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Abstract

Many serious accidents caused by drowsiness while driving or working with heavy
machinery have been reported in recent years. In many cases, such abnormal
drowsiness is caused by Sleep Apnea Syndrome (SAS), which, therefore, should be
recognized to be not only an individual disease but also a social problem. The
early detection and suitable treatment are urgently necessary, but SAS patients
very often have subjective symptoms of it. Accordingly, the number of the latent
SAS patients in Japan is estimated to be over 2 millions.

A polysomnography (PSG) is presently one of the most reliable and widely
used measuring methods to assess sleep apnea at hospital. It is a screening method
which directly measures the condition of sleep apnea and consists of about 10 kinds
of contact sensors such as EEG, EOG, airflow via nose and mouth, ECG, SpO2,
etc. The measured data of PSG is used for a medical technologist to estimate
an Apnea/Hypopnea Index (AHI, the average number of apnea/hypopnea events
per hour during sleep), which indicates the severity of sleep apnea. The AHI is
an objective index for SAS diagnosis, but the PSG requires the patients to sleep
in the hospital overnight. In addition, the severity is sometimes estimated to be
lower than in reality because of the daily variance and the first night effect. Since
the PSG is also time and energy consuming for measuring and analyzing data, a
different approach to SAS classification has been expected recently.

By the way, if Obstructive SAS (OSAS), which is known to be over 80% of
SAS, is only focused on, we can find two specific properties of OSAS in the upper

airway soft tissues. One is the enlargement of the upper airway soft tissues which



directly causes the physical closure of the upper airway. The other is a vibration
(snoring) which occurs in the narrowed upper airway which the inspiratory airflow
rapidly passes through. Especially, loud snoring caused by open mouth during
sleep is a typical symptom of OSAS. Since one of the two or both features are
found in OSAS patients, it is necessary to analyze both those features for OSAS
classification. According to this, this study focuses on the morphological features
of the soft tissues in the upper airway MRIs and the acoustic properties of snoring
sounds, and proposes some technical methods for automatic OSAS classification.
This thesis is organized as follows.

In chapter 1, background and objectives of this study are described. The signif-
icance of classifying OSAS by using the upper airway MR images and the snoring
sounds is described, together with the brief explanation, the present situation, and
some drawbacks of standard screening methods for SAS. In addition, the related
studies are introduced.

In chapter 2, the upper airway MR images of OSAS patients are analyzed. The
tongue morphology in the saggital plane is quantified and the correlation coefficient
with AHI is calculated. As a result, the direction from the center of gravity in the
tongue region to the back of the tongue and to the hyoid bone are mostly correlated
with the severity of OSAS. This result is related to the medical criteria which have
been adopted for visual examination of oropharynx and X-ray images. Next, the
cross sectional area of the narrowest airway in the transverse plane is calculated
and the linear equation for predicting AHI is solved with multi-regression analysis
using the tongue morphology and the cross sectional area. The severe OSAS is
classified by thresholding the prediction value. Consequently, it is clarified that
the tongue morphology and the cross sectional area are useful for the purpose of
severe OSAS classification.

In chapter 3, oral snoring which is generally found in OSAS patients is focused
on and the difference between the acoustic properties of oral snoring sounds and

those of nasal ones are clarified. In order to record snoring sounds with oral



and nasal breath, this study used a method called simulated snoring, which has
been adopted in some physiological and medical studies. The simulated snores
are produced by an awake person who is asked on purpose to simulate snoring.
They are not completely equal to actual nocturnal snoring from acoustical point
of view, but much similarity has been reported in conventional studies. According
to the FFT amplitude spectra, the fundamental frequency of nasal snores tends to
be higher than that of oral ones, and do not have many harmonic components as
well. In oral snoring sounds, a formant-like intensity peak is found at around 1kHz,
whereas in nasal ones no such peak is found. Based on these acoustic properties,
the fundamental frequency and the maximum of the spectrum peak in a specific
band are calculated and used as feature values for k-Nearest Neighbor classification.
As a result, about 89% snoring sounds are correctly classified, but some snoring
sounds are not periodic and do not have a fundamental frequency. It is clarified
that these sounds are not correctly classified.

In chapter 4, the spectral shape up to 2kHz is adopted as the multi-dimensional
feature vectors of the snoring sounds and a Support Vector Machine (SVM) is used
for the classification. In order to find an appropriate choice of kernels, typical kernel
functions such as linear, polynomial, sigmoid, Gaussian, Laplacian are considered.
In addition, a chi-square kernel and Kullback-Leibler (KL) kernel, which are often
used for spectrum similarity, are also adopted. As a result, a classification accuracy
when using the KL kernel is the highest and about 5% is improved in comparison
with the method in chapter 3. Moreover, the result is fairly good from the point
of view of individual difference, reliability, and computational time.

Finally, chapter 5 describes the contribution of this thesis and the future works

by summarizing all the results and discussions in chapter 2, 3, and 4.



Abstract (in Japanese)

EAE,  E B o E IR AR O GE S H HEFE R I IR BB I I D B e S
DN LBHIEL K MEINTED, 2D AIIEIRIFHEIFIRAERRE (Sleep
Apnea Syndrome; LT SAS) DIHKDIEIRAEICH 5 Z L fERMIN TS, 2
DI, SASIFEANGETIIR LS, HafifE s L TSI hsXETH D, B
RETEY BB BEBTH B, SASIFHE T Z LML W2 L0 5, BEN
EFIFIENT200 TAKCKS EH#ESNTL S

BIE, SASOMETEL L TRBEEESE L, ISSHWETHyYoTw 5 a—
IR« 2% v ¥ —FaFEIZ PSG (Polysomnography, lERA Y 77 7) TH 5,
PSG i, W%, IRERGES) (EOG), & b4 i, 8EOORKN, OE, M
KEIAEE (SpO2) 7 & 10 FERIEOHEMA L v 3 — 2285 L, MERPICA T 50
Wk DI RE %2 BRI 2 M VL ChH 5. PSG IS & o TEM I NZFHIT— %
Z MW, SAS DEEE %9 AHI (Apnea/Hypopnea Index, 1 Rffiild 72 ) D
W F 72 I3RIFRORIED AR SN, RO O ORBINAIEELE L THe 6
5. UL, PSGIZMEABIZHEHT 2 2 Lo BEOAMHOKREL, HELHD H
22 LEDLFEBRIOBIELZHIN 56D DH S, £72, PSG TR 2inE
THYH, BfF LT =5 O FRD»» 570, PSC LIdRL27 Fu—
F0 6 HK 5 72 f8{HIC SAS ZiA T Z 2 ETFEIGEFETFEEDIEE > T 5,

—7%, SAS D ELL L% 5@ ZEA%ER SAS (Obstructive SAS; BUF, OSAS)
WCBRE L 25, EXGEIGTRRICBI L C OSAS FF R Ron s, 100
PIBLINIC KGE DHZEDAE U 5 EAGERGFIR O IR TH H, Z4id MR EHRIC X
DHERT A2 LM TES, ) 120F, PMEL Z25GEICRA DS 2 ITIAT %
T LTk o TAL B FAEIKTHIROIRE) (WO'E) TH D, R ZHE) K&



HOWOEIT OSASHEHDORHE L TAISNT WS, OSAS 1Z 215 DRH#EDIH]
E 22 ZEATNCHIT 2 - DL RNSBITDBBEEEZ L. Z2DkD, K%k
T3 EAGE MR IRICE T 2 KEBHHR O TEREINR B & WO E OB ERHEUCTE H
L, OSAS Zikil 7 2 7: 0 OEWREVENFIEEZIRE T 5. ST BU T OREKIC %5
TWw3,

FIEIIF@TH D, AUEOE R EHNZIBRT w5, SAS OBEE X TSAS
DIATTEDBUR & FIEEIZ DWW THD BIF, E5GE MR iR & WO EHITEH
L T OSAS # i3 2 MBI O WTHBRTW S, F 72, BBEITZE IO W TS
L, KX DOMEITEZHS I LTV S,

#2HTIE, OSAS BHFD EXUE MR BHRICOWTEH L 2, RIREMICE T
2 BREI D IEE % Bl L EIESE AHI & OMBIREZ k72, Z DR, Tl
REM 2R e LT, BB PL S HE AL EEHAORESI2AHL L&d
MBS G Z EBH S Doz, U, GEED 5 BRITH ST 5 B
2 DREEHZ O L, X Gz Hu28a (k77025 L) OFHbiFEEIC 2
NZINIET 5 2 ENahole, 61T, BEMTHIKIC BT 2 KGED ipeBimfE %
Ko, FEHOREIC Z O Z N A2 CEMRIHE T OEERE AHL O Tl % K
Oz, FHMED L Z WEHIC X 2 BEEE OSAS OFIEETICD W THREEL, B
i MR RO FARTH RN BV 2 H IS O L RE IR & BEWTIEIRNIC B 1) 2 ekl
WrEREZ w5 2 LRI O WTHS T L 7.

3T TIE, OSASHHICH K RoN B NMRICE) WO EICEHR L, MR
2 (T, SLRER) 12D SRR D MEIC DO W THGE L 72, TR D 2D E A
LR DADGED WO EF 2T T 50, EREBZIE TR & R
EINTOBEECOE (Simulated Snoring, WNE DL E ) DfEEH VT,
M, EEEDOWLOE &R E DOFETEIC O TR TOREEINTED,
FEARICEM & ZHT LD FZB0DBL L OFPESTERINTw5, FFTICK S
IRIFARZ PV ZHWTHEEL 72 & 25, SO E E RO O E 12 AR
KIEPEEDNE L, fEERT DD 7 WAL e Th 5 2 L DRI Nz, —
HT, MW EIZIE 7 )b~y MROEE Y — 7231 kHz fHEIZA S 17223,
SRS ZE OGS N o7, U EOEERMEIER L, JEARMBEE &



1kHz B DHARIC BT 2 A7 PLORAEZFEE L L ko, kRIHEL
FAGTHFR AN E & SR E Dkl 217> 7%, ZDF5HE, 90 % < Dkl
REfReh, WO EHFOHIIIEARH B D ¥ — 7 BHAE L 2 WIERIEIE b %
(, ZOEHI BV EFIFEL BN W & HHEIL 72,

FAFTIE, B3R THS LIRS IEMIEO WO EEOEN b HRE L, ik
AR P VKOG EZ S RITTOREIR 7 L E L TER L2, £7, il
ELTHR—IRI I (SVM) 25 Z Eic L, SVM DA — 2 VEIEL
LT, RNy —Vilk I e NS b D (B, %IH, Sigmoid, Gauss,
Laplace) IZfllZ, A7 FVOFLE L L GEEZOEESERI N TV H 4
3¢ — %)V & Kullback-Leibler (KL) Z—%/)VbE AL, ZDOHKHE, KL A —
IV E AT GEDROFIEIEC, B3R TRE L 2 Fik L i L -GRIITERS
5% M EL. i, SVMZAWARERIZELT, 77— oAE, RO
BN, FIEREICOWTEZEL, WThORMICB VW TH RIFAREEZE2 2 L
Hisk 7z,

FHEIIMMTH D, AR THONLBRICOVTE LD, 5HBD
WTIRRTW 5,

HHIZD

s(.%\
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Chapter 1

Sleep Apnea Syndrome and Biomedical

Signals

1.1 Introduction

This chapter gives the background and objective for this thesis, including some
basic knowledge of Obstructive Sleep Apnea Syndrome (OSAS). Firstly, the def-
inition of Sleep Apnea Syndrome (SAS) and Apnea/Hypopnea Index (AHI), the
most commonly used severity scale, are explained in the former sections. Also,
the current state of the sleep apnea screening is introduced and some problems are
clarified from a medical and scientific point of view.

The later sections describe two biomedical signals related to OSAS, upper air-
way MR images and snoring sounds, and state the reason why these biomedical
data are necessary for SAS classification. In addition, conventional studies related

to image- and sound-based classification of SAS are surveyed in the later sections.

1.2 Social Background

Sleep Apnea Syndrome (SAS) has been focused on recently, as some of the serious
traffic accidents are caused by the daytime heavy sleepiness of the drivers. Such

sleepiness is one of the most serious problems in SAS, because SAS patients do
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Figure 1.1: The Frequency of Traffic Accidents in Sleep Apnea Patients for Five
Years (n = 3.7 million, p < 0.01)[1]

not have a good sleep due to an unconscious awakening caused by apneas during
sleep. In Western countries, this was known well long ago. According to an article
published in Wake up America in 1990, the Three Miles Island nuclear accident
and the Space Shuttle Challenger accident are mentioned as the ones caused by
sleep disordered breathing including SAS.

Moreover, it has been reported that the frequency of traffic accidents caused by
moderate or severe sleep apnea is seven times higher than that caused by normal
drivers (figure 1.1)[1]. However, most people tend not to be conscious of their
apneas or even their abnormal sleepiness. Toga [2] examined the drivers being
aware of heavy sleepiness and whether they are taken sleep apnea or not. According
to Findley’s study|[1], there should be many drivers being aware of heavy sleepiness,
but actually the number of the drivers is quite low. This indicates that only the
people who know SAS well are conscious of their abnormal sleepiness and many
people do not have much information about SAS. It is, therefore, quite important
to make the illness better known, and is desirable for apnea patients to perceive

their own symptoms as soon as possible.
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1.8 Sleep Apnea Syndrome (SAS)

Figure 1.2: Anatomic structure of the upper airway during OSAS (cited
from Wikimedia Commons, http://commons.wikimedia.org/ wiki/ File: Obstruc-
tion_ventilation_apnee sommeil.svg [3])

Loud snoring, a typical symptom of SAS, often becomes an annoying problem
for the family of SAS patients at home. Non of their families can even sleep in the
next room, to say nothing of the same bedroom. Also, SAS patients often doze
off in the office or the public facilities and snore loudly as well. Now, SAS is not
necessarily a personal problem but a social one, which annoys the other people and
often causes a serious accident. Therefore, it is quite important that you do know

your own sleep condition or perceive the occurrence of your sleep apneas.

1.3 Sleep Apnea Syndrome (SAS)

1.3.1 Definition of SAS and AHI

Guilleminault, et al, [4] firstly advocated the concept of SAS in 1970s. An apnea
is defined as the cessation of airflow through the nose and mouth for more than 10
seconds, and the SAS is defined as over 30 apnea events in 7 hours during sleep,

which are also found in non-REM sleep. In the case of severe patients, more than
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1 minute cessation are often found. During apnea, the oxygen in the patient’s
body gradually decreases and the carbon dioxide increases on the other hand. So,
respiratory effort gradually increases.

After that, a hypopnea, more than 50% reduction in airflow, has also been
considered important. Today, more than 5 apnea or 10 apnea/hypopnea events per
hour are the criteria of SAS that have widely been adopted worldwide.

Thus, the number of apnea/hypopnea events per hour is used as an index of
sleep apnea severity called Apnea-Hypopnea Index (AHI). The American Academy
of Sleep Medicine (AASM) recommends grading sleep apnea as follows:

e Benign (AHI < 5)
o Mild (5 < AHI < 15)
e Moderate (15 < AHI < 30)

e Severe (AHI > 30)

The AHI can precisely be estimated from polysomnography (PSG) and roughly
estimated from simple test. In the case of AHI>20 estimated from PSG or AHI> 40
from simple test, the nasal CPAP, the most representative ventilation therapy for
OSAS; is covered by insurance in Japan.

From a physiological point of view, there are three types of sleep apnea; Ob-
structive Sleep Apnea Syndrome(OSAS), Central Sleep Apnea Syndrome (CSAS),
and Mixed Sleep Apnea Syndrome (MSAS). But in many patients it is rate that
only one of the three types is found in the PSG results. In OSAS patients, for
instance, more obstructive apneas are recognized but a few central /mixed apneas

are also found during one night.

1.3.2 Obstructive Sleep Apnea Syndrome (OSAS)

Over 80 percent of SAS patients in Japan are categorized to Obstructive sleep apnea

syndrome (OSAS), the most common form of apnea5]. It occurs when complete or
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1.3 Sleep Apnea Syndrome (SAS)

partial airway closure is emerged by the relaxation of muscles in our throat during
sleep. There is a tendency for those who have a narrowed throat caused by their
obesity or have a small jaw to be suffered from the disease. Snoring is a typical
symptom of OSAS. Since many Japanese have a small jaw, OSAS easily occurs in
non-obese people. The target of this study is limited to the OSAS.

The most common obstructive sleep apnea symptoms include:

e Daytime sleepiness or fatigue

e Dry mouth or sore throat upon awakening

e Headaches in the morning

e Trouble concentrating, forgetfulness, depression, or irritability
e Night sweats

e Restlessness during sleep

e Sexual dysfunction

e Snoring

e Sudden awakenings with a sensation of gasping or choking

e Difficulty getting up in the mornings

The repeated episodes of apneas lead to many times of unconscious awakening
and prevent from getting good sleep. This causes an Excessive Daytime Sleepiness
(EDS), which may interfere with your social life. It is known that the EDS leads
to a traffic accident.

The medical treatment of OSAS is mainly a loss in weight if the patients are
overweight, but it is not rare that the patients are not completely recovered. The
apneas in slight patients are sometimes reduced when the patients lie on their side
during sleep. But for the severe patients and the moderate patients with hyper-

tension, cardiovascular disease, or diabetes, nCPAP (nasal Continuous Positive
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1.3 Sleep Apnea Syndrome (SAS)

Airway Pressure) is drastically effective, which requires patients to wear a nasal
mask through which the airflow in their throat is preserved during sleep with the

mechanical air pressure.

1.3.3 Central Sleep Apnea Syndrome (CSAS)

In contrast to OSAS, the upper airway is not obstructed in CSAS patients but the
apnea is caused by a functional abnormality of the respiratory center. Namely,
the brain does not order your muscles to breathe due to the abnormality. CSAS
may occur in general with OSAS, or alone. It is known that cardiac insufficiency
is complicated with CSAS.

The main symptom of central sleep apnea is temporary blockages of breathing
during sleep. Although snoring is a very strong symptom of obstructive sleep
apnea, snoring is usually not found with central sleep apnea. Symptoms may also

include:
e being very tired during the day
e waking up often during the night
e going to the bathroom often during the night
e having headaches in the early morning
e poor memory and difficulty concentrating

e mood problems

1.3.4 Mixed Sleep Apnea Syndrome (MSAS)

Mixed Sleep Apnea Syndrome (MSAS) is a condition characterized by symptoms
of both CSAS and OSAS. It often begins as central apnea and develops into the

obstructive type.
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1.4 Screening and Diagnosis of SAS

1.4.1 Simple Screening Test

Firstly, a simple screening test, which can be used at home, is introduced in this
section. Basically, SAS screening is to measure the following three states of the

patients:
e breathing (airflow through the nose or mouth)
e respiratory effort (movement of the chest or abdomen)
e sleep condition (sleeping hours and quality)

Simple screening instruments on the market are generally composed of a nasal /oral
thermistor, a chest sensor, an abdomen sensor, and a pulse oximeter. The chest
and abdomen sensors measure the physical movement of the chest and abdomen
while breathing, which indicates the respiratory effort. The thermistor placed un-
der the nose measures the airflow while breathing. In this method, brain signal
indicating the sleep condition is not measured.

The pulse oximeter measures the oxygen saturation level in the blood. By
using the thermistors and chest/abdomen sensors, apnea events can be detected
correctly, but hypopnea events cannot. Thus, the screening results are not so
reliable in the case of mild or moderate SAS patients who have more hypopneas
than apneas. Likewise the pulse oximetry is not so reliable for mild or moderate
sleep apneas, because the blood oxygen saturation level is not so lessened. Since
the EEG signals are not recorded by simple screening, the sleeping hours are based
on the self-declaration of the patient.

By using the simple screening method, it is, therefore, easy to measure the

patient’s apneas at home, but mild/moderate sleep apneas are overlooked.
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Figure 1.3: Pediatric polysomnography (cited from Wikimedia Commons, http://
en.wikipedia.org/ wiki/ Polysomnography mediaviewer/ File:Pediatric polysomno-

gram.jpg)

1.4.2 Polysomnography (PSG)

The PSG is a gold standard for screening SAS and has been used in many hospitals
dealing with SAS. The PSG consists of many different sensors as follows:

e EEG (Electroencephalogram; brain)

e EOG (Electrooculography; eye movements)

e EMG (Electromyogram; muscle activity or skeletal muscle activation)
e ECG (Electrocardiogram; heart rhythm)

e pulse oximetry (blood oxygen saturation)

e thermistor (nasal and oral airflow)

e sound probe (snoring sounds)

e chest and abdomen sensors (respiratory effort)
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Figure 1.4: Screenshot of a PSG of a person in REM sleep (cited from Wikimedia
Common, http://commons.wikimedia.org/ wiki/ File:Sleep Stage REM.png|9])

e body position sensor (body position)

Some of the sensors are the same as the ones adopted in a simple screening,

but sleep condition can be evaluated by the EEG, EOG, and EMG placed on the

geniohyoid muscle. In addition, it is possible to evaluate the relation between the

deepness of the sleep and the apnea/hypopnea events.

The PSG is a general method, but some drawbacks have also been reported as

follows[6][7][8].

1. Time Consuming Tasks

In order to estimate AHI, sleeping hours must be estimated through EEG.

So, this method requires patients to sleep at hospital during screening and

therefore the large volumes of data are obtained. Every instrument has a

program that automatically estimates the deepness of the sleep and detects
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apnea/hypopnea events, but the program is not reliable enough. So, it is
necessary for medical technologists to manually confirm and modify the result

of the program.

. Many Contact Sensors

Many contact sensors must be attached on patients’ body and so the patients
often cannot sleep as deeply as usual. This does not lead to the deep muscle
relaxation usually found at home and may cause the underestimation of the

severity.

. Daily Variance and First Night Effect

In sleep studies, a famous phenomenon has been reported by Arens, et al,
[10]. This so-called First Night Effect is that the first night of laboratory
sleep contains more awake periods and less Stage I-REM sleep. This effect
rapidly adapts out by the second night of sleep, but at hospital several times
PSG screening is rather unfavorable. This phenomenon may also cause the

underestimation of the severity.

Based on these drawbacks, other methods that can estimate the severity more

simply have recently been focused on.

1.4.3 Diagnosis

On account of the drawback called the First Night Effect, the medical specialist

often diagnoses SAS by using not only the AHI but the other criteria such as the

cephalometry measured from X-ray images, Modified Mallampati Grade estimated

by visual examination of the oropharynx. Especially, the enlargement of the upper

airway soft tissues are clearly identified on the MR images. The experienced med-

ical specialists can qualitatively estimate the severity of the OSAS patients by the

visual examination from the MR images of the upper airway. But the sufficient

experience is necessary for the estimation.
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1.5 Medical Images of Upper Airway Soft Tissues

On the other hand, snoring is a typical symptom of OSAS. Medical specialists
have not used these sounds for the diagnosis of OSAS so far, but it has been
known that the snoring sounds of OSAS patients have some peculiar properties.
From the middle of 1990s, some researchers have analyzed the snoring sounds of
OSAS patients to clarify the relation to AHI, but it was and is difficult to realize

such estimation from the acoustic properties of snoring sounds.

1.5 Medical Images of Upper Airway Soft Tissues

1.5.1 Image-based Diagnosis

Visual examination using the X-ray images or MRIs has naturally been adopted
so far, because in OSAS patients the enlargement of the upper airway soft tissues
is in common identified. Figure 1.5 shows an example of X-ray image and MRI
of the upper airway. But those medical images have their own advantages and
disadvantages for the diagnosis of OSAS, which are described in the following

sections.

1.5.2 Cephalogram

Cephalogram is a lateral X-ray image of the head. Prior to photographing, the
head is immobilized by the ear-rods, and is positioned so that the distance from
the head to the X-ray tube and to the film are determined to the constant. The
radiation always passes through the same position of the head. The usefulness of
cephalogram is to know the position of the hard tissues such as hyoid bone and
the upper/lower jawbone.

In this method, measurement points are firstly determined on the cephalogram,
and the distance and the angle among those points are measured. For the upper
airway X-ray image of OSAS patients, the position of the upper/lower jawbone
and the tongue are focused on so as to identify the narrowness of the airway.

For instance, the distance from the hyoid bone to the mandibullar plane (MP-
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Figure 1.5: An example of upper airway MR image in a male OSAS patient

H)(See figure 1.6) indicates the elongated tongue morphology often found in OSAS
patients.

According to conventional cephalometric studies[11][12][13][14][15][16][17][18],
the lower jaw of SAS patients tends to be small and positioned backward. Espe-
cially, this feature is often found in Japanese people. But since the soft tissues
are not clearly photographed in X-ray images, the determination of measurement

points requires much experience of image-based diagnosis.

1.5.3 Upper Airway MR Images

On the other hand, soft tissues are clearly recognized in MR images in comparison
with X-ray images. In addition, three-dimensional anatomical features can be
evaluated. Thus, many researchers have focused on some 3-dimensional features
of the pharyngeal/laryngeal organization to clarify the relation to the severity of

OSAS.

However, those conventional studies have only analyzed quite simple features:
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1.5 Medical Images of Upper Airway Soft Tissues

Figure 1.6: An example of craniofacial and soft-tissue parameters on cephalometric
radiographs[19]

the volume of the tongue and the capacity of the upper airway[20][21], the length
around the neck[22][23], fat volume[22] and etc[10]. It is quite easy to measure
those features from the upper airway MR images, but the acquisition of more

detailed features can be expected by the use of some image processing techniques.

1.5.4 Related Studies

In this section, conventional studies of image-based analysis are introduced. The
author gives notice here that the explanation of the conventional studies in this
section are cited respectively from the original papers.

Kitamura, et al[11], studied the usefulness of cephalometry and pharyngeal find-
ings in determining efficient primary diagnosis of OSAS. Persons with AHI >15 in
PSG were considered to indicate OSAS patients. They analyzed the correlation
between AHI and other parameters and conducted stepwise multiple regression
analysis to predict AHI, and studied the screening performance of prediction equa-

tions using a receiver operating characteristic (ROC) curve. Of the 8 cephalometric
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parameters examined, the length of the soft palate (PNS-P; p = 0.011) and the
distance from the mandibular plane to the hyoid bone (MP-H; p<0.001) correlated
significantly with AHI. Two indices of the pharyngeal finding and body mass index
(BMI) also significantly correlated with the AHI (MMP; p<0.001, tonsil size ; p =
0.005, BMI ; p<0.001).

Yu, et al[13], evaluated the cephalometric features of OSAS patients and to elu-
cidate the relationship between cephalometric variables and severity of the apnea-
hypopnea index (AHI). According to their results, patients with OSAS in both
subgroups showed several significant cephalometric features compared with simple
snorers: (1) inferiorly positioned hyoid bone, (2) enlarged soft palate, and (3) re-
duced upper airway width at soft palate. Stepwise regression analysis showed that
anterior displacement of the hyoid bone and retroposition of the mandible were the
dominant overall determinants for AHI in patients with OSAS, and that narrowing
of the bony oropharynx and inferior displacement of the hyoid bone were dominant
determinants for AHI in nonobese patients.

lida-Kondo[24], calculated the tongue volume/oral cavity volume ration (TV/OCV
ratio) in the oral cavity usingMRI for both OSAS patients and normal controls.
The subjects comprised 20 male patients with OSAS (AHI> 5.0, with a diagnosis
of OSAS) and 20 normal male adults (AHI<5.0, with no history of OSAS) as the
controls. They performed MRI to acquire T1- and T2-weighted images. They
estimated tongue volumes on the basis of the cross-sectional area of each image,
then using the tongue volume data, they calculated TV/OCV ratios. In the nor-
mal control group, mean (+SD) body mass index (BMI) was 21.684+1.73 and the
mean TV/OCV ratio was 86.984+3.16% , whereas these values were 25.0+15.94
and 90.56+2.14% , respectively, in the OSAS patient group. The TV/OCV ratio
of the OSAS patient group was significantly higher than that of the normal control
group (p< 0.01).

Yucel, et al[15], examined changes of the upper airway cross-sectional area in

each phase of respiration in different degrees of severity of OSAS with dynamic CT
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Table 1.1: Correlation between AHI and Morphologic Properties in Conventional
Studies

Feature Method Corr. Coef. p-value Literature

PNS-P Cephalogram 0.194 0.011  Kitamura, et al [2]
0.240 Yu, et al [4]

MP-H Cephalogram 0.449 < 0.001 Kitamura, et al [2]

0.310 < 0.01 Sakakibara, et al [5]
0.420 < 0.001  Yucel, et al [6]

TGL Cephalogram 0.320 < 0.01 Yu, et al [3]

0.213 < 0.05 Sakakibara, et al [5]
H-VL Cephalogram 0.430 < 0.01  Yu, et al [4]

0.425 < 0.001 Sakakibara, et al [5]
BMI Other 0.310 < 0.001 Kitamura, et al [2]

0.525 Sakakibara, et al [5]
MMP Visual Exam. 0.316 < 0.001 Kitamura, et al [2]
Tonsil Size Visual Exam. 0.212 0.005  Kitamura, et al [2]

and investigated whether these changes have any correlation with sleep apnea sever-
ity parameters, including PSG and cephalometry. Forty seven patients and twenty
four controlled subjects (habitual snorers) were studied. Cross-sectional area of the
airway at the level of oropharynx and hypopharynx were obtained in each phase of
quiet tidal breathing and at the end of both the forced inspiration and expiration.
Six standard cephalometric measurements were made on the lateral scout view.
All parameters were compared between controls and mild/moderate and severe
OSAS groups. As a result, patients with severe OSAS had significantly narrower
cross-sectional area at the level of uvula in expiration, more inferiorly positioned
hyoid bone, and thicker soft palate compared with patients with mild/moderate
OSAS (p < 0.05) and the control group (p < 0.05). In addition, severe OSAS
patients had bigger neck circumference than those in the control group (p < 0.05).

Sakakibara, et al[l4] evaluated the cephalometric features in Japanese OSAS
patients. In their study, 48 cephalometric variables were measured in 37 healthy
males and 114 male OSAS patients. As a result, the non-obese OSAS patients

showed several cephalometric defects compared with their BMI-matched normal
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Figure 1.7: The vibration of tissues during snoring with oral breath (left) and with
nasal breath (right)

controls: 1) decreased facial A-P distance at cranial base, maxilla and mandible
levels and decreased bony pharynx width; 2) enlarged tongue and inferior shift of
the tongue volume; 3) enlarged soft palate; 4) inferiorly positioned hyoid bone; and
5) decreased upper airway width at four different levels.

Moreover, the volume of the tongue and the airway capacity[20][21], fat volume[22],
and the length around the neck[22][23] have been analyzed quantitatively. In con-
ventional studies, the relation with AHI has also been discussed, but the more
detailed morphological features of the soft tissues have not yet been analyzed so

far.

1.6 Snoring Sounds

1.6.1 Sound-based Diagnosis

Snoring is one of the typical symptoms of OSAS, but they are not so much used for
the diagnosis. But some of the characteristics of snoring sounds in OSAS patients
have been empirically reported so far. The snoring of OSAS patients is known to be
very loud and accompanied by gasps or choking. The acoustic properties have not

been completely clarified quantitatively on account of its complicated mechanism.
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Since it is, however, easy to record snoring sounds with only a microphone and a
sound recorder, many researchers have explore the possibility for the use of medical

diagnosis.

1.6.2 Relation of Oral Snoring to OSAS

The sound signal mostly related to sleep apnea is a snoring sound. Snoring was
once regarded as an indication of good sleep, but recently it has been known to be
one of the symptoms which indicate sleep apnea syndrome [25].

However, benign persons often snore during sleep by the influence of muscle
relaxation caused by the alcohol, fatigue, and/or advanced age. Such kind of
snoring tends to be transient and not serious, but loud habitual snoring is a malign
signal of OSAS.

Snoring sounds are mainly composed of both the vibrational sounds of the
upper airway soft tissues (soft palate, uvula, tongue base, epiglottis, and tonsils)
and the noise passing through the narrowed airway (figure 1.7). So, snoring sounds
are a complex mixture of two or more vibration sounds and some noise. It depends
upon the vibration and fluid dynamics influenced by breathing route during sleep,
the degree of muscle relaxation, and a body position during sleep.

Oral snoring is a typical symptom of OSAS. Open mouth during sleep moves the
lower jaw downward and the tongue base tends to obstruct the airway. Therefore,
a person whose jaw is small, found in many Japanese people, tends to have OSAS
even though he/she is not stout. This cause is different from the enlargement
of the upper airway soft tissues. Thus, it is important to detect oral snoring to
classify OSAS occurring from another reason which cannot be identified from the

MR images.

1.6.3 Simulated Snoring Sounds

Simulated snoring sounds are generated from awake persons who are asked to

breathe deeply enough to vibrate the soft palate, uvula and/or the other sot tissues
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in their throat. Since this method is useful to control airflow through the nose and
mouth precisely, some of the medical researchers have dealt with this method to
analyze the relation between the respiratory route and the acoustic properties
of snoring sounds. Liistro and colleagues observed[26] a decrease in the sagittal
diameter of the oropharynx followed, during simulated snoring, by high-frequency
oscillations of soft palate and pharyngeal walls. They found that the pattern of
soft palate oscillations was different while snoring through the nose or mouth by
the use of simulated snoring technique. Moreover, Dalmasso, et al[27], Lofaso,
et al[28], Perez-Padilla, et al[33], and Beck, et al[29] have also adopted simulated
snoring for medical or physiological studies.

In this study, the simulated snoring technique is also used to obtain oral and
nasal snoring sounds. Then, the problem is whether the acoustic properties of
simulated snoring sounds are equivalent to those of the actual ones. The similarity

between them is discussed in the next subsection.

1.6.4 Similarities between Natural and Simulated Snoring

Figures 1.8 and 1.9 show the waveforms and the amplitude spectra of the sub-
sequences extracted from snoring episodes produced by breathing orally and by
breathing nasally. In the oral simulated snores, we can find an intensity peak at
over 1kHz. Such acoustic property is also found in the natural snores the sound
source of which is the tongue base[30], and the tongue base snoring is known to
occur with an open oral airway[31]. The same result is also reported by the other
researcher[32]. These conventional reports about the acoustic properties of natural
oral/oronasal snores are consistent with those of simulated oral snores we obtained.
In addition, Perez-Padilla et al indicated that the intensity peaks over 1kHz are
found in OSAS patients[33]. Since many OSAS patients tend to breathe orally
during sleep as is described in section 1, it is possible that such intensity peaks are
related to open mouth during snoring.

In the case of nasal simulated snores, we can find clearly periodic waveforms
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Figure 1.8: Waveforms and amplitude spectra of oral simulated snoring sounds

and the sound spectra which consist of lower frequency components below 500Hz.
Such acoustic property is also found in the natural snores the sound source of which
is the soft palate[30][31]. It has been reported that the palatal snoring occurs with
the oral airway closed[31], and the inspiratory nasal snores have a fundamental
peak with associated harmonic peaks[33]. These conventional reports about the
acoustic properties of natural nasal snores are consistent with those of simulated
nasal snores we obtained.

Based on these conventional studies, it is possible that the simulated snoring

sounds are similar (not necessarily equal) to the natural ones produced by snorers
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Figure 1.9: Waveforms and amplitude spectra of nasal simulated snoring sounds

during sleep. Moreover, simulated snoring has also been adopted in some medical
studies [26][34][35][28][29], and thus we decided to deal with simulated snoring

sounds in this paper.

1.6.5 Related Studies

In this section, conventional studies of snoring sound analysis are introduced. The
author gives notice here that the explanation of the conventional studies in this
section are cited respectively from the original papers.

Perez-Padilla, et al, [33] firstly demonstrated that apnea patients had residual
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energy at 1kHz whereas the nonapneic snorers did not. So, they said that the ratio
of power above 800Hz to power below 800Hz could be used to separate snorers
from OSAS patients.

Fiz, et al[36] studied patients with simple snoring and OSAS, analyzing the
acoustic properties of the snoring sounds. Spectral analysis of snoring sound
showed the existence of two different patterns. The first pattern was characterized
by the presence of a fundamental frequency and several harmonics. The second
pattern was characterized by a low frequency peak with the sound energy scat-
tered on a narrower band of frequencies, but without clearly identified harmonics.
The seven simple snorers and two of the 10 patients with OSAS (AHI=13 and 14,
respectively) showed the first pattern. The rest of the OSAS patients showed the
second pattern. The peak frequency of snoring was significantly lower in OSAS
patients, with all but one OSAS patient and only one simple snorer showing a peak
frequency below 150 Hz. Significant differences in the sound power spectrum of
snoring sound between subjects with simple snoring and obstructive sleep apnea
patients.

Herzog, et al[37], examined simulated snoring under conditions awake, recorded
the produced snoring sounds and compared those sounds with nocturnal snoring.
Snoring sounds were analyzed by FFT and the intensity peaks 1-5 were evalu-
ated. Rhythmic and non-rhythmic snoring events were distinguished depending on
present obstructive apneas. Clinical and PSG data were correlated with the results
of the frequency analysis of the snoring sounds. Simulated snoring sounds revealed
a low frequency of 200 Hz in intensity peaks 1 and 2 with an increase up to 3kHz in
peaks 3-5. Similar frequency patterns were detected in rhythmic nocturnal snoring.
Non-rhythmic snoring events revealed frequency patterns between 2kHz and 3kHz
in all intensity peaks. Simulated snoring resembles rhythmic nocturnal snoring
with low-frequency intensity peaks, whereas non-rhythmic snoring revealed high
frequencies. The examination during simulated snoring and frequency analysis of

snoring sounds might contribute in locating the pathogenesis of snoring.
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Hara, et al[38], determined whether the acoustic characteristics of snoring
sounds differed between simple snorers and patients with obstructive sleep ap-
nea syndrome (OSAS) by using a multidimensional voice program (MDVP) that
analyzes various aspects of voice. Natural overnight snoring was recorded from
each subject while they slept during PSG. For data analysis, four markers were
used: peak frequency, soft phonation index (SPI), noise to harmonics ratio (NHR),
and power ratio. As a result, the Mann-Whitney U test revealed significant differ-
ences between the SPI, NHR, and power ratio of simple snorers and patients with
OSAS. Simple snorers had a high SPI value. OSAS-related snorers demonstrated a
high NHR and low power ratio. MDVP can be used for snoring sound analysis as
a noninvasive examination of sleep-related breathing disorders for differential di-
agnosis. However, a suitable option that is rapid and has an easy-to-use interface
would be more advantageous for analyzing snoring sounds.

Sola-Soler, et al, [39] have showed significant differences in formant frequencies
variability between simple snorers and OSAS patients even when non-postapneic
snores were considered.

Ng, et al, [40] have also found quantitative differences in formant frequencies
between apneic and benign snorers by the use of a Linear Predictive Coding (LPC)
technique. Formant frequencies (F1, F2, and F3) were extracted from the LPC
spectrum for analysis. The accuracy of this approach was assessed using receiver
operating characteristic curves and notched box plots. As a result, quantitative
differences in formant frequencies between apneic and benign snores are found in
same- or both-gender snorers. Apneic snores exhibit higher formant frequencies
than benign snores, especially F1, which can be related to the pathology of OSAS.
This study yields a sensitivity of 88%, a specificity of 82%, and a threshold value
of F1 = 470 Hz that best differentiate apneic snorers from benign snorers (both
gender combined).

Emoto, et al, [6] proposed a novel approach to the diagnosis of OSAS based

on the formants of snoring sounds, extracted via a noise-robust linear prediction
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technique. The proposed method and existing LPC-based method are compared
via a measure, which indicates the standard deviation of first formant frequencies.
The performance of the proposed method was evaluated on a database of clinical
snoring sounds recorded overnight in the laboratory of a hospital sleep diagnostic
center. Compared with existing LPC-based method, they showed that the proposed
method can differentiate (sensitivity : 88.9%, specificity : 88.9%, AUC : 0.85)
between benign snoring (Apnea Hypopnea Index, AHI = 6.0 £ 3.2; 6188 episodes)
and apneic snoring ( AHI = 40.7 £ 20.2; 14066 episodes)

As far as the author knows, the other researchers worldwide such as Dalmasso,
et al[27], Sola-Soler, et al[7], Abeyratne, et al[41], Osborne, et al[42], Osborne,
et al[42], and so on. Conventional studies related to snoring sounds have been
surveyed in detail by Pevernagie, et al [43] in 2009. According to the above-
mentioned representative studies, the acoustic properties of snoring sounds are
so various and complex that one cannot easily extract useful information about
the sleep apnea and still does not reach to a general conclusion of the acoustic

properties of OSAS-related snoring sounds.

1.7 Summary

SAS is not necessarily a personal problem but a social one, which annoys the other
people by their loud snoring and sometimes causes a serious accident. The patients
should receive a medical treatment in the earlier stage, but they cannot perceive
their own symptoms during sleep.

In the present state of SAS screening, sleep conditions of the patients are
recorded from EEG, ECG, SpO2, and the other contact sensors during sleep. They
must sleep at hospital overnight, and many contact sensors prevent them to sleep as
well as at home. This sometimes causes the underestimation of the severity. Thus,
other approaches to simpler screening for SAS have been focused on recently.

In the upper airway MR images, the enlargement of the upper airway soft
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tissues are clearly photographed and often used for visual examination of medical
specialists. The enlargement is mainly caused by obesity and directly obstructs
the upper airway. Indeed, it is known that the Body-Mass Index (BMI) is highly
related to the severity of OSAS[12]. Snoring is a vibration of the upper airway soft
tissues and generates a loud sound especially when oral breathing. Oral snoring
is a typical symptom of OSAS and the detection is quite important. Open mouth
during sleep moves the lower jaw downward. The tongue base also moves downward
in accompaniment with the jaw and obstructs the airway. Therefore, many of the
people whose jaw is small have OSAS even though they are not stout.

This study pays attention to these two biomedical signals which become dif-
ferent causes of OSAS respectively, and tries to extract the morphological and the

acoustic properties of these signals in OSAS patients.
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Chapter 2

Morphological Analysis of the Upper
Airway Soft Tissues in MR Images for
Classification of Severe OSAS

2.1 Introduction

PSG is a gold standard method for diagnosing SAS and is widely used in common.
As is described in chapter 1, It consists of tens of contact sensors such as EEG,
ECG, EMG, EOG, thermistor, pulse oximetry, and so on. The sensors should be
equipped on the patients body so as to estimate AHI, which is used for objective
index for the diagnosis and treatment. But PSG requires patients to stay in hospital
overnight, so in many cases they cannot sleep as deeply as usual and the severity
tends to be underestimated. Moreover, PSG is also influenced by the first night
effect[1] also introduced in chapter 1. In order to avoid this effect, it is better to
record the biosignals in the same hospital room for several consecutive nights, but
actually the several times of recording are done only when the obviously irregular
results are identified through the first night. Normally the PSG data recorded
through the first night are used for medical diagnosis.

On the other hand, a simple monitoring instrument is adoptable for home

monitoring. It is possible to begin a medical treatment without using the PSG
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when the patient is clearly severe according to the home monitoring result. It
can be considered that this method is not influenced as much as PSG by the first
night effect because the patient is allowed to sleep at his/her home. But overnight
recording is also necessary and this method tends to underestimate the severity.

By the way, according to the MR images, it can be found that the upper airway
in OSA patients is narrower than those in benign persons. Especially, the enlarge-
ment of the upper airway soft tissues such as soft palate, uvula, tongue, and tonsils
are the main factors of airway obstruction. Morphological features of them have
been quantitatively analyzed so far by the use of cephalogram [2][3][4][5][6][7][8][9],
and MR images [10][11][12][13][14][15].

Cephalogram is the measurement of the human head by X-ray imaging and is
used to gauge the size and spacial relationships of the teeth, jaws, and cranium.
Recently, it has been reported that the distance from the mandibular plane to the
hyoid bone (MP-H) and the length of the soft palate (PNS-P) are highly correlated
with AHI. In X-ray images, hard tissues such as bones or cartilage can clearly be
recognized. However, since the soft tissues are not so clearly recognized in X-ray
images, much experience in image diagnosis is necessary to visually determine the
gaging points.

In the case of MR images, soft tissues are clearly recognized and three-dimensional
evaluation is also practicable. In conventional studies, the volume of the tongue and
the airway capacity[11][15], fat volume[13], and the length around the neck[13][14]
have been analyzed quantitatively. Arens, et al [12] evaluated the relation of the
length from the mandible bone to the clivus with AHI in a little more detail than
conventional studies, but the detailed morphological features of the soft tissues
have not sufficiently been analyzed so far.

This chapter analyzes quantitatively the tongue morphology and the cross sec-
tional area of the narrowest upper airway in the sagittal and cross sectional planes
of the upper airway MR images and discuss the relation between those features and

the severity of OSA. Also, the severe OSA is detected by thresholding the severity
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Table 2.1: Photographing conditions of the sagittal and transverse planes in the
upper airway MRIs

T1-weighted  T1-weigted
Sagittal Plane Transverse Plane
TE 12 ms 12 ms
TR 450 ms 518 ms
Field of View 256x256 mm? 256 %256 mm?
Slice Thickness | 4.5 mm 5 mm
Slice Gap 0.5 mm 1 mm
Num. of Slices | 20 25
Matrix 205x205 205x205

predicted with the linearly weighted image features obtained from multi-regression
analysis. The performance is evaluated based on the sensitivity, specificity, and

efficiency.

2.2 Subjects and Instrument

The subjects are 43 male OSAS patients (ages: 24-83, the median of the age: 52,
AHI: 3.9-90.3, the median of AHI: 30.4), who have received the medical treatment
at National Hospital Organization Hakodate Hospital. The upper airway MR
images are obtained from all of them.

The instrument is the InteraMaster R8 made by PHILIPS Co.Ltd., and the
magnetic field strength is 1.5T. The upper airway MR images analyzed here are
composed of T1-weighted sagittal and transverse planes (see figure 2.1) under the
conditions shown in table 2.1. While photographing, the subjects lie on their back
in bed and their head is completely stabilized. The examples of the sagittal planes
photographed from mild or severe patients are shown in figure 2.4.

The value of AHI is estimated from the result of PSG screening by medical
technologists in NHO Hakodate Hospital. In this study, the patients whose AHI is
greater than or equal to 30 is defined as severe SAS patients based on the AASM
(American Academy for Sleep Medicine) Severity Standard [3][16]. The AHIs of
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Z N
(Sagittal plane)
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(Coronal plane)

HRETE

(Transverse plane)

Figure 2.1: Sagittal and transverse planes of MR Images (cited from Wikimedia
Commons, http:// upload.wikimedia.org /wikipedia /commons /e /el /Human
anatomy planes.svg)

21 subjects are less than 30, while those of the other 22 subjects are greater than
or equal to 30.

Before conducting the analysis, the author had obtained the permission to use
the patients’ medical data for the purpose of this study at the Ethical Committee
at NHO Hakodate Hospital.

2.3 Feature Extraction Method

2.3.1 Tongue Region Segmentation

In order to evaluate the morphological features of the tongue region in the sagit-

tal plane, it is necessary to perform the segmentation of the tongue region. In
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Figure 2.2: Anatomic chart of the upper airway and the tongue region

conventional studies, segmentation of many organs has been performed in various
algorithms, such as brain[17][18], liver[19], and blood vessels[20][21]. But no meth-
ods of the tongue region segmentation have been proposed. Since conventional
methods for the other organs are based on the own characteristics, they cannot
necessarily be applied to the tongue segmentation. Thus, the author considered
it difficult to develop an automation technique for the tongue region segmentation
and for now decided to extract the tongue region manually one by one on the
OsiriX, a medical image processing software.

The tongue region in this study is defined as the region enclosed by the dotted
line in figure 2.2, which includes the tongue base and the geniohyoid muscle, and
does not include the epiglottis, hyoid bone, and mandible bone. This region can

easily be recognized.
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Sagittal Plane Cross Sectional Plane

Figure 2.3: Selection of the cross-sectional MR image through the narrowest airway

2.3.2 Morphological Feature of the Tongue Region

The center of gravity of the whole extracted tongue region is firstly calculated.
From this point, straight lines are radially extended at the fixed angular intervals
of § = 7/24 radian, and the radius L; (i = 1,2,---,48) from the center to the
circumference of the tongue region is estimated (figure 2.5). Since the patients lie
on the bed while photographing, vertical direction in the image indicates the bed
surface and is defined as zero radian. In addition, L;(n) is defined as ith length of
nth subject. Such feature extraction method has widely been used in many pattern
recognition applications[22].

Precisely, the bending angle of the subject’s head while photographing is slightly
various in subject and this affects the definition of 6 direction. It is desirable that
this direction should be revised by the bending angle of the head when the subject
lies on bed. But since there are not any quantitative and objective methods to
measure the bending angle from the MR images, the author thought that such
revision is difficult under the present conditions. However, the photographed im-

ages are obtained from the patients whose head is completely stabilized guided by
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the radiological technologists for medical diagnosis. Accordingly, it is considered
that the patients’ body positions when photographing are sufficiently common for

objective evaluation.

2.3.3 Sectional Area of the Narrowest Upper Airway

Next, the author focused on the cross sectional plane of the MRI to evaluate the
narrowness of the upper airway. It is expected to obtain useful features for airway
obstruction caused by the enlargement of tonsils, which cannot be evaluated using
the sagittal plane. The MR images are not the ones taken from the OSA patients
during sleep, but it is known that the airway narrowing can also be found in
awake OSA patients[23]. Many cross sectional planes are taken from the top of
the patient’s head, but we adopted the image whose sectional area is the narrowest
compared with the other slices (figure 2.3).

The narrowest cross sectional area in the upper airway is evaluated by the
number of image pixels. As same as the tongue region segmentation, the author
painted the sectional area of the upper airway in green color manually using a
mouse on the image processing software OsiriX. The green pixels are automatically
counted by a computer program on the statistical software R, and in this study the
number of counted pixels (S(n)) is defined as the sectional area of the narrowest
airway from the MR image of n-th subject. So, S(n) is not an actual area whose

unit is cm? but the number of pixels in the image whose unit is " pixels”.

2.4 Evaluation Method

2.4.1 Correlation Coefficient with Apnea/Hypopnea Index

The quantified morphological features estimated from the upper airway MRIs are
evaluated by calculating the correlation coeflicient, R, (Pearson’s correlation) with
Apnea/Hypopnea Index (AHI). Let X(n) be one of the morphological features
estimated from the nth subject, and AHI(n) is the value of AHI estimated from
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Figure 2.4: Upper airway MRIs of the subjects from benign to severe OSA
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Figure 2.5: Directions whose correlation coefficients are greater than 0.5

PSG screening of the nth subject. The correlation coefficient, R, is calculated by

> p1 (AHI(n) — AHD)(X(n) — X)

R = — (2.1)
VN (AHI(n) - AHI2 /SN (X (n) - X)?
where X and AHI are, respectively, calculated by
|
X = 5 ;X(n) (2.2)
X
AHI = > " AHI(n) (2.3)

1

S
Il

where N is the number of subjects (N = 43).

2.4.2 Classification of the Severe OSAS using Multi-Regression Anal-

ysis

The severity of OSA is predicted by the use of multi-regression analysis on the

tongue morphology and the narrowness of the upper airway. Let the explanatory
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variables be Y, and the predicted severity is calculated by
AHI =) " w;Y; + wo (2.4)

where AHI' is a prediction value of the severity. Notice that the explanatory
variables Y; are selected from the feature values highly correlated with AHI. Then,
the severe OSA is detected as follows:

If AHI' > 0 then the patient is evaluated as Severe else Non-severe

In this study, the threshold 6 is set to 30, a criterion of severe SAS defined
by American Association of Sleep Medicine (AASM). Finally, the detection results
are compared with the judgement from the actual AHI values, and evaluated using
three values: sensitivity, specificity, and efficiency. Each measures are calculated

as follows:

TP
TN
ificity = ———— 2.
Specificity FPLTN (2.6)
TP+ TN
Effici = 2.7
ANy = TP FP+FN+TN (27)

where T'P, F'N are the number of severe subjects classified to the severe and the
non-severe category, and F'P, TN are the number of non-severe subjects classified
to the severe and the non-severe category (see table 2.2).

Namely, if the sensitivity is high, many severe patients are correctly classified
to the severe category, while if the specificity is high, many non-severe patients are
correctly classified to the non-severe category. Also, if the efficiency is high, many
of both severe and non-severe patients are correctly classified to the respective

category.
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Table 2.2: Contingency table made by comparing the classification results and the
actual severity

Classification Results Actual Severity

Severe (Positive) Non-Severe (Negative)
Severe (Positive) True Positive (T'P)  False Positive (F'P)
Non-Severe (Negative) | False Negative (F'N) True Negative (T'N)

2.4.3 Comparison with the Other Features in Conventional Studies

As is described in section 2.1, some morphological and volumetric features of the
oropharyngeal tissues have been focused on to clear the relation with sleep apnea.
Although the detailed morphological features of the soft tissues have not sufficiently
been analyzed so far, it is necessary to compare those features with the method in
this chapter.

Table 2.3 shows the overview of morphological and volumetric features ana-
lyzed in conventional studies. Since a technical method to determine the region
of interest (ROI) has not been described in many papers, it should be noticed
that conventional methods are not sufficiently objective. Because some of the soft
tissues are not clearly photographed in MR images very often and there are indi-
vidual differences in morphological features, a precise definition to determine the
ROI should be needed. So, in order to compare with those conventional features,
a detailed method to determine the ROI is firstly defined in this subsection.

Some of the conventional features should be omitted for some reasons. Since
the abdominal circumference cannot be estimated from the upper airway MRI, it
is left out from the comparison targets. In addition, some features around the
Mandibular plane proposed in [24] are excluded because this method is so complex
and troublesome that it could not be useful to realize an automatic classification
method. In order to estimate the tongue and soft palate volume, it is necessary to
precisely determine the ROIs of the tongue and soft palate in transverse planes.

But in some slices the boundary of them are not clearly recognized, so the objective
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Neck
Circumference

Figure 2.6: Procedure to determine the neck circumference

evaluation cannot be done without the sufficient anatomical knowledge. According
to this, comparison targets in this section are (1).tongue area in sagittal plane,
(2).tongue circumference in sagittal plane, (3).upper airway volume, and (4).neck
circumference.

The tongue circumference and tongue area in sagittal plane are easy to be
determined at hand according to the method in section 2.3.1.

The neck circumference is determined by slight complex procedures. Firstly, in
sagittal plane, the boundary from the jaw to the Adam’s apple and that around
the nape of the neck are respectively marked with green and red using a mouse

on the screen. Next, all distances between a point on the red line to the one on
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Upper part of
soft palate

The root of
epiglottis

Figure 2.7: Procedure to determine the transverse planes for tongue volume esti-
mation

the green line are calculated, and the shortest distance is determined. Then, the
cross sectional plane of the neck along with the line with the shortest distance is
obtained using a medical imaging software, OsiriX. Finally, the circumference of
the cross sectional plane is calculated.

The airway volume is estimated based on transverse planes. Firstly, the trans-
verse plane which comes contact with the back of the tongue is determined. Sim-
ilarly, the one which crosses the root of the epiglottis is also determined. All
transverse planes from the first plane to the last one are used to estimate the
airway volume. In each plane, the cross sectional area of the airway is manually
painted out. Since the hollow is photographed in a black or darker color and the
surrounding tissues are in much lighter gray, there is no problem about such man-
ual coloring for objective evaluation. Finally, these colored regions in transverse
planes are reconstructed in 3D images using the OsiriX. The volume is automati-

cally calculated by this software.
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Table 2.3: Overview of the oropharyngeal features having been focused on in con-
ventional studies

Features Literature

Tongue Area in SP B. L. Herrmann, et al, Fur. J. Endocrinol., 151, 2004
Tongue Circum. in SP B. L. Herrmann, Fur. J. Endocrinol., 151, 2004
Tongue Volume R. J. Scwab, et al, AJRCCM, 2003

Soft Palate Volume M. Okubo, et al, Sleep, 2006

Abdominal Circum. V. Hoffstein, Eur. Respir. J., 5, 1992

Upper Airway Volume C. lida-Kondo, et al, J. Med. Dent. Sci., 53, 2006
R. J. Schwab, et al, AJRCCM, 2003

Neck Circumference V. Hoffstein, et al, Fur. Respir. J., 5, 1992
Features around the MP | M. Okubo, et al, Sleep, 2006

SP: Sagittal Plane, MP: Mandibular Plane, Circum.: Circumference
2.5 Results

Figure 2.8 shows the correlation coefficients of L; — Lsg with AHI. The correlation
value is over 0.5 if ¢ = 3,4 and ¢ = 24,25,--- ,28. Each of these directions are,
respectively, called A (i = 3,4) and B (i = 24,25,---,28). In the region A, the
maximum correlation is R = 0.526(p < 0.001) when i = 3, while in the region B
the maximum correlation is R = 0.601(p < 0.001) when i = 26.

Also, the correlation of the sectional area of the upper airway (S) with the
severity AHI is calculated to R = —0.354(p = 0.02 < 0.05). In table 2.4, the mean
and standard deviation of the feature values (L3, Lag, S) in the mild to moderate
OSA patients (AHI < 30) and in the severe patients (AHI > 30). According to
this result, the values of L3 and Lgg in the severe patients are relatively higher,
and S tends to be lower than those of the other patients.

Table 2.6 shows the average, standard deviation, and correlation coefficient
with AHI. In conventional features (upper four), the correlation coefficients with
the severity are relatively good, since more than 0.4 value can be obtained. But

in the case of L3 and Log the coefficients are still better. These features are also
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based on the tongue morphology, but the conventional methods are based on the
volumetric features. Thus, it becomes clear that the tongue morphology has a
more important role to estimate the severity of sleep apnea than the volumetric
feature of the tongue. Since P-value of all features except for airway volume are
less than 0.05, these correlation with AHI are sufficiently significant. Unexpectedly,
the airway volume has no relation to the severity of OSAS at all.

Next, the most correlated features L3, Log and S are adopted as the explanatory
variables as the multi-regression equation in equation 2.4, and the author obtained

the prediction equation as follows:

(1) Using only morphological features of the tongue region (L3, Lag) as explanatory

variables (Y7, Y3)

AHI' = 0.192 x Ly 4+ 1.511 x Lyg — 93.866 (R = 0.375)

(2) Using only cross sectional areas of the upper airway (S5) as an explanatory

variable (Y7)

AHI' = —0.093 x S +46.987 (R*=0.125)

(3) Using both features (L3, Log, S) as explanatory varaiables (Y7, Ys,Y3)

AHI' = —0.052 x L3 + 1.593 X Lgg — 0.045 x S — 94.117
(R* = 0.398)

The specificity, sensitivity, and efficiency of three multi-regression equations are
shown in table 2.5. The sensitivity of the no.2 equation is higher than that of no.1
equation and the specificity and efficiency of no.3 equation are the best among

them.
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Figure 2.8: Correlation coefficients of L; (i = 1,2,---,48) with AHI (Left) and
relationship between Fy and AHI (Right)

2.6 Discussion

2.6.1 Correlation with the Severity

The directions with which the correlation coefficients are over 0.5 can be separated
into region A and B.

The region A (Lay, Lo7) is considered to indicate an enlargement of the back
of the tongue, which is also known to be typical in OSA patients[3]. Under the
present situation, a visual examination of the oral cavity is the most common
method of assessing the enlargement. But according to table 2.7, MMP (modified
Mallampati grade), which is determined by the visual examination of the oral
cavity (See figure 2.10), is not so much correlated with AHI (R = 0.316) as our

feature is (R = 0.611). This is because the inferior positioning of the soft palate
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Table 2.4: The mean and standard deviation of feature values in patients with
AHI<30 (from benign to moderate) and with AHI> 30 (serious)

Features AHI< 30 AHI> 30

Tongue (Ls) [pixels] 96.06 (+£9.11)  103.51 (£9.61)
Tongue (Log) [pixels] | 86.21 (£6.79) 92.56 (+8.48)
SA (S) [pixels] 124.33 (£107.99)  53.14 (£40.94)

Table 2.5: Sensitivity, specificity, and efficiency of multi-regression equations with
the cut-off AHI determined to 30

Equ. | Sensitivity Specificity Efficiency
(1) 0.864 0.429 0.651
(2) 0.955 0.238 0.605
(3) 0.909 0.524 0.721

is categorized to one of the four grades by the visual examination qualitatively,
while in our method the inferior positioning can be evaluated more precisely and
quantitatively than MMP’s four grades.

The region B (Ls, Lg) is nearly diagonal to the region A (Loy — Log) and slightly
toward the airway. According to figure 2.2, the hyoid bone exists in this direction.
Kitamura [2] and Yucel [6] indicated that the lower positioning of the hyoid bone
is associated with OSA using cephalometric techniques. The inferior positioning
makes the tongue elongated.

In addition, since cephalometry does not provide any information of the tongue
enlargement, our method has an advantage in comparison with conventional meth-
ods. Table 2.7 shows some morphological features of the soft tissue in the upper
airway (but BMI is not) and the correlation coefficients with AHI, which have been
reported in conventional studies[2][4][5][6]. Naturally, it is difficult to simply com-
pare these results with each other, because the number of subjects and subjects’
AHI are different among these reports. But, in so far as this table indicates, we can

say that our result is far better than the other features (R = 0.611) and significant
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Table 2.6: Average, standard deviation, and correlation coefficient with AHI of the
proposed and the conventional features both estimated from the upper airway MR
images

Feature AHI<30 AHI>30 Corr. Coeff. P-value
TA in SP [pixels] 168389(+14670) 174547(4+21950) 0.441 0.01
TC in SP [pixels] 441(£21) 454(£20) 0.446 <0.01
Neck Circum. [cm] 41.6(£2.5) 44.1(£4.8) 0.482 <0.01
Airway Vol. [cm?] 6.82(42.73) 7.60(£3.05) 0.098 0.58
Ls [pixels] 96.1(£9.1) 103.5(49.6) 0.526 <0.01
Log [pixels] 86.2(+6.8) 92.6(£8.5) 0.611 <0.01
S [pixels] 124.3(£108.0)  53.1(=40.9) -0.354 0.02

TA: Tongue Area, SP: Sagittal Plane, TC: Tongue Circumference

as well (p < 0.001).

2.6.2 Classification Ability of the Severe OSAS

In the case of equation (1) using only the tongue features, the sensitivity is 0.86
at most, but the specificity is 0.43. Otherwise, the sensitivity reaches 0.955 in the
case of equation (2) using the cross sectional area, but the sensitivity is relatively
low: 0.238. Accordingly, the false positive ratio tends to be high when using the
cross sectional area. In table 2.4, the standard deviation of the cross sectional
area in patients with AHI<30 is higher than that in patients with AHI>30. Many
of severe OSAS patients generally tend to have narrower airway and the results
here also support it, but it is also found that the eight moderate patients have also
narrower airway. This is the reason why the sensitivity becomes low using equation
(2).

Also, the sensitivity and specificity of equation (3) are relatively better than
those of equation (1) and (2). In this study, the cross sectional area is estimated
from the transverse plane around the uvula. This area becomes narrower due to
the enlargement of the tongue, soft palate, and tonsils. Especially, tonsils cannot

be photographed in the sagittal plane. This is because the sensitivity becomes
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Figure 2.9: Directions whose correlation is higher than 0.5 (region A and B) and
the corresponding regions in MR images of moderate and severe OSAS patients.

Figure 2.10: Modified Mallampati Grade; Class I (soft palate, uvula, faces, pillars
visible), Class II (soft palate, uvula, faces visible), Class III (soft palate, base of
uvula visible), Class IV (only hard palate visible), (cited from Wikimedia Com-
mons, http:// commons.wikimedia.org/ wiki/ File:Mallampati.svg)
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Table 2.7: Correlation between AHI and Morphologic Properties in Conventional

Studies
Feature Method Corr. Coef. p-value Literature
PNS-P Cephalogram 0.194 0.011  Kitamura, et al [2]
0.240 Yu, et al [4]
MP-H Cephalogram 0.449 < 0.001 Kitamura, et al [2]
0.310 < 0.01 Sakakibara, et al [5]
0.420 < 0.001 Yucel, et al [6]
TGL Cephalogram 0.320 < 0.01  Yu, et al [4]
0.213 < 0.05 Sakakibara, et al [5]
H-VL Cephalogram 0.430 < 0.01  Yu, et al [4]
0.425 < 0.001 Sakakibara, et al [5]
BMI Other 0.310 < 0.001 Kitamura, et al [2]
0.525 Sakakibara, et al [5]
MMP Visual Exam. 0.316 < 0.001 Kitamura, et al [2]
Tonsil Size Visual Exam. 0.212 0.005  Kitamura, et al [2]
Tongue Area in SP 2D MRI 0.441 < 0.01 Herrman, et al [25]
Tongue Circum. 0.446 < 0.01 Herrman, et al [25]
Neck Circum. 0.482 < 0.01 Hoffstein, et al[26]
Airway Vol. 3D MRI 0.098 0.58  lida-Kondo, et al[10]
Ls 2D MRI 0.526 < 0.001 This study
Log 0.611 < 0.001 This study
SA -0.354 0.02  This study

better by using the cross sectional area estimated from the transverse plane.

2.7 Conclusion

The direction to the back of tongue from the center of gravity is the most correlated

with AHI. In addition, the diagonal direction to the hyoid bone is also correlated.

The length of these two directions are useful information about the severity of

sleep apnea, and the correlation coefficient with the severity is higher than the

other morphological features proposed in conventional studies. Thus, it is useful

to focus on our proposed features to evaluate the severity of sleep apnea.

Multi-regression analysis using those tongue morphological features and the
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cross sectional area in the narrowest upper airway has been done to predict the
severity of OSAS. By theresholding the predicted severity, severe OSAS can be
detected with 0.909 sensitivity and 0.524 specificity.

In the future, the other morphological features such as soft palate, epiglottis, or
tonsils should be focused on to boost up the sensitivity. Moreover, 3-dimensional
morphological features of the soft tissue are also promising to obtain useful infor-
mation about the severity of OSA.

This study was supported in part by the Grant-in-Aid for General Research

Program from the Akiyama Life Science Foundation.

64



References

1]

[4]

H. W. Agnew Jr., Wilse B. Webb, and Robert L. Williams. The first night
effect: An EEG study of sleep. Psychophysiology, Vol. 2, No. 3, pp. 263-266,
1996.

T. Kitamura, A. Sakabe, N. Ueda, T. Shiomori, T. Udaka, T. Ohbuchi, and
H. Suzuki. Usefulness of cephalometry and pharyngeal findings in the primary
diagnosis of obstructive sleep apnea syndrome. Nippon Jibiinkoka Gakkai

Kaiho, Vol. 111, No. 11, pp. 695-700, 2008.

The Research Group of Sleep-Disordered Breathing, editor. Guideline for
Diagnosis and Treatment of Adult SAS. Medical Review, 2008.

X. Yu, K. Fujimoto, K. Urushibata, Y. Matsuzawa, and K. Kubo. Cephalo-
metric analysis in obese and nonobese patients with obstructive sleep apnea

syndrome. Chest, Vol. 124, pp. 212-218, 2003.

H. Sakakibara, M. Tong, K. Matsushita, M. Hirata, Y. Konishi, and S. Suet-
sugu. Cephalometric abnormalities in non-obese and obese patients with ob-
structive sleep apnoea. European Respiratory Journal, Vol. 13, pp. 403-410,
1999.

A. Yucel, M. Unlu, A. Haktanir, M. Acar, and F. Fidan. Evaluation of the
upper airway cross-sectional area changes in different degrees of severity of ob-
structive sleep apnea syndrome: Cephalometric and dynamic ct study. Amer-

ican Journal of Neuroradiology, Vol. 26, pp. 2624-2629, 2005.

65



REFERENCES

[7]

[10]

[11]

[12]

[13]

T. Mochizuki. Examination of low palatal arch with long low-hanging soft
palate in obstructive sleep apnea syndrome and cephalometry. Nippon Jibi-

inkoka Gakkair Kaiho, Vol. 100, pp. 937-945, 1997.

K. A. Ferguson, T. Ono, A. A. Lowe, C. F. Ryan, and J. A. Fleetham. The
relationship between obesity and craniofacial structure in obstructive sleep

apnea. Chest, Vol. 108, pp. 375-385, 1995.

M. Partinen, C. Guilleminault, M-A. Quera-Salva, and A. Jamieson. Ob-
structive sleep apnea and cephalometric roentgenograms, the role of anatomic

upper airway abnormalities in the definition of abnormal breathing during

sleep. Chest, Vol. 93, pp. 1199-1205, 1988.

C. lida-Kondo, N. Yoshino, T. Kurabayashi, S. Mataki, M. Hasegawa, and
N. Kurosaki. Comparison of tongue volume/oral cavity volume ratio between
obstructive sleep apnea syndrome patients and normal adults using magnetic

resonance imaging. Journal of Medical and Dental Science, Vol. 53, pp. 119—
126, 2006.

R. Schwab, M. Psirstein, R. Pierson, A. Mackley, R. Hachadoorian, R. Are-
ans, G. Maislin, and A. Pack. Identification of upper airway anatomic risk
factors for obstructive sleep apnea with volumetric magnetic resonance imag-

ing. American Journal of Respiratory and Critical Care of Medicine, Vol. 168,
pp. 522-530, 2003.

R. Arens, J. M. McDonough, A. M. Corbin, M. E. Hernandez, G. Maislin,
R. I. Schwab, and A. I. Pack. Linear dimensions of the upper airway structure
during development, assessment by magnetic resonance imaging. American
Journal of Respiratory and Critical Care Medicine, Vol. 165, pp. 117-122,
2002.

I. L. Mortimore, I. Marshall, P. K. Wraith, R. J. Sellar, and N. Douglas. Neck

and total body fat deposition in nonobese and obese patients with sleep apnea

66



REFERENCES

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

compared with that in control subjects. American Journal of Respiratory and

Critical Care Medicine, Vol. 157, pp. 280-283, 1998.

D. Rodenstein, G. Dooms, Y. Thomas, G. Liistro, D. C. Stanescu, C. Culee,
and G. Aubert-Tulkens. Pharyngeal shape and dimensions in healthy subjects,
snorers, and patients with obstructive sleep apnea. Thorax, Vol. 45, pp. 722—

727, 1990.

K. C. Welch, G. D. Foster, C. T. Ritter, T. A. Wadden, R. Arens, G. Maislin,
and R. J. Schwab. A novel volumetric magnetic resonance imaging paradigm

to study upper airway anatomy. Sleep, Vol. 25, No. 5, pp. 532-542, 2002.

Sleep-related breathing disorders in adults : recommendations for syndrome

definition and measurement techniques in clinical research, 1999.

M. S. Atkins and B. T. Mackiewich. Fully automatic segmentation of the brain
in MRI. IEEFE Trans. Medical Imaging, Vol. 17, No. 1, pp. 98-107, 1998.

R. A. Heckemann, J. V. Hajnal, P. Aljabar, D. Rueckert, and A. Hammers.
Automatic anatomical brain mri segmentation combining label propagation

and decision fusion. Neurolmage, Vol. 33, pp. 115-126, 2006.

T. Heimann, B. van Ginneken, M. A. Styner, Y. Arzhaeva, and et al. Com-
parison and evaluation of methods for liver segmentation from CT datasets.

IEEFE Trans. Medical Imaging, Vol. 28, No. 8, pp. 1251-1265, 2009.

A. Hoover, V. Kouznetsova, and M. Goldbaum. Locating blood vessels in

retinal images by piecewise threshold probing of a matched filter response.

IEEE Trans. Medical Imaging, Vol. 19, No. 3, pp. 203-210, 2000.

L. M. Lorigo, O. D. Faugeras, W. E. L. Grimson, R. Keriven, R. Kikinis,
and et al. CURVES: Curve evolution for vessel segmentation. Medical Image

Analysis, Vol. 5, No. 3, pp. 195-206, 2001.

67



REFERENCES

[22]

[23]

[25]

[20]

S. Nakagawa. Pattern information processing. Maruzen Pub, 1999.

M. Herzog, E. Schieb, T. Bremert, B. Herzog, W. Hosemann, H. Kaftan,
and T. Kuhnel. Frequency analysis of snoring sounds during simulated and

nocturnal snoring. Furopean Archives of Oto-Rhino-Laryngology, Vol. 265,
No. 12, pp. 1553-1562, 2008.

M. Okubo, M. Suzuki, A. Hirouchi, S. Okabe, K. Ikeda, and et al. Morpho-
logic analysis of madible and upper airway soft tissue by mri of patients with

ostructive sleep apnea hypopnea sundrome. Sleep, Vol. 29, pp. 909-915, 2006.

B. L. Herrmann, T. E. Wessendorf, W. Ajaj, S. Kahlke, H. Teschler, and
K. Mann. Effects of octreotide on sleep apnoea and tongue volume (mag-
netic resonance imaging) in patients with acromegalty. European Journal of

Endocrinology, Vol. 151, pp. 309-315, 2004.

V. Hoffstein and S. Mateika. Differences in abdominal and neck circumferences
in patients with and without obstructive sleep apnoea. Furopean Respiratory

Journal, Vol. 5, pp. 377-381, 1992.

68



Chapter 3

Acoustic Analysis and Classification of

Oral and Nasal Snoring Sounds

3.1 Introduction

In this chapter, the author proposes a novel method to classify oral/nasal snores
using the acoustic properties of snoring sounds: fundamental frequency and the
maximum of the amplitude spectrum in a specific band. The purpose of this
classification is to develop a home medical device which detects an irregular oral-
related snoring automatically at bedside.

Snoring was once regarded as an indication of good sleep, but recently it has
been known to be one of the symptoms which indicate sleep disordered breathing
such as sleep apnea syndrome [1]. Under normal circumstances, breathing during
sleep is primarily nasal rather than oral[2], but numerous investigations have shown
that loud habitual snoring is due to nasal obstruction[3][4], and nasal obstruction
alters airflow dynamics and leads to oral breathing during sleep[5]. Since oral
breathing tends to make the upper airway more collapsible[6], loud snoring caused
by oral breathing is found in many sleep apnea/hypopnea patients. Thus, it is
important to detect oral snoring during sleep in the earlier stage in consideration
of the medical treatment, but we cannot know whether our own snoring is irregular

or not.
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3.1 Introduction

Many medical researchers have analyzed snoring sounds so far in an attempt to
clarify the difference between the acoustic properties of snoring sounds in patients
with and without Obstructive Sleep Apnea Syndrome (OSAS)[7][8][9][10][11][12][13].

Perez-Padilla, et al, [7] firstly demonstrated that apnea patients had residual
energy at 1kHz whereas the nonapneic snorers did not. So, they said that the ratio
of power above 800Hz to power below 800Hz could be used to separate snorers from
OSAS patients. Fiz, et al, [8] found the presence of a fundamental frequency and
several harmonics in snoring sounds of many simple snorers and a low frequency
peak with the second energy scattered on a narrower band and without clearly
identified harmonics in those of OSAS patients.

On the other hand, Herzog, et al, [9] showed that patients with primary snoring
revealed peak intensities between 100 and 300 Hz, whereas OSAS patients showed
peak intensities above 1kHz. The PSG and BMI correlated with peak intensity of
the power spectrum. Hara, et al, [10] have reported that the sound spectrum of
the simple snorers shows a single peak at a lower frequency, whereas the snores of
OSAS patients show multiple power peaks of various amplitudes.

Some researchers have focused on the formant analysis generally adopted in
speech recognition technique. Sola-Soler, et al, [11] have showed significant differ-
ences in formant frequencies variability between simple snorers and OSAS patients
even when non-postapneic snores were considered. Ng, et al, [12] have also found
quantitative differences in formant frequencies between apneic and benign snorers
by the use of a Linear Predictive Coding (LPC) technique. Apneic snorers exhibit
higher formant frequencies than benign snorers, especially F1, which can be related
to the pathology of OSAS. Emoto, et al, [13] focused on the standard deviation of
the estimated formant frequencies (F1) in snoring episodes over 6 hours, which is
relatively higher in OSAS patients than in simple (benign) snorers.

These studies have analyzed snoring sounds of simple snorers and those of ap-
nea patients using FFT or LPC techniques, but their results are quite various.

Thus, many researchers have still tried to clarify quantitative differences between
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3.2 Acquisition of Classification Targets

acoustic properties of benign snores and those of apneic ones. The author’s ap-
proach, which is somewhat different, is to classify snoring sounds into nasal or oral.
This classification can be applied to the automatic detection of oral snoring sounds
which indicate the possibility of OSAS occurrence for normal persons. Although
open mouth and the corresponding loud snoring are highly related to OSAS, few
researchers have focused on the acoustic properties of oral and nasal snoring sounds
and their classification. Dalmasso, et al[14], reported that the shape of cross sec-
tional area in the upper airway are very similar during oral snoring and during
oronasal snoring. But the shape of cross sectional area and its relative values can
change during nasal snoring, but they always remain remarkably different from
the other two (mouth and oronasal routes). Liistro, et al[15], reported that the
frequency of airflow and supraglottic pressure oscillations were less during mouth
than during nasal simulated snoring. These studies are informative, but no con-
crete technical methods have been established to classify oral and nasal snoring
sounds.

In this chapter, the author firstly analyzes the acoustic properties of simulated
snoring sounds with oral and nasal breath and proposes a concrete method for

their classification.

3.2 Acquisition of Classification Targets

3.2.1 Apparatus, Subjects, and Simulated Snoring

A portable linear PCM (Pulse Code Modulation) sound recorder, Olympus LS-10,
is used to record snoring sounds. Sampling frequency and quantization rate are set
to 44.1 kHz and 16 bit respectively. Snoring sounds are recorded from 15 subjects
shown in table 3.1 and the recording time is about 30 seconds per person and per
breath. Before recording, we explained the objective of this study and obtained
the informed consent from all subjects.

While recording, the subjects are asked to simulate snoring by breathing deeply
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3.2 Acquisition of Classification Targets

Table 3.1: Detail of all subjects and the obtained snoring episodes and subsequences
in this study

Subject Age # of episodes # of subseq. Apnea/Benign

A 32 n:9, 09 n:69, 0:66 Benign
B 55 n:8, 0:9 n:110, 0:109  Benign
C 63 n:7,0:8 n:47,; 0:80 Apnea
D 52 n:6, o8 n:21, 0:43 Apnea
E 21 n:8, 08 n:156, 0:128  Apnea
F 35 n:0, 09 n:0, 0:101 Benign
G 46  n:8, 0:8 n:94, 0:131  Apnea
H 40 19, 0:9 n:95, 0:161 Benign
I 67 19, 0:9 n:122, 0:81  Benign
J 63 1n:9, 09 n:90, 0:127  Benign
K 62 n:11, 0:8 n:57, 0:39 Apnea
L 56 n:9, o8 n:99, 0:98 Benign
M 43  n:8, 07 n:47, 0:120 Benign
N 38 18, 0:9 n:48, 0:55 Benign
O 22 9, o7 n:52, 0:45 Benign

enough to vibrate the soft palate in their throat. While producing oral snores, the
subjects’ nostrils are completely closed with their fingers, and on the other hand
they are asked to let their mouth completely closed while producing nasal snores.

Such snoring, called simulated snoring in common, is not the one generated from
a person during sleep, but it has traditionally been adopted in some medical or
physiological studies[15][16][17][18][19]. Similarities between simulated and natural
(nocturnal) snoring are described in chapter 1 from the bibliographical point of

view.

3.2.2 Definition of Snoring and Extraction of Snoring Episodes

First of all, a snoring sound produced with each inhalation (called a snoring
episode) should be cut out one by one from the recorded sounds (figure 3.2), but
in many cases the recorded sound contains non-snoring sounds (such as exhalation

noise) as well. In order to distinguish snoring episodes from exhalation noises, the
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3.2 Acquisition of Classification Targets

Figure 3.1: A portable linear PCM recorder for recording snoring sounds (Olympus
LS-11)

definition of snoring sounds should be considered.

According to some medical researchers[20][21], snoring is defined as the sound
of pharyngeal vibration triggered by airflow turbulence across a narrowed upper
airway. From a technical point of view, Abeyratne et al,[22] proposed a paradigm to
solve the issue of defining a snore, and figured out that sounds perceived as snores
by humans are characterized by repetitively released packets of energy, which are
responsible for creating the vibratory sound particular to snores and which define
the pitch of snoring.

However, such vibration dynamics is complex and the acoustic properties are
quite various [19], because they depend highly on the anatomical site of snor-
ing, such as soft palate, tongue, epiglottis, tonsils, and the mixture of them [23].
Therefore, it is not easy to cut out the snoring episodes automatically[13]. In fact,
many automatic extraction methods of snoring episodes have been proposed so
far[24][25][26][27]. For instance, Cavusoglu, et al, [24] have tried to classify snores
and non-snores according to their sub-band energy distributions in the frequency

domain. Karunajeewa, et al, [25] have focused on more various features - number
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3.2 Acquisition of Classification Targets

Recorded Sound sequence

(Cut out manually)

(Snoring)
. ——

Subsequences

= : Short-time

Figure 3.2: An extraction method of episodes and subsequences of snoring sounds
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Figure 3.3: An example of the harmonic product spectrum calculated with r = 4.

of zero crossings, energy of the signal, normalized autocorrelation coefficient at
1 ms delay and the first predictor coefficient of LPC analysis - so as to classify
snoring, breath, and silence. Accordingly, no decisive methods have been proposed
yet and we did not apply any automatic methods that have been proposed so far
and decided to cut out the sound at each inhalation/exhalation (called candidates
in this paper) manually from the recorded sounds.

On the other hand, ordinary people can empirically distinguish snoring sounds
from simple breathing noises[13]. So, the author asked three persons to judge
whether the candidates are snoring episodes or not. Only the candidates three
persons judged to be snores are adopted as snoring episodes in this paper. This

procedure is the same as the one used in the reference[13].
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3.8 Classification Method

3.2.3 Subsequence Extraction

Since the acoustic properties of snoring sounds are nonstationarily changing as time
passes even in a snoring episode[14][28], the author extracted short-time subse-
quences from all episodes by sliding the window across the episode. This technique
is commonly used in speech recognition. The windows prepared for extracting
subsequences are 0.2 seconds in length and shifted 0.1 seconds. The ith extracted
subsequence is expressed as s;(t), and in order to remove the effect of the micro-
phone position s;(¢) is normalized to E[s;(t)] = 0 and E[s;(¢)?] = 1 where E[-] is
an expectation operator. As a result, 1384 oral and 1107 nasal subsequences are

obtained from all subjects, and they are used as the classification targets.

3.3 Classification Method

3.3.1 Feature Extraction
Fundamental Frequency

Figures 3.4 and 3.5 show some examples of subsequences s;(t) and their FFT
amplitude spectra expressed as |S;(f)|. We annotated on the upper right in the
spectrum panels who and what episodes the subsequences are obtained from. For
instance, "Subj-A, n4” indicates that the subsequence is extracted from the 4th
nasal episodes of subject A. According to these figures, it seems easy to find out
qualitatively some differences between the acoustic properties of oral snores and
those of nasal ones.

Liistro, et al [15] found by observing the pharynx with cineradiography that
during nasal snoring the uvula presents vibrations of relatively high frequency,
whereas the whole soft palate vibrates with a lower frequency during oral snoring.
Since this acoustic property is also found in our observed data shown in figures
3.4 and 3.5, the author adopts the fundamental frequency of snoring sounds as

the first acoustic property for the classification. Many pitch detection algorithms
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3.8 Classification Method

have been proposed so far, but the author used in this paper Harmonic Product
Spectrum (HPS) method[29]. This method is useful for the vibrational sounds that
have a unique fundamental frequency and its harmonics. Since such properties are
also found in lower frequency domain (less than about 500Hz) in figures 3.4 and 3.5,
the HPS method is suitable to estimate the fundamental frequency of the snoring
sounds.

The HPS of the amplitude spectrum of the ¢th subsequence is defined as:

Hi(f) =[] 1S:(mf) (3.1)

where 7 is the number of harmonic peaks, |S;(mf)| is the amplitude spectrum,
and m is a scaling parameter. Figure 3.3 shows an example of HPS calculation
when 7 is set to four. In this case, the HPS is calculated by H;(f) = [S:(f)]|S:(2f)|-
|S;(3f)| - [Si(4f)]. Namely, if the fundamental frequency is 80Hz, the HPS has the
most prominent peak at 80Hz because the harmonic peaks are also found at 160Hz,
240Hz, and 180Hz in the amplitude spectrum. In this paper, the amplitude spectra
of snoring sounds are low-pass filtered in advance with a cut-off frequency 500 Hz,
because the vibration components lie in the frequency domain less than about 500-
600 Hz [30][23]. As a result, H;(f) has a single prominent peak at the fundamental
frequency, because only the peak at the fundamental frequency is enhanced by
multiplying the down-sampled amplitude spectra (figure 3.3). Accordingly, we can

obtain the fundamental frequency f, by using the following criterion:

H;(fy) = max H;(f) (3.2)

But there is a variety of the number of harmonic peaks in the snore spectra. It
is important to adjust the parameter r to the suitable value. But even if r is not
determined to the correct number of harmonics, H;(f,) is sufficiently enhanced by

multiplying the down-sampled amplitude spectra.
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Figure 3.4: Subsequences of oral snoring and their amplitude spectra.

The Maximum of the Amplitude Spectrum in a Specific Band

According to figures 3.4 and 3.5, there are some intensity peaks in a specific band
over 1kHz, whereas no such peaks exist in nasal snoring sounds. Agrawal, et al, [23]
have reported that such peaks over 1kHz indicate the tongue base snoring, caused
by the turbulence which occurs when the airflow passes through the narrowed upper
airway, by observing the pharynx with nasendoscopy, and in the case of soft palate
snoring the spectral components are found in less than 500Hz. They also found the
mixture of snoring sounds produced at the tongue base and those at the soft palate,

which are similar to the results of oral snores in this chapter. In addition, according
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Figure 3.5: Subsequences of nasal snoring and their amplitude spectra.

to the fact that open mouth tends to make the upper airway more collapsible[1],
it is natural that the tongue base snores occur with oral breathing. Therefore, we
considered such intensity peaks as a useful property to discriminate oral snores from
nasal ones, and calculated the mazimum of the amplitude spectrum in a specific

band as follows:

M = max |S;(f)]

3.3
fisf<f2 ( )

Namely, the maximum of the amplitude spectrum is obtained in a specific band

which is greater than or equal to f; Hz and less than or equal to fo Hz. In this
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case, it is necessary to adjust f; and fy to the suitable values so as to realize the

best performance.

A Criterion for the Parameter Adjustment

A combination of two acoustic properties (M, f;) is defined as the 2-dimensional
feature vector expressed with x; = (x;1,%2) = (M, f,) where M and f, are esti-
mated from the ¢th subsequence. But it is necessary to adjust some parameters, r
in Eq.(3.1) and f1, f2 in Eq.(3.3). In this paper, the ratio of within-class variance
and between-class variance (called the variance ratio[31][32]) is used for an eval-
uation criterion for parameter adjustment. For a two-class problem, the variance

ratio is defined as
(my + m2)2

2 2
o]+ 05

V= (3.4)

where m; is the mean of and o; is the standard deviation of the feature values,
and j = 1,2 indicates the class label (oral/nasal) respectively. If the data belonged
to the same class are not widely scattered (i.e. o; is lower) and those belonged
to the different class exist as far as possible from each other (i.e. |m; — mo| is
higher ), the variance ratio becomes higher. The higher variance ratio means it
possible to discriminate oral from nasal snores easier in the feature space. Thus,
these parameters are determined to the values with which the variance ratio is the

maximum.

3.3.2 Classification

In this paper, we adopt k-Nearest Neighbor (kNN) classification method, which
assigns the class label which is the most frequent among the k reference data closest
to the input whose class is unknown. Though the kNN method is conceptually quite
simple and the parameter is only one (k; the number of neighbors), it is easy to
obtain a nonlinear classification boundary.

Many classification methods have been proposed so far, such as Neural Net-
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works, Decision Tree, Support Vector Machines, and so on[33][32]. But for adopting
them it is necessary to adjust many hyper parameters in advance and sometimes it
causes the classification boundary too complex and therefore the classification rate
decreases in test examples[31]. In this paper, we focused mainly on the concrete
method to extract the acoustic properties of breathing route during snoring for
the purpose of oral snore detection. Accordingly, as for the classifier, we decided
to adopt the simplest method, kNN classifier, which is available without adjusting
many hyper parameters. Naturally, it cannot be denied that the other methods are
more superior than the kNN method, and, therefore, the performance comparison
is necessary for selecting the most suitable classifier. This is analyzed in the next

chapter.

3.4 Performance Evaluation

3.4.1 m-fold Cross Validation Test

The classification performance is evaluated using the m-fold cross validation (m-

fold CV) test defined as the following procedure:
1. Divide all data x;(i = 1,2,--- , N) into m groups G1,Gs, -, Gp,.
2. Set j « 1

3. Adopt G, as a set of test data and the other data assigned to the remainder

sets Gz as reference data for k-NN classification.

4. Calculate the classification rate r; of the data belonged to G; by the use of
kNN method.

5. Set j < 7+ 1 and go to step 3 while j < m.

6. Calculate the classification rate of all data with R = > |Gj|r;/N where
|G| is the number of data allocated to Gj.
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3.4 Performance Evaluation

In this paper, m is set to 10 because 10-fold CV test has been widely used in pattern
recognition studies[31]. But, three more different ways of dividing all the data into
groups are considered in the next section in order to evaluate the usefulness of our

method more objectively.

3.4.2 Leave-One-Out Test

Next the author tried to use as many reference data as possible, so we assigned only
one datum to the group G;. Namely, the number of groups is equal to the number
of all data. The other procedures are the same as m-fold CV. This evaluation test
is called Leave-One-Out (LOO) test in common and has also been adopted in many

studies.

3.4.3 Leave-Episode-Out Test

On further consideration, it is possible that one subsequence may be quite similar
to the ones extracted from the same episode. Even if they do not overlap each
other, the subsequences extracted from the same episode may be generated from
the same vibration dynamics provoked by the same inhalation. Thus, in step 1,
the author defined the number of groups as the number of episodes and assigned
the data extracted from the same episode into the same group. This evaluation

method is in this study called Leave-Episode-Out (LEO) test.

3.4.4 Leave-Subject-Out Test

An individual difference may be what the author must consider the most in this
study. It is not deniable that the difference between the subjects is larger than
the difference between their breathing routes. But this cannot be evaluated using
10-fold CV, LOO, or LEO test. Accordingly, the author assigned the data obtained
from the same subject into the same group, and therefore the number of groups is
the same as the number of subjects. The other procedure is the same as m-fold

CV. This evaluation method is called Leave-Subject-Out (LSO) test in this study.
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number of multiplication, r, being set to 1 to 6

3.5 Results and Discussion

3.5.1 Optimal Value of r and its Relation to the Acoustic Properties

Firstly, the variance ratio of the fundamental frequency is calculated when the
number of multiplication (r) for the HPS method is adjusted to from 1 to 6 respec-
tively. Figure 3.6 shows that the highest ratio is obtained with » = 3, but when r is
set to the value greater than or less than 3, the ratio becomes lower. This is caused
by two types of waveforms generally found in snoring sounds, simple-waveform and
complez-waveform [19].

In the frequency domain, complex-waveform snores are characterized by mul-
tiple, equally-spaced peaks of power (comb-like spectrum). Otherwise, simple-
waveform snores have only 1-3 peaks and in many cases the first or the second peak
is the most prominent, so the waveform in the time domain looks quasi-sinusoidal.

An example of the incorrect estimation of the fundamental frequency is shown

in figure 3.7, where the maximum peak does not lie at the fundamental frequency
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Figure 3.8: Contour plots of classification rate obtained from various f; and Af
under the LSO test

with » = 1,2 in the left panels and with » = 4 in the right panels.

In the case of left panels, the reason is that the peak at the third harmonic
frequency is the highest in the amplitude spectrum. Many complex-waveform
snores do not have a single dominant peak, but two or more peaks which have
almost the same power (just like comb). Thus, it is not rare that the two-times
multiplication (r = 2) does not sufficiently enhance the peak at the fundamental
frequency for the complex-waveform snores. In the case of right panels, on the other
hand, since simple-waveform snores have only three peaks at most, four or more
times multiplication is too much and lessens the peak of the fundamental frequency
by multiplying the non-peak value at the fourth harmonic frequency. Thus, a slight
protuberance occurred at a half of the fundamental frequency (visually recognizable
in the panel of r = 3 at around 30-40Hz) becomes unfavorably competitive and

the highest peak no longer exist at the fundamental frequency when r = 4.
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3.5.2 Optimal Value of f; and Af and its Relation to the Acoustic

Properties

Next, the most suitable value of the other two parameters (f;, Af) are estimated
by maximizing the variance ratio, but Af is used as fo = f1 +Af in Eq.(3.3). The
left panel in figure 3.8 is a contour map of the variance ratio when f; is set to from
400 Hz up to 1kHz and Af from 10 Hz up to 1.2kHz. The maximum is obtained
when f; and Af are 700 Hz and 720 Hz respectively. This result indicates that
the intensity peak found in oral snores ranges from 700 Hz to 1420 Hz. Compared
with figures 3.4, it is quite natural to understand that this range can lead to the
best value to extract the innate properties of oral snores.

From a review of the literature, the author discusses what kind of phenomenon
such intensity peak reflects. According to Agrawal and coworkers’ report[23], the
site of snoring is the soft tissues in the upper airway such as the soft palate, tongue
base, epiglottis, and tonsils. But in many cases the main site is the soft palate
and/or the tongue base [30][34]. Agrawal [23] also demonstrated that in the case
of tongue base snores an intensity peak is found in a specific band over 1 kHz while
the palatal snores consist of lower frequency components (less than 500 Hz). The
similar results are also reported by other researchers|30][35].

In comparison with the results in this chapter, oral snoring sounds do not have
only lower frequency components below 500 Hz, but include higher frequency com-
ponents at around 1kHz as well. From this and from a review of the literature, oral
snoring sounds are regarded as a mixture of the palatal snoring (lower frequency)

and the tongue base snoring (higher frequency).

3.5.3 Optimal Value of £ and Classification Results

In this section, the number of neighbors (k) for the kNN classifier is adjusted under
the four cross validation evaluation. Figure 3.9 shows the classification rate when

k is set to from 1 to 50 with 2 steps. The classification rate is largely converged to
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Figure 3.9: Classification rates with the number of neighbors, k, set to 1 to 50 with
2 steps under the four cross-validation tests .

0.92 with k£ > 7 under the 10-CV, LOO, and LEO evaluations. In the case of LSO
test, the classification rate reaches 0.88 when k£ is set to 7, but gradually increases
up to 0.89 when k=19. This indicates that there is a little individual difference in
the acoustic properties of snoring sounds. But we can obtain a good performance;
the classification rate is 0.89 at least if the parameters are suitably adjusted.
Figure 3.10 shows scatter plots in the feature space where oral and nasal subse-
quences are represented with blue and red points respectively. Oral snores are more
widely scattered than nasal ones, but they are well separated from each other ex-
cept a few outliers. In general, if the number of neighbors (k) is set to lower value,
the classification boundary is so complex that it cannot correctly discriminate some
test data around the classification boundary. From figure 3.10, it is obvious that
the boundary becomes smoother if k is set to 19 compared with k = 7. As a result,
the better performance is obtained with £ = 19 at least under every evaluation.

Table 3.2 shows the detail result of the classification with & = 19, where the
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classification boundary estimated by kNN classifier with £ = 1,5,7,13,19, and 23
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Table 3.2: Classification rate with the optimal parameters (r = 3, f; = 700, fo =
1420, k = 19) under the four different evaluation methods

Test Classification Rate

Nasal (% ) Oral (% ) Total (% )
10-fold CV | 1014/1107 (91.60%) 1289/1384 (93.14%) 2303/2491 (92.45%)
LOO 1015/1107 (91.69%) 1283/1384 (92.70%) 2298/2491 (92.25%)
LEO 1012/1107 (91.42%) 1281/1384 (92.56%) 2293/2491 (92.05%)
LSO 964/1107 (87.08%) 1268/1384 (91.62%) 2232/2491 (89.60%)

rates are about 92% in total under the three evaluation tests except the LSO.
Under the LSO test the rate is about 3% lower than that under the other tests.
In general, if the number of data is large enough to achieve the objective high
performance, the classification rates are almost the same under every evaluation
test[31]. Thus, the number of our data is not so small that we cannot evaluate
our method objectively, but, in consideration of the individual difference, it is not
so large that we can achieve (completely) objective results. So, it is necessary to

obtain more data from more subjects in the future.

3.5.4 Classification Results of Oronasal Simulated Snoring

Finally, we show and discuss the classification result if the kNN classifier receives
oronasal snoring sounds as the input data. Oronasal snoring sounds are obtained
from the same subjects in table 3.1, who are asked to simulate snoring by breathing
both orally and nasally with open mouth and without closing the nostrils. Since
oronasal snoring seems to be found more generally than (complete) oral or nasal
snoring, it is necessary to discuss what results are obtained if such snoring sounds
are given to our proposed method.

Figure 3.11 shows some examples of waveforms and the amplitude spectra of
oronasal snores. The second panel from the top is similar to the nasal snores in
figure 3.5, whereas the other panels are similar to the oral snores in figure 3.4. In

addition, figure 3.12 shows scatter plots of oronasal snores on the 2-dimensional
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Figure 3.11: Waveforms and amplitude spectra of oronasal simulated snores

feature space. Compared with figure 3.10, the distribution largely overlaps both
oral and nasal distribution. Thus, we can find that two acoustic properties of
oronasal snores include both those of oral snores and those of nasal ones, and there
are no peculiar properties of oronasal snores.

In contrast with oral and nasal snores, it is difficult for subjects to precisely
control the airflow while breathing, namely, difficult to equally divide the airflow
into oral and nasal cavity while oronasal breathing, because of nasal congestion
and/or breathing habit which depend on the subject. Accordingly, in consideration

of individual difference, we analyzed the classification result of oronasal snores in
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Figure 3.12: Scatter plots of oronasal simulated snores on the 2-dimensional feature
space

every subject under the LSO test (shown in table 3.3). Except for subject J, the
majority of oronasal snores are classified into oral class, while a small number of
oronasal ones into nasal class. The rate of oral class is about 81.2% in average.
Therefore, the acoustic properties of oronasal snores include mainly those of
oral ones. Dalmasso, et al, described that the shape of cross sectional area in the
upper airway are very similar during oral snoring and during free snoring (oronasal
route)[14]. This report supports our results. As a result, our method can detect
open mouth during snoring whether the nostrils are closed or not, because oronasal
snores are also produced by open mouth. According to the fact that open mouth
is related to sleep apnea as is described in section 1, our method is also applicable

to oronasal snores.
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Table 3.3: Classification results of oronasal simulated snores

Subjects # of Subseq. Oral (%) Nasal (%) Majority
A 32 31 (96.9%) 1(31%) Oral
B 102 88 (86.3%) 14 (13.7%)  Oral
C 60 60 (100%) 0 (0.0%)  Oral
D 55 53 (96.7%) 2 (3.3%)  Oral
E 65 35 (53.8%) 30 (46.2%)  Oral
F 82 82 (100%) 0(0.0%)  Oral
e 120 90 (75.0%) 30 (25.0%)  Oral
i 117 111 (94.9%) 6 (5.1%)  Oral
I 51 51 (100%) 0 (0.0%)  Oral
J 105 24 (22.9%) 81 (77.1%)  Nasal
K 65 51 (78.5%) 14 (21.5%)  Oral
L 85 76 (89.4%) 9 (10.6%)  Oral
M 110 100 (90.9%) 10 (9.1%)  Oral
L 80 70 (87.5%) 10 (125%)  Oral
0 100 76 (76.0%) 24 (24.0%)  Oral

Total 1229 003(81.2%)  231(18.8%) -

3.6 Conclusion

From the acoustic properties of snoring sounds, nasal snores consist of lower fre-
quency components less than 500 Hz, whereas oral snores have both the lower
frequency components and the intensity peak at around 1kHz. And it is found
that the fundamental frequency of oral snores tends to be lower than that of nasal
ones. In this paper, we focused on the difference of these acoustic properties to
classify oral/nasal snoring sounds. We adopted the HPS method to find the fun-
damental frequency and calculated the maximum of the amplitude spectra in a
specific band, which is greater than 700 Hz and less than 1420 Hz. As a result,
oral and nasal snores can be successfully classified with good accuracy, 89% at least,
using two acoustic properties we focused on and the kNN classification method.
Moreover, we clarified what kind of phenomena the acoustic properties we ob-
tained reflect from the medical and physiological literature and demonstrated that

the majority of oronasal snoring sounds are classified into oral class by the use of
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our method. This means that our method can detect open mouth during snoring,

which is known to be related to OSAS, whether the nostrils are closed or not.
There are still some problems to develop a home medical device which can

detect oral snoring with only a microphone. In the future, we will deal with the

following problems.

1. More data should be collected for objective evaluation and should be com-

pared with natural snoring sounds.

2. Tt is necessary to compare kNN with the other classification methods to find

the best method for classifying oral/nasal snoring.

3. All snore episodes were cut out manually from the recorded data in this

paper, but this procedure must be done automatically.

This study was supported in part by the Graint-in-Aid for Regional R&D
Proposal-Based Program from Northern Advancement Center for Science and Tech-

nology of Hokkaido Japan.
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Chapter 4

Spectral Classification of Oral and Nasal
Snoring Sounds using a Support Vector

Machine

4.1 Introduction

Under normal circumstances, breathing during sleep is primarily nasal rather
than oral [1], but numerous investigations have shown that loud habitual snor-
ing is due to nasal obstruction, which can have an influence on sleep disordered
breathing[2][3]. Since oral breathing tends to make the upper airway more col-
lapsible [4], such snoring caused by oral breathing is found in many sleep ap-
nea/hypopnea patients and it should be detected in the earlier stage. But un-
fortunately we cannot know our own sleep condition or snoring. Thus, a simple
technical method that can detect oral snoring makes it possible to develop a home
monitoring device in a bedroom.

In conventional studies, the acoustic properties of snoring sounds have been
analyzed so far for the purpose of discriminating apnea patients from simple
snorers[5][6][7], of differentiating palatal from non-palatal snoring for medical surgery|8][9],
and of detecting snoring episodes from overnight sleep sounds contaminated with

non-snore artifacts[10][11]. A few researchers have focused on the difference be-
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Figure 4.1: Simple chart of the snoring sites and the airflow while oral and nasal
breath

tween oral and nasal snoring. Dalmasso, et al, [12] reported that the shape of
cross sectional area in the upper airway is very different during oral snoring and
during nasal snoring. Liistro, et al, [13] demonstrated using cineradiography that
in the case of simulated snoring through the nose, the soft palate is in close con-
tact with the back tongue and the uvula alone presents high-frequency oscillations,
whereas in the case of through the mouth the whole soft palate oscillates at high
frequency. These studies are informative, but they have not focused on a concrete
method to classify oral and nasal snores automatically for the development of a
home monitoring device.

In chapter 3, the author has tried to classify oral and nasal snoring using k-
Nearest Neighbor method based on two acoustic properties (fundamental frequency
and the maximum of the amplitude spectrum in a specific band) , and demonstrated
that about 89% of snores are successfully classified[14][15].

In this paper, the author adopt a Support Vector Machine, which is one of the
most powerful method for pattern classification. Especially, some of the kernel
functions (chi-square and Kullback-Leibler) have recently been known to be effec-
tive for the classification of histogram-based feature vectors [16][17]. Moreover,
Ishigaki, et al, [18] have dealt with the KL kernel as a similarity measure between

frequency spectra and have numerically demonstrated the effectiveness. They also
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applied the SVM with KL kernel to the early fault diagnosis of LP gas pressure
regulator based on the spectral features. Accordingly, it can be expected that
the SVM-based spectral classification technique outperforms our previous method
reported in the ref.[15].

In order to use SVMs in general, some problem-specific parameters should be
determined in advance, but SVMs have not yet been applied to the classification
of oral and nasal snoring sounds. In this paper, the author adopts seven ker-
nel functions (linear, polynomial, sigmoid, Gaussian, Laplacian, chi-square, and
Kullback-Leibler) for SVM-based spectral classification of snoring sounds and ex-
amine the classification results with various values of the parameters so as to make

the best choice of the kernel and to find the best values of the parameters.

4.2 Data Acquisition and Preprocessing

4.2.1 Data Acquisition

Snoring sounds the author analyzes in this paper are recorded with a portable
linear PCM recorder (Olympus LS-10) with 44.1kHz sampling frequency and 16bit
quantization rate. Fifteen subjects (10 benign snorers, 5 apnea patients) are asked
to simulate snoring by inhaling deeply enough to produce a snoring sound in their
throat with two types of breath; oral and nasal.

While producing oral snoring, subjects’ nostrils are completely closed with their
fingers, whereas they are asked to close their mouth while snoring nasally. Before
recording, the author firstly explained the objective of this study to subjects and

obtained the informed consent from all of them.

4.2.2 Similarity between simulated and actual snoring sounds

In this section, the author summarizes the discussion about the similarity between
simulated and actual snoring sounds reported in our previous paper[15].

In the oral simulated snores, the author can find an intensity peak at over 1kHz
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(figure 4), which is also found in the actual snores the site of which is known to
be the tongue base[19]. The tongue base snoring tends to occur with an open oral
airway[8][20]. These conventional reports about the acoustic properties of actual
oral snores are consistent with those of simulated oral snores the author obtained.
In addition, Herzog, et al, have reported that simulated oral snoring sounds are
equivalent to the actual (nocturnal) ones according to the peaks of power spectrum
[21],]22].

In the case of nasal simulated snores, the author can find clearly periodic wave-
forms and the sound spectra which consist of lower frequency components below
500Hz. Such acoustic property is also found in the natural snores the sound source
of which is the soft palate[8][19]. It has been reported that the palatal snoring
occurs with the oral airway closed[8], and the inspiratory nasal snores have a fun-
damental peak with associated harmonic peaks[23]. These conventional reports
about the acoustic properties of natural nasal snores are consistent with those of
simulated nasal snores the author obtained.

Based on these literature findings, it is possible that the simulated snoring
sounds are similar (not necessarily equal) to the natural ones produced by snorers
during sleep. Moreover, there are several merits in adopting simulated snoring:
(1) most subjects were unwilling to allow us to record their actual snoring sounds
during sleep, and (2) simulated snoring has also been adopted in medical studies
[13], [21], [22], [24]. Therefore, the author decided to deal with simulated snoring

sounds in this paper.

4.2.3 Episode Selection and Subsequence Extraction

Snoring sounds produced by each inhalation (called episodes) are cut out one by
one manually, as is also done in ref. [25]. Although a snoring sound is defined as the
sound of pharyngeal vibration triggered by airflow turbulence across a narrowed
upper airway|26][27], some episodes sound like simple sleep noises (wheeze sounds)

rather than snoring sounds (vibrational sounds). It is necessary to discriminate
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Figure 4.2: The waveforms and amplitude spectra of nasal snoring sounds

snoring sounds from simple wheeze sounds.

We can easily discriminate these sounds by listening them, but it is difficult
to realize the automatic techniques [25]. So, the author thought that the manual
discrimination would be more reliable. In addition, the author decided to use
the episodes that all three persons can recognize as snores for more objective
evaluation. The episodes that one or two persons rejected are not adopted as
snoring episodes. This method is also adopted in ref.[25].

Since within the episode the snoring dynamics is gradually or suddenly changing
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Figure 4.3: The waveforms and amplitude spectra of oral snoring sounds

as time passes[12][24], the author also cut out the short-time subsequences whose
length is 0.2 seconds from the episode at every after 0.1 seconds. As a result, the
author obtained 1107 nasal, and 1384 oral subsequences from all recorded data and
those are defined as our classification targets. The obtained subsequences are the

same as the ones used in our previous work|[15].
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Figure 4.4: Discrete amplitude spectra and elements of the feature vector.
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4.3 Feature Extraction Method

Firstly, all subsequences are transformed to the frequency spectra using Fast Fourier
Transform (FFT) with Hanning window function. According to the digital signal
processing theory, the FF'T amplitude spectrum is a set of discrete spectral values
at every bHz (the inverse of the subsequence length; 0.2 seconds) in the frequency
domain. Since it has been reported that snoring sounds mainly consist of lower
2kHz components[8], the spectra are low-pass filtered with 2kHz cut off frequency.

Figures 4.2 and 4.3 show, respectively, representative subsequences and the
amplitude spectra of oral and nasal snores recorded from different subjects respec-
tively. Each spectrum is composed of d(= 2000/5 = 400) discrete points. The
difference between oral and nasal snores is clearly recognizable; nasal snores are
composed of lower frequency components below 500Hz whereas oral ones are com-
posed of not only lower frequency components but also the intensity peak above
500Hz.

According to Quinn, et al, [8] lower frequency components indicate the vibration
of soft palate, while the higher frequency components indicate the airflow noise
which occurs around the tongue base (see figure 4.6). Since open mouth tends to
make the upper airway around the tongue base more collapsible[28], oral snoring
may consist of both the soft palate vibration and the tongue base noise as well.
This is a biomechanical rationale for using the spectral properties to classify oral
and nasal snoring sounds. But the original spectra have too many data points to
represent the spectral form, so it is necessary to reduce some redundancy in these
spectra.

In this paper, the amplitude spectrum is averaged over Af Hz band shown
in figure 4.4. The averaged spectrum is defined as c-dimensional feature vector,
x; = (T4, Tio, -+, i) Where ¢ = 2000/ A f is the number of spectrum division and
x;; is the averaged value of the amplitude spectrum from j-Af Hz to (j +1) - Af

Hz. Naturally the value of ¢ should be determined to the suitable value to obtain
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a high performance.

4.4 Classification Method

4.4.1 Support Vector Machine

A Support Vector Machine (SVM) is a nonlinear two-class classifier that determines
the unique hyper-plane by maximizing the distance from it to the nearest data point
on each class.

Let x; and y; € {41, —1} be the feature vector of the ith subsequence and its
class label (41 and -1 mean "oral” and "nasal” respectively), the dual form of this

optimization problem turned out to be a quadratic convex programming as follows,

N 1
maximize ; @G =3 ; a0y, K (x4, %) (4.1)
subject to 0<a; <C (4.2)

i=1

where o; is a Lagrange multiplier, and K (x;,X;) is a kernel function that means
the dot-product in high-dimensional Hilbert space, and C' is the penalty factor.

In this study, the kernlab package in R, a statistical software, was used to train
the SVM, which is implemented by SMO (Sequential Minimum Optimization)
algorithm, one of the simplest and the most effective techniques[29]. The optimal

classification function is determined as follows:

y(x) = sign <Z oy K (x;,x) — b*) (4.4)

i€S
where S is a set of the indices of support vectors, a; is a solution of the op-
timization problem, and b* is the bias parameter that can be determined by the

optimal solution.
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4.4.2 Kernel Functions

Many kernel functions have been proposed so far, and the author firstly decided to
adopt five representative kernel functions: linear, polynomial, sigmoid, Gaussian,
and Laplacian. Moreover, based on the feature vectors described in section 3,
the author also adopted the chi-square (x?) kernel and the Kullback-Leibler (KL)
kernel. All kernel functions adopted here are as follows:

The x? kernel is firstly introduced by Chapelle[16], et al, for the purpose of
histogram-based image classification. They demonstrated that this kernel function
is especially useful for histogram-based feature vectors and leads to a better re-
sult in comparison with Euclidean distance based kernels (namely, Gaussian and
Laplacian).

The KL kernel is relatively novel and firstly introduced by Moreno, et al [17],
for multimedia applications. This kernel function is based on the KL divergence,
a measure of dissimilarity between two probability density functions. Ishigaki, et
al, [18] applied it to the SVM-based spectral classification for early fault diagnosis
of the LP gas pressure regulator and demonstrated that the SVM with KL kernel
is the best among 6 kernel functions (polynomial, Gaussian, Laplacian, sublinear,
x?%, and KL). They also reported that the KL kernel is especially robust for the
shift of the spectral peak position in the frequency domain.

As for KL kernel, a symmetric version of KL divergence, which satisfies the
axiom of distance, is generally adopted in conventional studies[17][18], so the author
also used this type of KL kernel in this paper. In order to use these kernel functions,
the best parameters should be selected under some restrictions to satisfy Mercer’s

condition and to avoid some numerical problems.

4.4.3 A Criterion for Finding the Best Parameters

In the literature of the application of SVMs, the optimal value of C' is determined
to the value ranging in one decade steps from 0.01 to 100 in refs.[30][31]. So, the
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Table 4.1: Kernel functions for the SVM used in this study

Kernel Name Definition Parameters
Linear K(x,y) =xly none
Polynomial Kx,y) = (xTy +¢)? ¢, d
Sigmoid K(x,y) =tanh(fxTy +¢) | B,c
Gaussian K(x,y) =exp(=B|x—yl[[*) | B
Laplacian K(x,y) = exp(— ﬁ||X yll) |8
X K(x,y) =exp(=5- D(x,y)) | B
D : (i — y)?
(Xa}’)—; " 6
Kullback-Leibler | K(x,y) =exp(—03-I(x||y)) | 8
d
I(xlly) = 3 (@ —yi)log = | 8
i=1 ‘

author also sets C'-parameter to this range. But if C' = 0.01 or C' = 100 is the best,
the author additionally investigates more results when C' = 0.001 or C' = 10000.

The parameters of polynomial kernel (¢, d) should be adjusted to positive values
so as to satisfy Mercer’s condition and d is theoretically a positive integer. But
it took a very long time to solve the optimization problem when the author sets
d > 8, so the author adjusted this value to be less than 8.

The parameter of 3 except for sigmoid kernel should also be set to a positive
value so that a kernel matrix is positive definite. Thus, the author roughly deter-
mines 3 to the value ranging in one decade steps from very low (1071%) to very
high (10%°) at first. After that, the range in which the classification rate (calcu-
lated under the LSO test described in the next section) becomes greater than 0.7
is specified and the parameters are reset to the value from this range in 0.1 decade
steps. The parameter of ¢ for polynomial kernel are also determined based on the
above criterion. The concrete range where the classification rate is greater than
0.7 is shown in table 2.

In the case of sigmoid kernel, the likelihood of obtaining a kernel matrix that is

not positive definite is much higher if ¢ is negative[32]. Meanwhile it is also known
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Table 4.2: The concrete values of kernel specific parameters for obtaining the best
classification accuracy under the LSO test when Af is determined to 500.

Kernel Parameter range for adjustment Optimal
Linear C =0.01,0.1,1,10, 100 C=10
Polynom. | ¢ = 1072,10~*9,1078, ... | 10? c=10%2
d=1,2,3,4,5,6,7 d=3
C =0.01,0.1,1,10, 100 Cc=1
Sigmoid | ¢= 10711079 1078 ... 10° c=10"18
ﬁ — 10—4’ 10—3.9’ 10—3.87 - 10—0.1’ 100 B — 10—1.8
C =0.01,0.1,1,10, 100 C=10
Gauss B=10"%10"3,1073%, ... 10° B =104
C =0.01,0.1,1,10, 100 C=0.1
Laplace | 8 =107%10"°Y,107°% ..., 10¢ B = 10"t
C =0.01,0.1,1,10, 100 C=0.1
X2 6 — 10—5’ 10—4.9’ 10—4.87 e 100 B — 10—2.1
C =0.01,0.1,1, 10, 100 C =
KL B =10"%10"%,1073%, ...  10° B =10"01
C =0.01,0.1,1,10, 100 C=

that 8 > 0 and ¢ < 0 are better choice in many cases [33]. So, the author decided
to adjust these values to from very low negative (—10'%) to very high positive (10'%)
at first. After that, the author precisely resets these values to the range, shown in

table 2, in which the classification rate becomes greater than 0.7.

4.4.4 Comparison with the Other Classifiers

In this chapter, SVM is adopted to classify the spectral properties of snoring sounds
with various kernel functions, but it does not guarantee the best method for the
spectral classification. For the purpose of performance comparison, the other clas-
sifiers such as k-Nearest Neighbor method (k-NN), Multilayer Perceptron (MLP),
Learning Vector Quantization (LVQ) are also adopted to classify oral and nasal
snoring sounds.

In the same way as the SVM, classifier-specific parameters have to be adjusted

to a suitable value so as to obtain the best classification performance. Those
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Table 4.3: Four classifiers adopted to discriminate oral and nasal snoring sounds
for comparison

Classifier | Specific parameters Representation
k-NN the number of neighbors k
MLP the number of neurons in the hidden layer Ny,
LVQ the number of code-book vectors N,

parameters are listed on table 4.3. For comparison, the classifiers adopted here are

quite general and have been widely used traditionally in various field[34][35][36].

k-Nearest Neighbor method

In the case of k-NN method, the number of neighbors (k) is adjusted to from 1
to 20 by 2 steps shown in table 4.3, and the author used Euclid distance as the
dissimilarity between two feature vectors. In this method, the classification result
is the majority class among the k nearest training data closest to the input. This

method is also adopted in section 3.

Multilayer Perceptron

The structure of MLP is three layers (input, hidden, and output). Since it receives
4-dimensional feature vectors as the input, the number of neurons in input layer is
four. Similarly, there is the only one neuron in the output layer whose output is 1
(if oral) or O (if nasal). The number of neurons in hidden layer, NV, is adjusted to
from 1 to 20 shown in table 4.3. The connection weights are updated with Back-
Propagation (BP) learning. The classification rate is averaged over 20 iterations

with different initial weight values.

Learning Vector Quantization

In the case of LVQ), there are various LVQ algorithms such as LVQ1, LVQ2, LVQ3,
and OLVQ1, which are somewhat different from each other. In this study, the au-
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thor adopted LVQ1 algorithm. The number of codebook vectors, N, , are adjusted
to from 10 to 800 by 20 steps (see table 4.3).

4.5 Performance Evaluation Methods

4.5.1 10-fold Cross Validation Test

In this paper, the author evaluates our method by calculating the ratio of correctly

classified data with 10-fold Cross Validation test as follows:

1. Divide all data randomly intol0 groups expressed by Gi,Gs, -+ ,G1g

2. 7+ 1

3. Vx € G, are used as test data, while the data belonged to the remainder
groups, Vx € Gy, are used as training data.

4. Solve the optimization problem expressed by eqs.4.1 and 4.3.

5. The SVM with the optimized parameters classifies the test data into ”oral”
or "nasal” categories.

6. The ratio of correctly classified test data, R;, is calculated.

7. 7+ 7+ 1 and go to step 3 while 7 < 10

8. The classification accuracy of all data is calculated by R = Zjﬂl |G5IR; /251Gyl

This method is generally used in order to evaluate the classification results in
many problems[36]. In this paper, the classification accuracy is averaged over 20

iterations with different random values.

4.5.2 Leave-Subject-Out Test

The Leave-Subject-Out (LSO) test was also used in our previous works[14][15] so as
to evaluate the effect of the individual difference to the classification performance.
In this test, all subsequences obtained from the same subject are allocated to the
same group in step 1. Namely, the number of groups is equal to the number of

subjects. The other procedure is the same as 10-fold CV test.
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If the individual difference is higher than the difference between oral and nasal
snore data, the classification result calculated with this test may become lower

than that with 10-fold CV test.

4.6 Results and Discussion

4.6.1 The Optimal Parameter of Af and the Best Choice of Kernels

In order to find the optimal value of Af, the author used SVM with five kernel
functions respectively under the LSO test. Figure 4.5 shows classification accuracy
of oral and nasal snoring sounds against the coarse width of frequency (Af). The
classification accuracy at every Af shows the best result obtained with the SVM
when the parameters are determined to the range shown in table 4.7.

At every Af Hz, the accuracy of KL kernel is relatively higher than those of
the other kernels, especially when A f is lower. The highest classification accuracy
is obtained at Af = 500Hz in every kernel, so it is found out that the optimal
dimension of feature vector is four, and the KL kernel is the best among our
adopted five kernel functions.

Table 4.5 shows the classification accuracy in more detail when the parameters
are determined to the optimal values shown in table 4.7 and Af is 500Hz. From
this result, there are no clear difference among five kernels under the 10-fold CV
test (around 96%). But, in the case of LSO test, all kernel functions achieve good
results (above 93% at least), and the KL kernel achieves the best result (95.74%).
As far as the author considers from these results, KL kernel seems to be the best
choice. But the accuracy with KL kernel is only 0.8% higher than that with y?
kernel, so the author cannot necessarily advocate that the KL kernel is better than
x? kernel. In addition, since the classification accuracy with Gaussian kernel is
0.02% higher than that with Laplacian kernel, it is natural to consider that these
results are almost the same. The polynomial kernel may give the worst accuracy

among them, but it is above 93% and only 0.45% lower than the Laplacian kernel.
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Table 4.4: Classification accuracies of SVMs with five different kernels respectively

under the 10-fold CV and LSO test when Af is determined to 500.

Kernel Classification Accuracy
Nasal (%) Oral (%) Total (%)

Linear 93.59 +0.07% 92.63 +0.09% 93.06 £+ 0.06%
Polynom. | 96.95 +0.09% 96.45 £ 0.11% 96.67 + 0.09%
Sigmoid | 96.92 £0.15% 96.75+ 0.10% 96.82 + 0.09%
Gauss 96.17 £ 0.08% 96.75 +0.05% 96.49 + 0.04%
Laplace | 96.11 +£0.09% 96.88 +0.06% 96.53 + 0.05%
x> 97.10 £ 0.15% 96.80 +0.18% 96.93 + 0.12%
KL 96.72 + 0.08% 96.68 +0.06% 96.70 & 0.05%

Table 4.5: Classification accuracies of SVMs with five different kernels respectively

under the 10-fold CV and LSO test when Af is determined to 500.

Kernel Classification Accuracy
Nasal (%) Oral (%) Total (%

Linear 1026/1107 (92.68%) 1236/1384 (89.30%) 2262/2491 (90.81%)
Polynom. | 1046/1107 (94.49%) 1284/1384 (92.77%) 2330/2491 (93.54%)
Sigmoid | 1048/1107 (94.67%) 1285/1384 (92.85%) 2333/2491 (93.66%)
Gauss 1054/1107 (95.21%) 1290/1384 (93.21%) 2344/2491 (94.10%)
Laplace | 1051/1107 (94.94%) 1290/1384 (93.21%) 2341/2491 (93.98%)
e 1064/1107 (96.12%) 1301/1384 (94.00%) 2365/2491 (94.94%)
KL 1067/1107 (96.39%) 1318/1384 (95.23%) 2385/2491 (95.74%)

In summary, the KL kernel is the best choice if Af is set to below 500Hz. But,
in the case of Af = 500Hz, there are no clear differences among the classification
accuracies obtained with five kernel functions, and at least over 93% of snore
subsequences are correctly classified by the use of any kernel functions under the

LSO test.

4.6.2 Individual Differences and Reliability

If there are significant individual differences in our data and the number of subjects
is relatively not enough as well, the classification rate under the LSO test becomes

much lower than that under the 10-fold CV test. So, the comparison between these
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Figure 4.5: Classification rate against various A f parameter estimated with SVM

tests indicates whether our results are reliable or not.

From table 3, the classification results under the LSO test are about 1-3%
lower than the other. There seem to be slight individual differences in our data,
but the results are fairly objective and the performance is sufficiently good: at
least over 90% under the LSO test. Many subjects are in general preferable for
objective evaluation, but, as far as the author investigates the classification results,
15 subjects are fairly enough to obtain the objective results. In fact, the number
of subjects in some much-cited papers[5][7][8][19][25][23] is in the range from 10 to
20.

4.6.3 Comparison with Our Conventional Method

Finally, the author compares our results with the conventional method which has
been proposed by the authors[15]. In our conventional method, two acoustic prop-

erties of snoring sounds are firstly extracted: fundamental frequency (f;,) and the
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Figure 4.6: The average of feature values on each dimension when A f is determined
to 500.

maximum of the amplitude spectrum (M) in a specific band from 700Hz to 1.4kHz.
After that, 2-dimensional feature vectors composed of f, and M are made for all
data, and the classification accuracy is calculated using k-Nearest Neighbor method
under thelO-fold CV test and the LSO tests. Table 4.6 shows the classification ac-
curacy which has been reported in ref.[15]. Compared with the table 4.5, the best
classification accuracy in this paper is about 5% higher than that reported in our
previous study. So, the author analyzes the data that are miss-classified with the
conventional method, but correctly classified with our method in this paper.
Figure 4.7 shows the waveforms and the amplitude spectra of such data. Ac-

cording to these panels, they are not periodic waveforms and there are no clear
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Figure 4.7: The waveforms and amplitude spectra of non-vibrational sounds in oral
(upper two) and nasal (lower two) snoring

prominent peaks in the lower frequency domain as well. They are derived from the

turbulence noise that occurs when the airflow pressure is not enough to generate the

palatal vibration. From the biomechanism of snoring, these snores are so-called un-

voiced sounds, whereas the vibrational snores voiced sounds [25]. The fundamental

frequency of unvoiced sounds are not determined and becomes meaningless by the

use of Harmonic Product Spectrum (HPS), a method for fundamental frequency

estimation, which is adopted in our previous work.

However, by the use of our method in this paper, these unvoiced snores can
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Table 4.6: Classification accuracy estimated with the conventional method in our
previous work|[15]

Test Classification Accuracy

Nasal (%) Oral (%) Total (%)
10-fold CV | 1014/1107 (91.60%) 1289/1384 (93.14%) 2303/2491 (92.45%)
LSO 964/1107 (87.08%) 1268/1384 (91.62%) 2232/2491 (89.60%)

also be classified correctly, because snoring sounds through nose do not have any
frequency components above 500Hz even if they are not periodic, and the most com-
ponents are intensively concentrated in the lower frequency domain below 500Hz.
In addition, unvoiced oral snores do not have any lower frequency components be-
low 500Hz, but have higher ones above 700Hz. Namely, the rough spectrum below

2kHz is sufficiently effective for such classification.

4.6.4 Miss-classified Spectral Features

The SVM seems to be powerful for the purpose of classifying oral and nasal snor-
ing sounds, since over 95% classification rate can be obtained at most under the
LSO test. But there are still some spectral features that cannot be classified cor-
rectly. Figure 4.8 shows the representative miss-classified data that the author
investigated.

In these spectra, the author can find some irregular peaks on the frequency
domain. In the upper two panels that show the miss-classified oral snoring sounds,
the spectral components are concentrated on the lower frequency domain which
are similar to the nasal snoring sounds shown in figure 4.2. The author can find
some peaks in the range above 500 Hz, but compared with the lower frequency
components they are not prominent enough to be recognized as oral snores.

In the case of the miss-classified nasal snoring sounds shown in the lower two
panels, the spectral components are almost equally distributed. These waveforms

are not classified to nasal snoring sounds, because the lower frequency components
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Figure 4.8: The waveforms and amplitude spectra of miss-classified oral (upper
two) and nasal (lower two) snoring sounds

below 500Hz are dominant over the spectral properties of nasal snoring sounds.

4.6.5 Computational Time

In this experiment, the author used the kernlab, a package for kernel-based machine

learning methods in R. All programs are executed on the R software installed on

the Apple’s Mac mini with 2.4 GHz Core2Duo CPU and 4GB memory. Except for

the polynomial kernel with higher degree greater than 2, it takes 0.94 seconds on

average to solve the optimization problem defined as egs.1 and 2. This package is

implemented with the Sequential Minimum Optimization (SMO) algorithm.
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Table 4.7: Specific parameters of classification methods

(Classifier | Parameter range for adjustment | optimal
k-NN k=1,3,5---,37,39 k=11
MLP N,=1,2,3,---,19,20 N, =14
LVQ N, = 100,120, 140, - - - , 780,800 | N. = 260

But if once the optimization problem defined as egs.1 and 2 is solved in advance,
the computational effort is only required to calculate the classification result using
eq.3. For our 2491 spectral data, it takes about 25 seconds to make the feature
vectors by following the feature extraction method in section 3 (executed by inter-
preter) and 80 milliseconds on average to calculate the classification results using
eq.3 (executed in native code). If the feature extraction process is implemented in
native code, the computational time for feature extraction is drastically decreased.
In any case, the computational time can be estimated at less than 10 milliseconds
(= (25 seconds + 80 milliseconds) / 2491 subsequences) at most.

Actually, the computation time depends highly on the hardware performance.
But this result is efficient enough for consideration of real-time processing if our
method is run on the home medical device equipped with an equivalent performance
CPU, because the next subsequence comes every 0.1 seconds. This is long enough

to finish calculating the classification result of the current subsequence.

4.6.6 Comparison with Other Classifiers

Classification performance is evaluated under leave-subject-out (LSO) test. Figure
4.12 shows the classification rate when using four classifiers as well as SVMs with
three kernels. In the case of MLP and LVQ), classification rate is averaged over 20
iterations with different initial weights. Since the results are not so much different
from each other, every classifier can be adopted for the purpose of oral and nasal
snore classification. But, the results of SVM-based classification are relatively

better than the other classification methods. In addition, the results of LVQ and
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E-NN are slightly higher than those of CART and MLP.

The result of MLP is pretty surprisingly worse than those of the other methods
except for CART. When using MLP, there are some annoying problems which may
trap in a local minimum. Indeed, the author found that the total classification
rate of MLP sometimes reached over 92%, but in many cases it could not be over
92%.

Similarly, the initial setting of LVQ is generally done at random, which leads to
the convergence to one of the local minima. Even if the parameters are determined
to the optimal value shown in table 4.7, it is not necessarily guaranteed that the best
unique solution will be found. Therefore, in the case of MLP or LVQ, some trials
should be done with different initial weights so as to obtain a good performance.

In the case of kNN method, the classification performance is relatively good.
The input feature vector is compared with all of the reference data (with class
labels) stored in advance in this method. This means that the computational cost

becomes exponentially higher as the number of reference data is increasing. In this
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Figure 4.12: Recognition rate of all classifiers under the LSO test

experiment, the total number of subsequences is 2491 obtained from 16 subjects,
but the problem of computational cost will be given rise to if more and more data
are used for this classification.

From those points of view, it is said that the SVM is the best choice according

to the following reasons:
1. The optimal classification boundary can uniquely be determined.

2. Once the optimal solution is determined, the classification result is easily

obtained by only calculating eq.4.4

3. With KL kernel, the classification performance can reach the best compared

with other methods, including other kernels.
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4.7 Conclusion

In this paper, the author adopted an SVM with seven kernel functions (linear,
polynomial, sigmoid, Gaussian, Laplacian, x?, and KL) for classifying oral and
nasal snoring sounds. The author can obtain around 96% classification accuracy
under the 10-fold CV test and at least over 93% under the LSO test using every
kernel function. The best accuracy reaches over 95% by the use of KL kernel under
the LSO test, but there is not so much difference among seven kernel functions.
Compared with our previous work, the classification accuracy is improved at the
rate of about 5% by the use of our method.

As for computational time, SVM-based classification process has to be com-
pleted within 0.1 seconds. Even in our computation environment (Mac mini with
Core2Duo CPU, 4MB memory, and implemented in R code), the classification has
been finished within 10 milliseconds. Naturally, the computational time does not
necessarily depend on the CPU performance but on the other factors as well. But
our method is efficient enough to realize a real-time processing if the computer’s
performance is almost the same as our computer.

Compared with the other classification methods, the SVM with any kernel
functions are a bit better than the other methods in the point of classification rate
estimated under the LSO test. Moreover, the optimal classification boundary of
SVM can uniquely be calculated whereas that of the MLP or LVQ cannot. In
addition, the computational cost is exponentially increasing with the number of
training data for kNN method.

Future works are listed bellow:

1. It is necessary to extract only snoring sounds from the recorded data con-
taminated with the other artifacts such as ambulance, dog’s barks, taking

while sleeping, linen noise, and so on.

2. The quantitative relation between the number of oral snores and the severity

of OSAS should be clarified.
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3. A method that can estimate the severity using the frequency of oral snores

should be developed.
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Chapter 5

Conclusion

5.1 Contributions of this Thesis

This thesis analyzed the upper airway MR images where the enlargement of the
upper airway soft tissues is identified, and the snoring sounds which occur when
the inhalation airflow passes through the narrowed upper airway, so as to realize
the automatic classification of OSAS.

Firstly, the upper airway MR images of OSAS patients are focused on and the
usefulness of the morphological feature of the tongue region and the cross sectional
area of the narrowest upper airway is indicated for the classification of severe OSAS.
Concretely, it is clarified that the directions from the center of tongue region to
the back of the tongue and to the hyoid bone are the most correlated features with
AHI. As a result of classifying the severe OSAS using multi-regression analysis
with those features, the true positive ratio is 0.909 and the false positive ratio is
0.476. Those features have an advantage for us to be able to evaluate OSAS more
simply and more objectively than traditional methods such as visual examination
of the oropharynx and X-ray image based cephalogram.

Next, the author focused on oral snoring found in many OSAS patients, pointed
out the difference between the acoustic properties of oral snores and those of nasal
ones based on the FFT amplitude spectra, and clarified the relation to the physi-

ological mechanism of breathing from the bibliographical point of view. By using

131



5.2 Future Works

those acoustic properties, about 90% of oral snoring sounds are successfully classi-
fied with k-Nearest Neighbor method. But there are some non-vibrational sounds
which do not have a fundamental frequency, and those data cannot be classified to
the correct category.

According to the acoustic properties of miss-classified data, the entire spectral
shape below 2kHz is adopted as a multi-dimensional feature vector instead. As a
result of using a SVM, the classification accuracy of oral snoring sounds is about
5% improved compared with the previous result. The result is discussed in the
context of individual difference, reliability, computational time, and comparison
with other classifiers and the good result is obtained in every point.

Based on the above result, the author quantified the morphological properties
of the tongue region, the cross sectional area of the narrowest airway in the MR
images, and the acoustic properties of oral snoring sounds which are typical symp-
toms of OSAS. In addition, he proposed the classification method and indicated
the usefulness of the proposed method.

5.2 Future Works

In future works, some pre-processing before feature extraction is done manually
in this study, and thus it should be improved to be automatic. Moreover, the
enlargement of the soft palate or the uvula are also useful for OSAS classification.
It is expected that the classification accuracy will further be improved if a concrete
method to quantify the enlargement is also proposed.

As for snoring sounds, it is necessary to clarify actual snoring sounds in detail.
Although Herzog and colleagues indicated that the acoustic properties of simulated
snores are not so different from those of actual ones, this difference should be
analyzed in more detail.

A hybrid method which combines image-based classification and sound-based

classification will probably become a powerful technique compared with the meth-
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ods proposed respectively in each chapter.
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