Detection of apnoeic and breathing activity through pole-ero analysis
of the SpO, signal
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Abstract— A new method using autoregressive modelling and A hypopnoea is less serious than an apnoea. Again, it
pole tracking is proposed to detect cyclical activity withn the  can be obstructive or central and is defined by the AASM
oxygen saturation signal, SpQ, for subjects with Obstructive — 1aqi Force as an event that lasts for at least 10 seconds
Sleep Apnoea (OSA). OSA is a sleep condition whereby the up- i . .
per airway is obstructed and a cessation in respiration (apoea) or longer and satisfies Or!e of the .tWO Cr'te”aj First - a
occurs. The three types of detected activity includeapnoea, mix, ~ clear decrease from baseline 60%) in the amplitude of
and normal breathing, where ‘mix’ refers to breathing with a  a valid measure of breathing during sleep (respiratoryreffo
low-frequency component. Overall classifications produag by  or airflow measurement). Baseline is defined as the mean
the analysis are in close agreement with expert scoring of ¢h amplitude of stable breathing and oxygenation in the two
database. Furthermore, the pole-zero analysis method alles, . - .
for the first time, the mix sections to be identified automatically. minutes preceding onset of the evgnt (in individuals who

have a stable breathing pattern during sleep) or the mean
amplitude of the three largest breaths in the two minutes
. INTRODUCTION preceding onset of the event (in individuals without a stabl
A. OSA, definitions and polysomnography breathing pattern) [1]. Second - a clear amplitude redactio

Obstructive Sleep Apnoea (OSA) is a condition whereb9f a valid measure of breathing during sleep (respiratory
the upper airway is obstructed and a cessation in resmratigﬁort or airflow measurement) that does not reach the above
(apnoea) occurs. Each apnoea is terminated by an arousaffferion but is associated with either an oxygen desdamat
the sleeping individual; i.e., the sleeping person is wokeff > 3% or an arousal [1].
up even though he/she might not be aware of it. This The current gold-standard method for the accurate diag-
may occur up to several hundred times a night' |eadin@OSiS of OSA and other Sleep-related disorders is the ‘Sleep
to very disturbed sleep. Overall, it is estimated that 1&st’ or polysomnography (PSG) - a multi-channel recording
million Americans suffer from OSA syndrome, costing $420f sleep signals (such as the electroencephalogram ‘EEG’)
million US annually in hospitalisation alone. The Americargnd breathing variables traditionally performed overtigh
Academy of Sleep Medicine (AASM) Task Force defines aficluding the non-invasive and continuous monitoring of
apnoea as a complete or near complete cessation of airfllpod oxygen levels by pulse oximetry, SpCrhe replace-
that lasts for at least 10 seconds or longer [1], divided intgent of full PSG with the more simple and convenient
one of three types [2]: pulse oximetry, especially for home studies, is a current
Obstructive Apnoea- ventilatory effort exists but there is no iSsue amongst sleep researchers. In 2000, Vazgtes.
airflow, as there is an obstruction in the upper airway. Thigroduced an oximeter derived respiratory index that was
type of apnoea is usually associated with excessive daytifitghly correlated = 0.97) with the PSG derived apnoea-
sleepiness (EDS). It is the most prevalent sleep disoraer sehypopnoea index, with ‘excellent’ sensitivity and spedjic
in diagnostic sleep laboratories worldwide, accountingrte ~ for diagnosing OSA in their database of 326 patients [3].
to 80% of diagnoses [2]. More recently, Magalangt al. (2003) showed that oxygen
Central Apnoea - ventilatory effort is completely absent. saturation variability (as measured by taking the averdge o
This type of apnoea is usually associated with insomnia. &bsolute differences of oxygen saturation within suceessi
is considerably less prevalent with the exception of specifil2-second intervals) provides an oxygen desaturatiorxinde
patient popu|ati0ns’ such as patients with chronic hea‘f\ﬂth a similar level of diagnOStiC accuracy as found with
failure or patients with neurological disorders. PSG [4].

Mixed Apnoea - this type of apnoea is initially due to

absent ventilatory effort (a ‘central’ pattern) and subs
quently persists despite resumption of ventilatory effigen ~ The oxygen saturation signal, or Sp0s the simplest to

‘obstructive’ pattern). acquire (using an ear or finger pulse oximeter) PSG signal

[1]. In a normal healthy adult, the normal operating range
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e@. Oxygen saturation signal, SpO



II. METHOD

;\/ \ N /\/ A. Subjects

The database investigated is the ‘MIT-BIH Polysomnogra-
] phy’ database, which was originally developed for inclasio
in the PhysioNet archival system developed by Moady
al. in 2000 [8]. PhysioNet is a large research resource, com-
plete with an archive of well-characterized digital redogs
of physiological signals and related data for use by the
biomedical research community. Of the 16 continuous PSG
recordings, six include the SpGsignal (all male subjects
who suffer from OSA). The six recordings are between one
S N R L I and seven hours in duration and are digitized at 250 Hz with
e ;\Ww(;m;) s %  a resolution of 12 bits/sample. Each record was annotated
Fig. 1. Plot of arterial oxygen saturation measured by fipggse oximetry by tWo or more experts; d|screpa}n0|es W.ere resolved by
in a patient with OSA, showing recurrent episodes of deatitur and ~CONSensus, or by another expert if the original annotators
corresponding airflow. ‘au’ = arbitrary units; ‘Stop’ = cesisn of airflow;  were unavailable. The ‘Expert Scores’ include sleep stages

‘Start’ = resumption of airflow; "Nadir' = nadir level of SpO In the top  5yement time, and the following events - with and without
figure, the ‘Start’ points are indicated by vertical dashedd. In the bottom . ) .
figure, the ‘Nadir' points are indicated by vertical dashiees. Every other aN associated arousal: obstructive apnoeas, central agnoe

event only is shown to improve clarity. hypopnoeas, leg movements (plus unspecified arousals).
Each annotation is assigned to 30-second segments of non-
overlapping data. The annotation coding scheme is such
cyclical pattern. During OSA, airflow ceases because dhat one or more events may be assigned to any one 30-
complete occlusion of the upper airway (nasopharynx argecond segment. For example, the annotation ‘H OA' means
oropharynx), by the movement of the tongue and palate intbat a hypopnoea and obstructive apnoea have occurred in
apposition with the posterior pharyngeal wall. A cessatioguccession within the same 30-second segment. Both events
of airflow results, despite continued respiratory effonsl a start within the segment, but do not necessarily have tdfinis
activation of inspiratory muscles [6]. Subsequently, g~ Within this segment; i.e., the last recorded (OA) may begin
develops, but only until there is a brief arousal from sleepyithin the segment of interest, but not end until the follogi
restoration of upper airway patency, and resumption of aisegment. In this study, the apnoeas (obstructive, ceraral)
flow. During asphyxia, the oxygen level drops and continuegonsidered as one entity as the analysis focuses on the AR
to decrease even past the resumption of breathing. Theodelling of the Sp@signal; and at least two physiological
oxygen saturation nadir level is reached within (typicgallysignals are required to differentiate between apnoea types
30 seconds of the resumption of breathing (or equivalentigccording to the AASM definitions above.
the termination of the obstructed breath) [1]. The subseque _ _
delay is due to the time needed for oxygen to flow from th8- Signal Processing
lungs to the periphery; i.e., ear/finger where the pulse exim First, each oxygen saturation signal is downsampled from
ter is located taking the oxygen measurements. Although thiés = 250 Hz to F's = 1 Hz, for reasons given below.
AASM stipulate that the minimum duration for an apnoeicSecond, each downsampled Sp€ignal is segmented into
event is 10 seconds, the most common minimum duration oferlapping windows 2 minutes in duration, with 1-minute
apnoea is 25 seconds long (during non-REM sleep) [7]. Thaverlap. A segment length of two minutes is selected to make
maximum duration of apnoea is approximately 120 secondsire that even the longest apnoea cycle is captured in its
long (during REM sleep) [7]. entirety within a window. Third, the trend of each windowed
The response time of the ear/finger pulse oximeter igignal is removed. Fourth, a Hamming window is applied, so
sufficiently rapid to follow the changes in oxygen satunatio that ripples in the frequency domain - created by the signal
associated with apnoea or hypopnoea, as illustrated ir&igisegmentation - are reduced.
1 where the difference between the resumption of airflow Next, each segment is modelled autoregressively as a
(‘Start’) and the nadir level achieved (‘Nadir’) is of thedar rational transfer function, where the denominator is feedo
of 30 seconds. It has recently been shown (Zamagbn into p terms that correspond tp poles; i.e., the roots of
al., 2003) that the frequency of cyclical (apnoeic) activitythe polynomial (denominator) constitute the magnitude and
corresponds to a spectral peak in the periodogram of tihase angle of the poles, each of which is a complex-
SpO; signal within the 0.014 to 0.033 Hz range [7]. Moreconjugate pair [9]. The relative amplitudes at the resonant
recently, a new method has been developed to detect the sdlfi@gluencies are estimated by tracking the relative madegu
frequency peak, using autoregressive (AR) modelling. im thof the corresponding poles, and the angle on the pole-zero
paper, we show that AR modelling and pole tracking can belot is computed as follows:
used to identify both apnoeas and the frequency of breathing Flos
during non-apnoeic episodes directly from the SE@ynal. © = 360° * —— )
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T the poles are marked as apnoeic, normal breathing, DC (
or 180°), or other (falling outside of the acceptable regions).
Next, the apnoeic and normal breathing poles are compared
in terms of the magnitude of their pole radius;The closer a
o b A pole lies to the unit circle, the stronger its resonant fesgy

. : is. For example, in Figure 2, Pole ‘A’ is clearly the dominant
’ pole. According to pole magnitude, an overall classifigatio

& is assigned as follows:
sl Tapnoea >> Threath — apnoea, (2)
Tapnoea =~ Tbreath mz’x, (3)
P T e Threath >> Tapnoea — normal breathing; — (4)

Fig. 2. A pole-zero plot of the %-order AR-model for one segment of L o . .
the SpQ@ signal depicted in Figure 1. Pole ‘A falls within the accaple ~ Where the ‘mix’ classification refers to breathing with a fow

angular region for an apnoea with magnitude= 0.96. Pole ‘B’ falls frequency component, and where the values fifr the two
‘;‘”i“g;g? ngg?g’?bf';I:nogn“g“:regé%rl ’f%rr ‘g’g’?i‘f;ﬁﬁ“gi‘@;g?ﬁ;'g“tﬁ; poles must be within 30% of each other. When more than
poles for the complex-conjugate pairing. one pole falls within the same angular region, the pole with
the largest is used in the analysis. If neither an apnoeic nor
normal breathing pole is present, the segment is classified a
where © is the angle sub-tended by the polE,., is the ‘other’
pole frequency, and's is the sampling frequency. The
SpO, waveform is downsampled in order to make it easier . RESULTS
to identify the low-frequency pole which lies close to DC  All six SpO, signals were analyzed as described above.
(© = 0°) on the pole-zero plot. For example, if in onefor five of the six subjects, apnoeic events (obstructive and
segment under analysis, there is one apnoeic cycle pereningentral) took up 30% to 40% of the total signal time as
(period 7" = 60 sec andF,.; = 1/60 Hz), for I's = 250  scored by the experts. The sixth signal, however, was made
Hz, © = 0.024° whereas forF's = 1 Hz, © = 6°. up of mostly hypopnoeic events (49%) and very few apnoeic
For the SpQ@ signal, there are two possible dominantevents (3%). For a more uniform analysis, this sixth signal
frequencies: (i) corresponding to apnoea, (i) correspund was not employed any further in this study.
to normal breathing. With two dominant frequencies, two Figure 3 shows a 1.25-hour section of the Sp€ig-
poles (complex-conjugate pairs) fall between 0 and°180nal from Patient 1, the corresponding Expert Scores, two
Additionally, another (single) pole exists to model the DGhighlighted sub-sections magnified and their correspandin
value, at®© = 0° or © = 180°. The requisite model order is airflow signal. The ‘Expert Scores’ are scaled for conve-
thereforep = 5. nience, with ‘1'=obstructed apnoea, ‘0.75'= central apmoe
The use of AR-modelling to track resonant frequency iand ‘0.5'= hypopnoea. Consider firstly the left-most high-
illustrated in Figure 2, which shows the poles of the ARIight; the apnoeasub-section. The Expert Scores indicate
model in the complex plane for one (2-minute) segment ai predominance of apnoeic events within this sub-section,
the SpQ signal given in Figure 1. In Figure 2, Pole ‘A falls and the Sp@ signal clearly demonstrates low-frequency
within the acceptable angular region for an apnoea; Polyclical activity. The airflow signal confirms that the suttje
‘B’ falls within the acceptable angular region for normalis breathing irregularly. In total, this section includesnt
breathing; and Pole ‘D’ falls or® = 180°, or DC. The two-minute segments, for which,pnoca >> Tpreqarn N NiNE
AASM Task Force stipulates that an apnoea must be aegments; in the other segment, only one pole pair is found

least 10 seconds in duration; with/2 = 10 sec,T = other than ab = 0° or © = 180° and the relevant pole lies
20 sec, this corresponds t® = 18° (1). (The apnoea within the acceptable angular range for apnoea.
corresponds to the desaturation portion of the Sgi@nal; The second sub-section of interest is the right-most high-

i.e., T'/2.) Conversely, the maximum duration of an apnoeéight; which is amix sub-section. The magnified Sp®ignal
is 120 seconds; witl’/2 = 120 sec,T = 240 sec, which shows a low-frequency variation between 93% and 95%
corresponds t®® = 1.5°. Thus, the acceptable range ofsaturation caused by the subject's Heart Rate Variability
angular position on the pole-zero plot for an apnoea is frofHRV). (The subject’s airflow signal was used to confirm
1.5 to 18. Similarly, the breathing rate of the subjects inthat the low-frequency component was due to HRV and not
the study is assumed to range from 6 breaths per mintiteegular breathing.) The Expert Scores indicate a number o
(Fres = 6/60 Hz) to 24 breaths per minuté’{.; = 24/60  hypopnoeic events throughout the four two-minute segments
Hz); therefore, the acceptable range of angular position dn two segmentsyapnoea >> Tbreatn; @and in the other two
the pole-zero plot for normal breathing is from 36 to 144 segments, the one valid pole is within the acceptable range
In Figure 2, both acceptable regions are shaded accordindiyr breathing.

Each pole within a two-minute segment of the SE@nal Figure 4 shows the SpOsignal from Patient 2, the cor-
is marked according to its angle on the pole-zero plot; i.eresponding Expert Scores, and one highlighted sub-section
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Fig. 3. Patient 1. From top to bottom: Sp@ignal in its entirety (left

highlight: apnoeic section, right highlight: mixed breatiiapnoeic section);
Expert Scores corresponding to signal in its entirety (@Bstructed apnoea,
‘0.75'= central apnoea, and ‘0.5'= hypopnoea); Spaf apnoeic section
(left highlight magnified); airflow of apnoeic section; Spof mixed section

(right highlight magnified); airflow of mixed section. ‘au’ arbitrary units,

‘L. Highlight' = left highlight; ‘R. Highlight' = right highlight.
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Fig. 4. Patient 2. From top to bottom: SpGsignal in its entirety
(highlight: breathing section); Expert Scores corresjpogndo signal in
its entirety (‘1’'=obstructed apnoea, ‘0.75'= central apap and ‘0.5'=
hypopnoea); Sp®of breathing (highlight magnified) - below which are the
classification assignments (‘3pnoea ‘2’=mix, and ‘1’=normal breathing;
airflow signal. ‘au’ = arbitrary units.

allows, for the first time, thamix sections to be identified
automatically. Future work includes further understagdh
physiology and its relation to other parameters, such as the

normal breathing below which are the corresponding clas-€lectrocardiogram ‘ECG’ and airflow.
sification assignments and airflow signal. The classificatio REFERENCES
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minute segments. In one segmeihoca >> Toreatn; IN 17
SegMeNtSyapnoca = Threath; IN WO S€gMENtSryreqry, >>
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