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Abstract—A technique for ambulatory diagnosis of the obstruc-
tive sleep apnea syndrome (OSAS) in children based on pulse
photoplethysmographic (PPG) signal is presented. Decreases in
amplitude fluctuations of the PPG signal (DAP) events have been
proposed as OSAS discriminator, since they are related to vasocon-
striction associated to apnea. Heart rate variability (HRV) analy-
sis during these DAP events has been proposed to discriminate
between DAP events related or unrelated to an apneic event. The
use of HRV requires electrocardiogram (ECG) as an additional
recording, meaning a disadvantage that takes more relevance in
sleep studies context where the number of sensors is tried to be
minimized in order not to affect the physiological sleep. This study
proposes the use of pulse rate variability (PRV) extracted from the
PPG signal instead of HRV. Polysomnographic registers from 21
children (aged 4.47 + 2.04 years) were studied. The subject classifi-
cation based on DAP events and PRV analysis obtained an accuracy
of 86.67 % which represents an improvement of 6.67 % with respect
to the HRYV analysis. These results suggest that PRV can be used in
apnea detectors based on DAP events, to discriminate apneic from
nonapneic events avoiding the need for ECG recordings.

Index Terms—Children, decreases in the amplitude fluctuations
of pulse photoplethysmographic signal (DAP), photoplethysmo-
graphic (PPG), pulse rate variability (PRV), sleep apnea, time
frequency.

I. INTRODUCTION

BSTRUCTIVE sleep apnea syndrome (OSAS) is char-
acterized by an interruption of the airflow to the lungs
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produced by an upper airways occlusion during sleep. Then,
arterial oxygen saturation (SaO,) goes down across time and
mechanical respiratory efforts are intensified. If these efforts
are not enough to reopen the upper airways, the hypercapnia
level evolves dangerously and an arousal is generated to reactive
all the peripheral systems restoring respiration. These episodes
could occur hundreds of times in a single night producing seri-
ous health implications [1]. The open—close cycle in the upper
airways produces a regular oscillatory state of the cardiovascu-
lar system. For instance, heart rate decreases during apnea and
increases during restoration of breathing, while the vascular sys-
tem presents vasoconstriction during apnea and vasodilatation
after it [2]. Complications of OSAS in children may include
growth abnormalities [3]-[5], neurologic disorders [6]-[8], and
cor pulmonale [9]-[11], especially in severe cases [12].

Polysomnography (PSG) is the gold standard procedure for
OSAS diagnosis, but it is quite involved and difficult to use in
ambulatory scenario.

In the last decade, application of different techniques for home
sleep apnea monitoring has been extensively developed. Some
of them are based on electrocardiogram (ECG). These methods
usually use heart rate variability (HRV) in combination with
beat morphology features which are known to be modulated by
respiration [13]-[15].

Other ones are based on the pulse photoplethysmographic
(PPG) signal, which is provided by a pulse oximeter. The pulse
oximeter is very simple, economical, and comfortable, making
the use of PPG signal particularly interesting. Monitoring sleep
apnea from only a pulse oximeter would allow us to consider
an ambulatory diagnosis with both its social and economic ad-
vantages. Furthermore, the pulse oximeter is widely adopted
as Sa0, monitor. Several works propose pulse-oximeter-based
methods for OSAS detection in adults. They usually use SaO,
either alone [16], [17] or in combination with PPG signal [18].
OSAS in children is quite different than in adults, e.g., the
apnea-hypoapnea index does not give an accurate picture of the
nature of the breathing disturbance in children, while it is the
parameter used most often to characterize disordered breathing
in adults [19].

Nevertheless, some alternatives based on pulse oximeter have
been proposed also for children. It is known that vasoconstric-
tion causes considerable decreases in amplitude fluctuations of
the PPG signal (DAP) [20], [21]. Based on this, in [22], obstruc-
tive sleep apnea is tried to be indirectly detected by DAP events
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under the hypothesis that the sympathetic activation in order
to generate an arousal because of the apnea, causes also vaso-
constriction. The relation between apnea and DAP events was
demonstrated, but it was also observed that there are many DAP
events which are not related to apnea. Later, an HRV analysis
during the DAP events was proposed in [2] as the discriminator
of those DAP events which are related to an apnea from those
which are not, improving the accuracy of subject classification
and showing that combination of DAP events and HRV could
be an alternative for sleep apnea screening.

The use of HRV requires electrocardiogram (ECG) as an
additional recording. This is a disadvantage that takes more rel-
evance in sleep studies context where a high number of sensors
over the patient can affect the physiological sleep. In this paper,
the study presented in [2] is repeated, this time evaluating the
possibility of use the pulse rate variability (PRV) obtained from
the PPG signal instead of the HRV. Although PRV is not an
exact surrogate for HRV [23], both signals are highly correlated
even under nonstationary conditions [24]. This correlation de-
creases during obstructive apnea episodes [25], but PRV still
carries useful information which can be exploited.

A preliminary analysis of PRV for DAP events discrimina-
tion was presented in [26]. An extended and further elaborated
study is presented in this paper, where the PPG pulses detection
algorithm and reference points for PRV signal generation has
been modified in order to increase the robustness. In addition, a
comparison of HRV and PRV as discriminators of the same set
of DAP events has been performed.

II. MATERIALS AND METHODS
A. Data

The same database used in [2] is again evaluated in this study.
It includes PSG records from 21 children (11 boys and 10 girls)
whose mean age was 4.47 £ 2.04 (mean + standard devia-
tion). Children were referred to hospital for suspected sleep-
disordered breathing. Common PSG signals records including
ECG leads I and II, and airflow, were recorded by a digital poly-
graph (BITMED EGP800), according to the standard procedure
defined by the American Thoracic Society [27]. PPG and SaO,
were measured using a pulse oximeter (COSMO ETCO2/SpO2
Monitor Novametrix, Medical Systems). Signals were stored
with a sampling rate of 100 Hz, except ECG signals, which
were sampled at 500 Hz. OSAS evaluation from PSG data were
scored by clinical experts using the standard procedures [28].
Ten out of the 21 children were diagnosed with OSAS. Ethical
approval for this study was obtained from the Aragén clinical
research local ethics committee (CEICA).

B. DAP Events Detection

DAP detection was performed by applying the algorithm de-
scribed in [22]. It is based on a preprocessing stage which sup-
press the mean, an envelope detection using the root mean square
technique and a decision rule based on an adaptive threshold.
The detector also includes an artifact detector stage based on
Hjorth parameters.
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Fig. 1. Intersubject mean and standard deviation (STD) of PPG pulses power
spectrum, taking one pulse of each subject and estimating its power spectrum
by the classic periodogram.
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Fig. 2. Implemented low-pass-differentiator filter: (a) impulse response, and

(b) transfer function (solid black line) over the ideal one (slashed gray line).

C. PPG Pulses Detection

The pulse detector algorithm consists of two phases: a linear
filtering transformation, and an adaptive thresholding operation.

The filtering transformation is designed to accentuate the
abrupt upslopes of the PPG pulses over the smoother one of the
dicrotic pulses and so avoid their detection as regular pulses.
It consists of a linear-phase FIR low-pass-differentiator filter
designed by applying a least-square technique [29] using tran-
sition band from 7.7 Hz to 8 Hz, considering that PPG pulses
are below these frequencies (see Fig. 1). The impulse response
and the transfer function of this filter are shown in Fig. 2.

For peak, nzl , detection in filtered signal y(n), a time vary-
ing threshold v(n) gradually decreasing between detections was
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Fig. 3. Example of detector behavior during a DAP event: (a) PPG signal, and

its (b) filtered signal (solid blue line) and the resulting time varying threshold
(slashed black line).

used. This threshold keeps the value of the previous detected
peak y(n) = y(n}, ) during a refractory period which cor-
responds to 150 ms (N, = 0.15F;) and after this it begins to
decrease linearly. If there is no new detection after a time pe-
riod ma A, , the threshold will have decreased to a percentage
a < 1ofy(nj, ,)and from that instant it maintains its value,
as shown in (1). o was set to 0.2, and the 7714 4, period is an
estimation of the interpeak interval calculated as the median of
three peak-to-peak intervals previously detected as defined in
2).

A gradually decreasing threshold configuration is proposed
instead of a step-decreasing one as in [30] because of the DAP
events. A step-decreasing threshold configuration implies a fixed
threshold between detections. This fixed value should be higher
than 50% of previous pulse maximum amplitude in order to
avoid detections of dicrotic pulses, and so high threshold would
make regular pulses of DAP events not to be detected, since PPG
signals at arousal episodes experience a sudden fast amplitude
decrease.

Finally, the maximum of each PPG pulse n,, is set at the
maximum point of PPG signal within a 300-ms-length interval
beginning ateach peak ny - detected in transformed signal. Fig. 3
shows an example of PPG pulses detection during a DAP event.

D. PRV Analysis

For the pulse rate signal generation, the fiducial point of each
pulse in PPG was the medium-amplitude point ny,, defined
as the one in which the amplitude has reached the 50% of
its maximum. For its computation, first the time instant of the
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Fig. 4. Significant points of PPG pulses.

minimum pulse amplitude is determined as
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The reason for using 7y, as fiducial point instead of using
na, as in [26] is robustness. The maximum of PPG pulses are
typically located at smooth zones, so na, can be considerably
changed by a low level of noise. However, ny;, is located at the
upslope of the PPG pulse which represents a very abrupt zone
of the signal. Fig. 4 shows the significant points of the :th PPG
pulse.

Normal sinus pulses used for PRV ny, are determined from
nyi, after removal/replacing ectopic and missdetected pulses
using the method proposed in [31]. Then, they are used to gen-
erate the inverse interval function (IIF) [32], which is inversely
related to the normal-to-normal pulse interval.

1
i (n) = Z m‘s (n—nx,) o)

where the superscript u denotes that the signal is unevenly sam-
pled. A 2-Hz evenly sampled version was generated by cubic
splines interpolation [33], and it is denoted djr (n) in this paper.

The smooth pseudo Wigner—Ville distribution (SPWVD) [34]
was used to analyze the spectral parameters of the PRV in a time-
frequency map, using a 5-min-length time window centered at
the onset of the studied DAP event. The SPWVD was chosen
because of its high time and frequency resolution and its inde-
pendent smoothing in time and frequency. The length was set
to 5 min to ensure that it is long enough to contain at least one
period of the lowest frequency in the studied band, which is
0.0033 Hz.

Power in the very low frequency (VLF) (0.0033-0.04 Hz)
(Pyir (n)), low frequency (LF) (0.04-0.15 Hz) (PLr (n)), high
frequency (HF) (0.15-0.5 Hz) (Pur (n)) bands, and low to high
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frequency ratio (Ryr /ur (n)) were computed. Their normalized
versions with respect to the total power (Pyrr (n) + Prr(n) +
Prur (n)) were also computed, and they follow the same nomen-
clature with an additional n as subscript, for example, Py, (n)
is the normalized version of Py (n).

1) Classifier: In order to discriminate whether a DAP event
is associated or not to an apnea, a linear discriminant analysis
[35] was used to separate between DAP events related and not
related to apnea episodes.

For DAP event classification, the features are based on the
PRV around them, and there are two classes: apnea-related DAP
events (Ga) and nonapnea-related DAP events (Gn). Let y; =
(Y1, Y25, --.,Yaj] be a row vector with d values where each
element represents a feature value from jth DAP. To assign y;
to class k of the ¢ possible classes, the discriminant value fj for
each class is evaluated from the following equation:

_ 1 _
fr =m Y] - M 'ui +log(my) (6)

where T represents the transpose and g, is the row mean vector
obtained from the whole /V;, training vectors belonging to class
k as defines (7), and 3 represents the pooled covariance defined
in (8).

1 &
= —— N 7
He =N, ;yﬂf (7)
1 ¢ Np
2 = N — ¢ ZZ(yjk - IJ’k)T(yjk - Hk) (8)
k=1j=1

where NN is the total number of cases y; in the training set.

The term 7 represent the prior probability that y; belongs
to a class k. A practical way to evaluate 7, is

Nj,

T = N

Finally, y; is assigned to the class, k& with higher f; so the
7, term can be removed from (6) if y, has the same probability
for all classes.

Features must be selected and weighted in order to select the
feature set that provides the best discrimination of DAP events.
This training stage is performed by the study of the features in
a subset of manually labeled DAP events.

2) Features Set: In order to quantify the evolution of auto-
nomic variations when a DAP event is associated or not associ-
ated to apnea, four time windows were defined in specific time
intervals related to the onset of DAP events (npo, ). Three of the
four windows have a length of 5 s: the reference window (w;; )
which begins 15 s before npo, , the DAP window (wy; ) which
begins 2 s before the DAP, and the post-DAP window (w);)
which begins 15 s after npo,. The fourth window is called
global window. It begins 20 s before npo; and its length is 40 s.
Fig. 5 illustrates w; , wy, , and w,, over the mean of djjp (n)
during related and nonrelated to apnea DAP events.

The feature set contains the means of Pyrr, (n), Prr, (n),
Pur, (n),and Ry /ur (n) signals, computed within the four de-
fined windows. The mean and the variance of djy (n) within the
same four windows are also considered. These last two indexes
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Fig. 5. dprr (n) mean + SD for apneic (a) and nonapneic (b) DAP events.
Reference (w; ), DAP episode (wg), and post-DAP episode (w), ) windows, with
DAP onset at time O s.

TABLE I
CLUSTERING OF DAP EVENTS
Clinical diagnosis %‘zp gr‘é’lf Total
Normal 41 107 148
Pathological 98 22 120
Total 139 | 129 | 268

are computed after a normalization by subtracting the mean
value and dividing by the variance of the 5-min-length segment
centered at npo;. This is done since it was hypothesized that
the relative variation in the analyzed window with respect to
baseline differs between apneic or nonapneic episodes. In ad-
dition, for each index the difference between Wy, and wy; Was
computed making a total of 34 features extracted from the pulse
rate.

3) Feature Selection: For training the classifier, 268 DAP
events were extracted. These DAP events were clustered in two
classes: apneic DAPs (Ga) and nonapneic DAPs (Gn) based on
physiological characteristics. DAP events were classified into
Ga when Sa0O, decreases at least 3% or airflow decreases at
least 50% respect to the baseline for a minimum duration of 5 s
and into Gn otherwise. A summary is presented in Table I.

Feature selection was addressed using the wrapper method
forward approach, i. e., by adding gradually one more feature
and selecting the one which provides the highest accuracy. For
evaluating the accuracy of every feature set, leave-one-out vali-
dation method was performed.

E. Clinical Study

In order to evaluate the proposed techniques, PSG registers
were splitted into 1-h-length fragments, and they were labeled
as control, doubt, or pathological based on SaO, desaturation.
To establish this separation, it was considered a baseline level
[ corresponding to the SaO, signal mode of the entire night
recording, and ¢3_3 is the total time with SaOy signal below
3 — 3%. The fragment is clustered as pathological if t3_3 is
more than 3 min. This implies a minimum of 5% of the time
with evident oxygen desaturation which corresponds to a severe
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TABLE II
PSG FRAGMENTS CLASSIFICATION

Clinical PSG fragments classification

diagnosis | subjects | fragments || normal | doubt | pathological
Normal 10 46 42 4 0
Pathological 11 59 28 20 11
Total 21 105 70 24 11

OSAS criteria in children [19] of 18 apneas/h having a mean
duration of 10 s. If £5_3 is less than 0.9 min, which corresponds
to 5 apneas/h, the fragment is clustered as normal. Fragments
which are not clustered as normal or pathological are clustered
as doubt. Table II shows this classification.

These 1-h fragments were automatically classified in normal
or pathological based on the DAP per hour ratio using the DAP
coming from the DAP detector in [22], rpap, or alternatively
considering only those DAP classified as apneic events with the
methodology presented in Section II-D1, r5&Y,. ROC curves
were calculated for both indexes and the optimum thresholds
in terms of maximizing accuracy were established. In addition,
Wilcoxon nonparametric statistical analysis was carried out for
both indexes in order to evaluate their discriminant power be-
tween groups. Then, the percentage of time under pathological
fragments based on rpap and rERY, was analyzed as a rule to
consider a subject as pathological or not. The threshold for this
percentage was selected for maximizing accuracy. Only 15 sub-
jects (eight OSAS) were included in this study since subjects
with less than 4 h of acceptable quality signal were excluded.

Those DAP events in which PRV could not be obtained over
its global window w, were excluded for calculation of rp s p and
rERY indexes. However, in [2], the excluded DAP events were
those in which HRV could not be obtained from ECG. This rep-
resents two different exclusion criteria, based on quality of PPG
and ECG signals, respectively. For comparison purposes, it also
studied the subgroup of DAPs which results after discarding
those DAPs in which PRV or HRV could not be obtained, de-

noting their indexes with an additional subscript 2, for example,

PRV
TDAP, -

III. RESULTS

The best features for classification obtained by the wrap
method were the mean of djjp (n) signal within the DAP event
window, the mean of Pyyp, (n) within the post-DAP window,
the mean of Ry /i (n) during the reference window, and the
mean of djjp(n) signal within the global window. Table III
shows results of PSG fragment and subject classification by
using the two described DAP event discarding criteria. The
Wilcoxon test shows better discriminant power between nor-
mal and pathological fragments for 5%, (p = 0.0034) than for
rpap (p = 0.0067).

IV. DISCUSSION

The PPG signal carries information related to the cardiovas-
cular function as well as blood gases concentration. This signal
presents interesting characteristics that can be used to detect ap-
neic episodes. In [2], a diagnostic method based on DAP events

TABLE III
PSG FRAGMENTS AND SUBJECTS CLASSIFICATION RESULTS OBTAINED BY
USING THE TWO DIFFERENT DAP EVENT DISCARDING CRITERIA: RELATED TO

PPG SIGNAL QUALITY (rpsp AND 75 RY)), AND RELATED TO ECG AND PPG

PRV H
SIGNAL QUALITY (rpap, , rDKVPQ AND TDL%Q )

PSG fragments classification Subjects classification

Acc Se Sp AUC Acc Se Sp

(%) (%) (%) (%) (%) (%) (%)
T'DAP 67.90 | 90.91 | 64.29 | 76.30 || 80.00 | 87.50 | 71.43
ThRp 70.37 | 81.82 | 68.57 | 78.38 || 86.67 | 100.00 | 71.43
TDAPy 60.49 | 72.73 | 58.57 | 69.55 || 73.33 | 75.00 | 71.43
Dby 59.26 | 81.82 | 55.71 | 71.36 || 80.00 | 87.50 | 71.43
TDAbg 76.54 | 63.64 | 78.57 | 71.10 || 73.33 | 62.50 | 85.71

Results include accuracy (Acc), sensitivity (Se), specificity (Sp), and area under ROC (AUC).

which satisfy some HRV related conditions was proposed, re-
quiring ECG in addition to PPG signal. The minimization of sig-
nal recordings takes special relevance in sleep studies because
the use of many sensors could disturb the physiological sleep,
so the use of PRV obtained from PPG signal instead of HRV
obtained from ECG signal is proposed in this paper avoiding the
need of ECG recording and simplifying ambulatory monitoring.

Selected features addressed by the wrap method were dif-
ferent to those selected features of HRV in [2]. The reason of
this difference could be that although HRV and PRV are highly
correlated in normal breathing [24], this correlation decreases
considerably during obstructive apnea episodes [25].

Before introducing the PRV information, the fragment and
subject classification obtained an Acc of 67.90% and 80.00%,
respectively. The introduction of PRV information increased the
classifier performance obtaining an Acc of 70.37% for fragment
classification and 86.67% for subject classification. In terms of
Acc, both rpap and r5RY, have obtained better subject classifi-
cation results than the ones obtained with HRV in [2] (73.33%
for rpap and 80.00% for 7HEY). This improvement could be
explained by the DAP exclusion criteria, which in [2] is re-
lated to the quality of ECG, but in this paper, it is related to
the quality of PPG signal where also DAP events are detected,
and this could improve the DAP event detection by excluding
DAP events which are related to an artifact and not related to an
apnea.

By excluding those DAP events in which HRV or PRV could
not be obtained (bad quality of ECG or PPG signal), obtained
Acc decreased for all rjy , o, indexes in both fragment and sub-
ject classification. This decrease could be explained by the loss
of information implied by the DAP events exclusion, which is
higher than in 77 , p indexes because more DAP events are ex-
cluded. In fragment classification, r%ﬁ‘éZ obtained better Acc
(76.54%) than rgﬁ\léz (59.26%), while in subject classification,

the index which obtained the highest Acc was rglﬂ,z with

80.00%, over rpxy, and rpap, , both with 73.33%.

HRYV and PRV give additional information to the classifier,
but using them implies a loss of information due to the DAP
exclusion. However, results obtained for rgﬁg (ECG quality
exclusion criteria) or 75 %Y, (PPG quality exclusion criteria) out-
perform those obtained without introducing information from
PRV/HRY, so the additional information given by PRV/HRV
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compensates the loss of information associated to the DAP event
exclusion.

A limitation of this study is that the procedure for labeling
the 1-h PSG fragments is based only on SaO,. According to the
American Sleep Disorders Association criteria [36], SaO is not
sufficiently accurate or validated to recommend for use in OSAS
diagnosis. Nevertheless, all pathological fragments defined ac-
cording to this procedure correspond to children suffering from
the OSAS; see Table II and subjects classification using clinical
diagnosis as the reference.

Another limitation of this study is that the optimal thresholds

for both rpap and rHRY, were obtained from all the fragments.

In other words, for the subject classification, training and test
sets are the same. The fragment classification accuracy was also
computed using the leave-one-out validation method, obtaining

slightly smaller accuracies (64.20% for rpap and 67.90% for

PRV
THAP)-

Moreover, Table II shows an unbalanced sample with 70 nor-
mal and 11 pathological fragments. The fragment classification
was also performed after balancing the groups. Optimal thresh-
olds for both 7psp and rERY, were computed. Obtained results
were exactly the same.

The small number of subjects in the database (21, ten of them
suffering of OSAS) is another limitation. This study should be
validated over a longer database.

V. CONCLUSION

Results obtained with PRV are comparable to those extracted
from HRV in [2] and suggest that PRV can be used to discrimi-
nate apneic and nonapneic DAP events without introducing any
additional (ECG) signal, which takes special relevance in sleep
studies.
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