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ABSTRACT

The paper presents a new approach to detection of ap-
nea/hypopnea events, in the presence of artifacts and breath-
ing irregularities, from a single-channel airflow record. The
proposed algorithm identifies segments of signal affected by a
high amplitude modulation corresponding to apnea’hypopnea
events. It is shown that a robust airflow envelope—free of
breathing artifacts—improves effectiveness of the diagnos-
tic process and allows one to localize the beginning and the
end of each episode more accurately. The performance of
the approach, evaluated on 30 overnight polysomnographic
recordings, was assessed using diagnostic measures such as
accuracy, sensitivity, specificity, and Cohen’s coefficient of
agreement; achieving 95%, 90%, 96%, and 0.82, respectively.

Index Terms— Apnea, envelope detectors, median filters

1. INTRODUCTION

Sleep Apnea-Hypopnea Syndrome (SAHS) is a common
sleep-breathing disorder characterized by repetitive episodes
of complete obstruction (sleep apnea event) or partial ob-
struction (hypopnea event) of the upper airway, relating in
a blood oxygen desaturation or arousals leading to sleep
fragmentation. The usual daytime manifestation is exces-
sive sleepiness and poor concentration, which can escalate to
traffic accidents, depression, and memory loss [1].

Currently, in sleep laboratories, there are carried out
overnight polysomnographic studies (PSG) aimed at early
detection and assessment of the severity of SAHS in pa-
tients [1]. To reach the final conclusion, the recorded signals
are analysed by a physician experienced in the field of sleep
medicine. The final diagnosis is based on calculation of the
apnea’hypopnea index (AHI) which reflects the number of
sleep apnea/hypopnea (SAH) events per hour of sleep. It
is assumed that accurate and reliable identification of SAH
events is critical for case identification and for quantifying
disease severity classified as: mild, when 5 < AHI < 15;
moderate, when 15 <AHI < 30; and severe, when AHI > 30
(events per hour of sleep) [1].

The standard morphological criteria, given by the Ameri-

can Academy of Sleep Medicine (AASM) [1], describe SAH
events as a significant reduction of airflow amplitude last-
ing at least 10 s. The reduction of the airflow amplitude is
observed in relation to the level of breathing amplitude pre-
ceding and succeeding the respiratory event, further called
the baseline value. Two thresholds of airflow reduction, 50%
and 90%, were accepted to represent partial and complete
obstruction of the upper airway, respectively. According to
AASM the breathing baseline is defined as “the mean am-
plitude of stable breathing and oxygenation in the 2-min
preceding onset of the event (in individuals who have a stable
breathing pattern during sleep) or the mean amplitude of the
three largest breaths in the 2-min preceding onset of the event
(in individuals without a stable breathing pattern)”. Although
sufficiently clear for pulmonologists, the verbal description
cited previously is not easy to turn into a reliable algorithm for
automatic SAH scoring. In the presence of abnormally large
peaks, further called breathing artifacts, automatic scoring
becomes even more difficult.

Irregular breathing artifacts are usually associated either
with the patient’s motion during sleep [see Fig. 1(A)] (rapid
body movements, changing of sleep position), or with a sud-
den opening of the upper airway succeeding a sleep apnea
event [see Fig. 1(B)]. Such artifacts in airflow measurements
can lead to incorrect identification of SAH events by auto-
mated sleep scoring methods, which in turn may result in in-
correct diagnosis of the SAHS syndrome. For this reason, the
physician localizes, based on visual inspection, signal seg-
ments corrupted by artifacts and manually marks them as the
ones that should be ignored during automated sleep scoring.
This is a very time-consuming process, and a subjective judg-
ment is required to complete the job. Unsatisfactory quality of
automated analysis based on the airflow signal is often caused
by problems with adaptive tracking of the baseline value, with
respect to which SAH events are identified. In the presence
of artifacts, the correct morphological description of the base-
line value is not a trivial task [2].

The main contribution of this paper is to demonstrate that
SAH events can be effectively identified, in the presence of
artifacts and breathing irregularities, based on analysis of a
robust airflow envelope.
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Fig. 1: Breathing artifacts : (A) rapid body movements,
changing of sleep position and (B) sudden opening of the up-
per airway succeeding a sleep apnea/hypopnea event.

2. ENVELOPE DETECTION

During a routine analysis, a physician can easily track the
“true” signal envelope using visual inspection, even in the
presence of artifacts. Such an envelope corresponds to a
smooth curve that matches, in a way that is robust to breath-
ing artifacts, the main peaks of the waveform, and follows
closely sudden variations in signal amplitude. If a partial or
complete reduction of airflow takes place, then SAH events
take the form of characteristic “valleys” visible in the signal
envelope. A physician identifies and classifies these valleys
as hypopnea or sleep apnea events, based on the standard
morphological criteria and his/her own experience. In the
proposed approach, we try to reproduce such a procedure.

Envelope detection has numerous applications in the field
of signal processing and communications [3], one of which
is demodulation of amplitude-modulated (AM) signals gov-
erned by

s(t) = A[l + Bm(t)] coswct (1

wheret = ..., —1,0,1,... denotes normalized (dimension-
less) discrete time, m(t) > 0 denotes the baseband message,
w, denotes carrier (angular) frequency, A denotes the carrier
amplitude, and 5 > 0 is the so-called amplitude sensitivity of
the modulator. When m(t) is a lowpass signal with bandwidth
W much smaller than the carrier frequency w,, the amplitude
envelope of the signal s(t) is defined as

e(t) = AL + m()] > 0. @)

Envelope can be “extracted” from the AM signal using de-
vices known as envelope detectors. The two most frequently
used envelope detectors that will be briefly described below
are those based on the square-law (full rectification) princi-
ple, and on the Hilbert transform, respectively. Due to ir-
regularities in the breathing rhythm, the airflow signal only
approximately fits the AM model (1) which adversely affects
performance of the classical envelope detectors. The situation
becomes even more complicated in the presence of breathing
artifacts. We will show that both problems indicated previ-
ously can be taken care of, if the classical detection schemes
are suitably modified.
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Fig. 2: The square-law envelope detector.

2.1. Square-law envelope detector

The flowchart of the square-law detector [3] is shown in Fig.
2. When s(t) is an AM signal governed by (1), the scaled
output of the squaring device can be written down as a sum of
two components

() = A%[1 + Bm(t)]> + A%[1L + Bm(t)]? cos 2wct.  (3)

The first term on the right-hand side of (3) is a lowpass signal
with a cutoff frequency 2W, and the second one is a band-
pass signal with spectrum confined to the frequency bands
(—2we — 2W, —2wc+2W) and (2w, — 2W, 2w, + 2W), cen-
tered around +2w.. Hence, when the condition w., > 2W is
met, the lowpass component of f(¢) can be extracted using a
lowpass FIR filter L(w) with a cutoff frequency 2W

k
W) = L) = Y Lf(t— 1) = A%[1 4 Bm(1)]?
“)
where [; = [_;,©1 = —k, ..., k, denote impulse response co-

efficients of the filter. The estimated value of the envelope can
be obtained from

et) =+/h(t) )]

further referred to as an ESL envelope.

2.2. Envelope detector based on the Hilbert transform

The second classical method of envelope detection, based
on the Hilbert transform [3], is depicted in Fig. 3. The
Hilbert transform of an analog real-valued finite energy sig-
nal s(t.), —00 < te. < 00, is defined as [3]

SH(tC)=7{[s(ztc)]:/+0o s(r)dr 6)

—o0 ﬂ-(tc - T)

where ¢. denotes the continuous-time variable. Envelope de-
tection involves creation of the complex-valued analytic sig-
nal, defined as

y(tc) = s(te) + jsu(te). @)

The analytic counterpart of a discrete-time signal s(¢) can
be evaluated either directly - using the FFT-based frequency-
domain approach, or indirectly - by computing an “analytic”
signal sp(t) (using the discrete-time FIR approximation of
the Hilbert transform) and combining it with s(t)

y(t) = s(t) + jsu (D). (8)

Since Hilbert transform shifts the phase of all sinusoidal com-
ponents by — /2, for the “ideal” AM signal (1), one obtains
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Fig. 3: Envelope detector using the Hilbert transform.

su(t) =2 A[1+4 fm(t)] sinwt which means that the envelope
of s(t) can be obtained by evaluating the magnitude of the
analytic signal

f@) = ly(@®)| =

For AM-like signals, such as speech signals or biomedi-
cal signals, the envelope extracted in this way suffers from
high-frequency fluctuations, called ripples. Ripples can be
removed by passing the signal f(¢) through a lowpass filter,
leading to

s2(t) + s () =2 A[1 + Bm(t)].  (9)

e(t) = LIf(?)] (10)

further referred to as an EHT envelope.

2.3. Modification in the envelope detection procedures

The estimation of the airflow envelope obtained using the
approach based on the square-law or on the Hilbert transform
suffers from envelope distortions caused by artifacts which
are only partially eliminated at the stage of lowpass filtering.
The envelope distortions of short duration and of relatively
high amplitude may seriously affect the estimated baseline
values by setting them at too high levels. This may lead to
a large number of false-positive decisions, some of which
cause erroneous distinction between hypopnea and sleep ap-
nea events. The second problem with analysis based on the
classical envelope detection results is related to the filter-
induced time-shift effects occurring at the beginning and at
the end of each apnea episode. Since the sleep apnea event
should last at least 10 s, wrong localization of its endpoints
may result in an erroneous event classification.

To eliminate both drawbacks mentioned previously, a cas-
cade made up of a standard median (SM) filter and a recursive
median (RM) filter is used instead of the linear lowpass FIR
filter L(w) in the two envelope detection methods depicted
in Figs. 2 and 3. Median filtering is a popular method of
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Fig. 4: A cascade of a standard and a recursive median filters.

noise removal in applications involving signal and image pro-
cessing. This non-linear technique has proven to be a good
alternative to linear filtering as it can effectively suppress im-
pulsive noise while preserving the edge information [4].

The output g(t) of the SM filter is the median of the input
data inside the window centered at the point ¢, and is given by

gt) = med{f(t—m),.... f(t),..., ft+m)} (1)

where M = 2m + 1 denotes the window size and med{-}
denotes the central value of the ordered sequence of samples.
To effectively reduce the influence of artifacts on the airflow
envelope, while preserving the sharp envelope “edges” at the
beginning and at the end of each apnea episode, the SM win-
dow size should be properly selected. If the window size is
too small, not all artifacts are suppressed. If the window size
is too large, the blurring effect can be observed, similarly as in
the case of image processing applications. Therefore the win-
dow size should be at least two times larger than the length
of the segments affected by artifacts, but smaller than the dis-
tance between two neighboring SAH events. Based on the
observation that artifacts are usually confined to one breath-
ing cycle, whereas the breathing frequency changes from 0.18
Hz to 0.4 Hz, we suggest that the SM window should cover
15 s of the airflow signal, i.e., that M should be set to 301
under 20 Hz sampling.

The RM filter, used to process the median-prefiltred signal
samples ¢(t), is given by

h(t) = med{h(t—n),...,h(t—1),9(t),...,g(t+n)} (12)

where N = 2n + 1 denotes the window size. The RM filter
is more sensitive to window size than the SM filter. If the
window is too wide, it can excessively smooth out the signal
leading to deformation of the envelope. It is proposed to set
N approximately to M /2. According to our experiments, the
proposed cascade of two median filters yields better results
than those obtained when only one of the filters is applied.
The proposed modification in the airflow envelope detection
procedures allows one to obtain robust envelopes based on
the square-law or on the Hilbert transform, further denoted as
RESL and REHT, respectively.

Figs. 5 A - 5 B illustrate robustness of the proposed
modified envelope detectors in two practically important
cases. Fig. 5 A demonstrate insensitivity of RESL and
REHT envelopes to breathing artifacts—unlike the classical
ESL/EHT envelopes, which are affected by airflow outliers,
the RESL/REHT envelopes are robust to short-lived breath-
ing artifacts. This allows one to keep the baseline (which is
set to the local envelope maximum) at a level corresponding
to regular, i.e., undisturbed breathing. Fig. 5 B demonstrate
another advantage of nonlinear filtering—preservation of
sharp envelope “edges”. When linear lowpass filter is used
in lieu of the proposed cascade of nonlinear filters, the cor-
responding envelopes slowly decay/rise at the beginning/end
of each reduced-airflow episode. Since the length of such
an episode is an important diagnostic factor, its understate-
ment can result in overlooking or misclasification of SAH
events. Median filters do not introduce time shifts mentioned
previously. Additionally, the RM filter is very efficient in
smoothing out (without blurring envelope edges) some local
signal fluctuations that can be observed at the output of an SM
filter [4]. As a result, the envelope “valleys” corresponding to
SAH events usually have only one local minimum.
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Fig. 5: A - envelope distortions caused by artifacts, B - time-
shift effects in the envelope introduced by lowpass filtering.

3. IDENTIFICATION OF SAH EVENTS

Once the airflow envelope has been obtained, identification of
SAH events is easy: they can be localized (if present) between
the succeeding local maxima of the robust envelope. Each
time a new local maximum appears, the baseline value is up-
dated and set to the value of this local maximum. Consider
a sequence of samples {€(¢1), ..., e(t2)} corresponding to a
segment of a robust envelope, where ¢ and t5 denote two con-
secutive leftmost local maximum points. The baseline value
is set to €(¢1) and two thresholds are computed correspond-
ing to 50% and 10% of the baseline value for hypopnea and
apnea events, respectively. The following decisions are made
at each time instant ¢, t1 < t < to

[ e < dew)
dn(t) = {O otherwise

da () :{(1) if e(t) < &eth)

otherwise

where dy,(t) and d,(t) denote sequences of binary values in-
dicating which samples in the analysed segment can be clas-
sified as hypopneic/apneic activity. If the segment includes
less than 10 s of continuous hypopneic/apneic activity, it is
classified as normal breathing. Otherwise hypopnea or apnea
is detected. When both types overlap, only the sleep apnea
episode is scored (see Fig. 6).

4. EXPERIMENTAL RESULTS

Overall, the polysomnograms of 30 sleep apnea patients
were used to validate the proposed method. The detailed
results are presented for a group of 15 representative patients,
9 male and 6 female [age: 53 + 7 years (meanztstandard
deviation), duration of each study: 449 minutes] with dif-
ferent apnea/hypopnea indexes, ranging from 4.5 (patient
#1) to 42.0 (patient #15); because of space limitations,
only summary/average statistics are shown for all patients.
The analyzed sleep studies were drawn from the database
of the Medical University of Gdarsk, Gdainsk, Poland (only
recordings containing breathing artifacts were selected). In
all studies the airflow signal, bandpass filtered and sampled
at the rate of 20 Hz, was measured using a nasal cannula
pressure transducer. Respiratory events were detected based
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Fig. 6: Identification of SAH events based on the RESL.

on analysis of the airflow signal and scored, using the crite-
ria proposed by AASM [1], by an expert—a pulmonologist
with 15 years clinical experience (all recordings were scored
by the same person). In agreement with [1], hypopnea was
defined as an over 50% reduction in airflow from the baseline
value, lasting for more than 10 s, and associated with at least
3% desaturation or an arousal. Sleep apnea was defined as
the absence of airflow for more than 10 s. The clinical routine
was based on manual correction of the results obtained by au-
tomated analysis performed by a commercial PSG software
(RemLogic, default settings).

The common mistakes of the automated analysis are:
overlooked episodes, false detections, and misclassification
between hypopnea and sleep apnea events. In all studies
4559 SAH events were detected: 2193 apneas and 2366 hy-
popneas. The total number of artifacts present in airflow
recording—the result of subjective scoring of abnormally
large peaks—was 2353, ranging from 9 to 230 per recording.

The 127-tap FIR filter, approximating the Hilbert trans-
form, was designed using the Parks-McClellan algorithm.
The analytic signal was computed by adding the appropri-
ately time-shifted real signal to its imaginary counterpart
generated by the Hilbert filter. To reduce computational com-
plexity, prior to median filtering the signal f(¢) was passed
through a lowpass FIR filter with a cutoff frequency of 1 Hz,
and then downsampled by a factor of d = 6. After decima-
tion, the SM window size was set to M/ = 51 and the RM
window size was set to N = 21.

Table I compares the results of automated detection of
SAH events, obtained using Approach I based on the square-
law, Approach II based on the Hilbert transform, and Rem-
Logic, with decisions made by an expert. Patients were or-
dered according to their apnea/hypopne index (AHI), which
reflects the number of sleep apnea/hypopnea events per one
hour of sleep. The scores correspond to the number of de-
tected apnea/hypopnea events (SAH), only apnea events (A),
and only hypopnea events (H). It is easy to notice that, un-
like the proposed approaches, RemLogic shows tendency to
understate the AHI score.

Table II shows results of the event-by-event and of the
epoch-by-epoch analysis. In this experiment no differenti-
ation between apnea and hypopnea event was made. Four
performance measures (accuracy, sensitivity, specificity, and
Cohen’s coefficient of agreement) were evaluated based on
analysis of 30-s airflow epochs classified as SAH events or



Table 1: Quantitative comparison of scores provided by an expert with the results yielded by RemLogic and by two variants of
the proposed method: Approach I based on the square-law, and Approach II based on the Hilbert transform.

Expert Approach I Approach II RemLogic

Patient ~ Art  SAH A H AHI SAH A H AHI SAH A H AHI SAH A H AHI
1 20 33 5 28 45 36 3 33 49 34 2 32 4.6 17 1 16 2.3

2 70 36 2 34 4.8 45 2 43 6.0 49 2 47 6.5 24 1 23 32

3 13 46 13 33 6.1 45 9 36 6.0 53 11 42 7.1 27 8 19 3.6

4 70 50 5 45 6.7 53 1 52 7.1 58 1 57 7.7 38 1 37 5.1

5 78 106 17 89 14.1 127 8 119 169 130 8 122 17.3 32 3 29 43

6 17 111 28 83 14.8 107 17 90 14.3 113 16 97 15.1 97 33 64 12.9
7 59 126 75 51 16.8 136 67 69 18.1 142 70 72 18.9 89 67 22 11.9
8 36 167 126 41 22.3 147 100 47 19.6* 147 100 47 19.6* 145 132 13 19.3
9 76 169 19 150 225 168 13 155 224 178 15 163 23.7 109 9 100 14.5
10 64 216 133 83 28.8 222 23 199 29,6 201 20 181 26.8 192 79 113 25.6
11 55 217 170 47 289 229 167 62 30.5 231 165 66 30.8 188 163 25 25.1
12 210 241 74 167  32.1 247 22 225 329 241 27 214 321 172 37 135 229
13 69 290 196 94 387 295 179 116  39.3* 295 184 111 393 231 162 69 30.8
14 206 311 247 64 415 312 197 115 416 330 203 127 440 204 104 100 272
15 91 315 177 138 420 314 154 160 419 301 154 147 40.1 247 144 103 329
315 1134 2434 1287 1147 2483 962 1521 2503 978 1525 1812 944 868

330 2353 4559 2193 2366 4753 1841 2912 4807 1873 2934 3261 1711 1550

The scores correspond to the number of detected apnea’hypopnea events (SAH), only apnea events (A), and only hypopnea events (H). The AHI index reflects
the number of apnea/hypopnea events per one hour of sleep. The AHI scores that are closer to expert scores than those yielded by the competing approaches
are shown in boldface. Equal scores are marked with asterisks. The number of artifacts present in airflow recordings (Art), based on subjective scoring of
abnormally large peaks, ranged from 13 to 210 per recording. ¥15: sum for a representative group of 15 patients, >30: sum for all patients.

normal breathing. The epoch was classified as SAH event if
at least 5 s of the epoch was affected by apneic/hypopneic ac-
tivity. The total number of epochs for 30 patients was 26970.
The obtained results in both experiments clearly indicate su-
periority of the square-law-based approach.

The proposed approach can be easily implemented in
“screener” devices such as the ones described in [5, 6]. In
order to increase the reliability of the proposed algorithm
and decrease the number of false detection rate, a combined
analysis of airflow signal and saturation of peripheral oxygen
signal is proposed. Some further work is also needed to de-
velop tools capable of distinguishing both types of events in
a more reliable way.

5. CONCLUSIONS

The widely used classical envelope detection methods are
not robust to artifacts present in airflow measurements. The
proposed approach is a simple modification of the existing
schemes, obtained by replacing the linear lowpass output
filter with a cascade of two nonlinear filters—a standard
median filter and a recursive median filter. The proposed
approach gives better results than those yielded by RemLogic
even though, unlike RemLogic, our method analyzes only the
airflow signal.
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