[(x — Pa)a’]
= nAcE[(xal — PaaT)]
= nAe(xE[a’] — PE[aaT]).

But

T] _ AT
E[a] = ayp,
and

cov(a) = E[(a — amap)(@" — af,p)]
= E[aa’ —aaj;,, — avara’ +amapaj,,p)
= E[aa’] - E[aay;,,] — E[awapa’ | + E[amapayp]
= E[aa"] - E[aa};,, — avapEl[a’ | + amapalp
= E[aa’] — amapal;,p — AMAPAL Ap + AMAPAN AP
= E[aa’] — ayapal;,p
E[aa’] = cov(a) + amapal;p-

Hence,

A® = nAe(xal,,, — P(cov(a) + ayapal,,p)
= nAe(xa&AP — @(H_1 + aMApaK,[AP)
= nAc(xal,,, — PH-! — Payppal, ;)
= nAe((x — Payaplal,\p — PH1).
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