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Abstract

Fluid accumulation in the necliue to rostral fluid shift during sleegan increase the tissue
content surrounding the ppr airway andvorsen the severity of obstructive sleep apnea (OSA),
a respiratory disorder occurs due ttee upper airwaynarrowing Since foring sounds are
generated byhe vibrations of upper airway due to its narrowjmgirpose othis thesiswasto
explore the potential of the snoring sourfdaturesto monitor upper airway anatomgarea or
length during sleepand tissue contenA modified subjectspecific acoustic model for snoring
generation was proposemdcompared with measuradsultsfrom remrdedsnoringof human
participants.We found the only factor that significantly contribditeo snoring intensity was
upper airwaynarrowing while snoringspectral frequencies wemegatively correlated with
increasedissue contenand OSA severity The® results encourage tipetential useof snoring

sounds analysis to assess upper aimayowingandtissue content
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Chapter 1

1 I ntroducti on

1.1 Moti vati on

Obstructive sleep apnea (OSA) is a common breathing disorder during sleep affecting around 4
14 % of men and-Z% of woma above the age of thirfit]. Previous studies have shown that
OSA causes hypersomnolenaagnitive impairmen{2], increases the risk of stroke by 4 times

[3], heart failure by 3 timefgl, 5], and car and work related accidents b}02times[6-8]. In the

United States alone, economic costs of sleapapre estimated to Imeore than$65 billion
annually[9]; and it is increasing, as the population ages and becomes more obese and more
sedentaryFurthermore because ofhe codsly sleep studiesn sleep laboratorypeople do not

want to undergoni a sleep study. As a resuttpre than 90% of patientgho areat risk of OSA

remain uiagnosed10].

OSA occurs due to repetitieollapsesof upper airwa resulting inpauses irbreathingfor more

than 10 second&pnea) oroccurrenceof abnormal low breathing flow (hypopnea) during
sleep[1]. However, he cause of airway collapse during sleep is still unclear and understanding
the mechanism for collapsmnresult in alternative and personalized treatm¢hi3. Several

factors such as increased tissue content in the neck including increased pharyngeal fat and edema
[1], or reduction in pharyngeal dilator muscle tone at sleep [@hseay contribute to the upper

airway narrowing during sleepurthermore, rostral fluid shift from the legs into the neck during
sleep can increase the kedtuid volume (NFV) and further increase the upper airway resistance

and collapsibility[12, 13]. The gold standard techniques to monitor the upper airway anatomy

during sleeq(i.e. its narrowing, length, airwayall thickness) are based &fRI or endoscopy



which are costlyjnconvenient, and could change the normal patterns of breaifiegefore,
developing a convenient and nmvasive technique to monitor the upper airway anatomy during

sleep could improve thmanagement of OSA.

Respiratory or snoring sounds analyssa norinvasive and convenientvay to invesgate
varigions in the upper airway anatomy amaonitor its obstructon during sleep.Furthermore,
acoustic featuresf the respiratory or snoringpgnds may change with the tissue composition
surrounding the upper airwalue to the rostral fluid shiffTherefore, te primary goals of this

thesis are to investigate the association between snoring sounds features and variations in the
upper airway anamy and changes in NFV during sleep. These results could be used to develop

algorithms based on snoring sounds for monitoring the upper airway narrowing during sleep

1.2 Background

1.2.1  Variations in Upper Airway Anatomy and Snoring Sounds Analysis
Previous studi®e have shown that narrowing in the upper airway is the main reason of the
generation of snoring soundis4, 15] Narrowing inupper airwaycan increase airflow speed
during inspirationAc cor di ng t o theotera, hiBiecreaseduwnirflow speed causes a
pressure dropacross the upper airwajl4]. This pressure drop leads to more negative
intraluminal pressure in the upper airway, which further narrows the upper airway and leads to
increased speed of airflow in the upper airwHyis sequence of eventauses théurbuence of

airflow and leads tohe vibration of thdissuesin the upper airwayi.e. soft palate, pharyngeal

wall) and induces the snoring sourig].

Since snoring is highly associated with OSA, previous studies have done a great amount of effort

to develop algorithms based on snoring sounds for diagnosis of[0&20]. Maimon et al.



analyzed snoring sounds from 1643 simple snorers and found that increases in the snoring sound
intensity were highly associated with severity of OB&]. Padillaet al. analyzed snoring
soundsfrom 19 patientsand foundthat first snoringsegmentafter an apnea evehiad more

power in high frequencies than other snoringnsexgts They further found that thepowerratio

of aboveto below800 Hz could be potential tooto differentiate simplesnorers fronsnorers

with OSA[19]. Fiz et al. studied 10 OSA patients and 7 singplerersandfound patients with

OSA had significantly lower peak frequency than simple sndfdefs Ng et al. investigated
snoringsounds of 3(patient withsevere sleep apneand 10snorerswithout sleep apneand

found snoring from BA patientsexhibited highefiirst formantthanthose from simple snorers

[21]. Azarbarzin et al. analyzed the bispectedtéires of snoring sounds and classified OSA
patients from simple snorers with 93% accuracy by using higher order features and energy of
snoring soundf22]. Ng et al.performed the nonlinear analysis of snoring sounds to predict OSA
severity and found that peak frequency and peak sum frequency of wax@éebence analysis

could be two potential diagnostic markers of O$23]. Although thee studies have
demonstrated that snoring sounds can be used for screening OSA, however the effects of
physiological and anatomical changes of upper airway during sleep on snoring sounds features

has not been investigated in details.

Several studies havenplementedhe finite element modelf24], mechanical moddI®5, 26]or
electrical equivalent of the upper airj2y] to simulatethe generatiorof breathing sounds and
to assess the effects apper airway narrowing and collapsibility dhe acoustideaturesof
breathingsounds But, very little emphasisvas given on modelling an upper airway for snoring

soundsgeneration t@assess the effects of upper airway anatomy on snoring sounds f§28res



29]. Therefore, adetailed study to understanbe effects of underlying mechanism of upper

airway anatomy during sleem acoustic features @horing sounds necessaty

1.2.2 OSA and Fluid Accumulation in the Neck

Althought h e r e 6 sl0%aof theugerteral population has sleep afdagaits prevalencas
increased almost five folih fluid retaining conditions likdeart failure or renal diseaf20-36].
Previous studies have providsgynificant evidencehat rostral fluid shift from the legs to the
neck whilesleeping increases tlileid accumulation in the nec&nd playa vital role in upper
airway narrowing[37-39]. They have shown thangreases irhe fluid volumesof the jugula
veins could cause an inwadispla@ment ofthe lateral walls of theipper airway, increase
pressure from outside of the upper airwagd consequentlynarrow the upper airway
Furthermore increasehydrostatic capillary pressure surroundingtissuesof the upper airway
could filtrate transcapillaryfluid into the interstitial tissues dhe neck andncrease interstitial
edema and eventually resultinrcreass of upper airwaycollapsibility [40]. Thus, they showed
that fluid accumulation in the ok increases the NFV, edema of the pharyngeal tissues and
consequentlynarrows theupper airwaywhich worsensthe OSA severity [41-45]; whereas
reducing fluid retention in the legs the daytimeandpreventingits rostral shiftin the nightcan

minimize OSA[38, 39]

Furthermore, previous studies hasieown that in older men> 40 yr old), theintravenous
infusion of about 2 liters of normal salidering sleep significaht increased th©SA severity;
assessed by thepneahypopnea indeXAHI), the occurrenceof apneasand hypopneas per hour
of sleep[46]. Converselyjn patierts with end stage renal disease, removing ar@ufkrs of

fluid by ultrafiltration canreduce theAHI by 36%][47]. These studies are further supported by



the postoperativeorsening of OS/Aseverity[48, 49] where patientseceive significant amounts

of fluid intravenously during and following surggAs.

These studies have proven the concept that Bomumulation in the neck could result in the
increases of pharyngeal tissue edema, cause significant variations in the upper airway anatomy

and play a vital role for development of OSA.

1.2.3  Fluid Accumulation in the Neck and Snoring Sounds analysis

There areseveral ways of measuring the NFV during sleep such as MRI and bioelectrical
impedance analysis. However, these methods are inconvenient and difficult to perform during
sleep. Conversely, snoring sounds analysis is a convenient method to predict thairnazper
anatomy. Sincesnoring sounds are generated due to the vibrations afpper airwaytissues
andwill be transmitted to the microphone placed at the neck through the pharyngealttissue
natural vibrations of the tissues surroundingupper aiway canaffectthe frequency spectrum

of the snoring sound3herefore, variations in snoring sounds features can be used to assess the

changes in tissue edema and NFV during sleep.

1.3 Obj ectives

The objectives of this study can be listed as follows:

I. To devéop a subjecspecific acoustic model of the upper airwfay snoring sounds
generation and propagation to investigate the effects of variations in the upper airway
anatomy during sleep on snoring sounds features.

i.  Toinvestigate the effects @hangesn the NFVon temporal and spectral featurestod

snoringsound.



14 Organi zation of the Thesis

The thesis is organized as follows:

This thesis has two major sections focused on 1) the stdgecific acoustic model of the upper
airway for snoring sounds geration and 2) investigation of changes in NFV on snoring sounds

features.

In Chapter 2, a subjespecific acoustic model of the upper airway is demonstrated. This study
has five major parts) acoustic modelling of the upper airway for snoring soundsrgéon; b)
investigating the relationship between upper airway anatomy and modeled snoring sounds data;
c) extraction and measurement of the acoustic features of snoring sounds that obtained from the
recording of breathing sounds during sleep studyndgstigating the association of measured
snoring sounds features with changes in the upper airway anatomy during sleep; €) comparison
between the modelling results and the measured results of recorded snoring sounds. All of them

are briefly described in Gipter 2. The work presented in Chapter 2 has been published in:

Shumit Saha, T. Douglas Bradley, Mahsa Taheri, Zahra Moussavi & Azadeh Yadallahi
SubjectSpecific Acoustic Modelof the Upper Airway for SnoringSounds Generation.

Scientific Report®, Article number: 25730 (201600i:10.1038/srep257360].

In Chapter 3, the association between the variations in the NFV during sleep and snoring sounds
features is demonstratethis study has two parts: a) investigating the relationship between NFV
and snoring sounds features; b) development of a simple spring and mass model that mimics the
effects of fluid accumulation in the neck on snoring sounds features. The work presented i

Chapter 3 is in process of submittingatgournal



Finally, Chapter 4 outlines the conclusion and future objectives of this research.

In Appendix A, the details of the temporal and spectral features of the snoring sounds are

demonstratethat describeth chapter 2

Appendix B represents the details of theodified subjectspecific acoustic model that is
described in chapter 2. In the appendix, the equations and the values of the different parameters

of the model are presented.

Appendix C representbe basics of the bielectrical impedance measurement and fluid volume
estimation. The derivation of the fluid volume estimation equation is represented in the

appendix.

Appendix D represents the detailed study protocol and data measurement of the study.



Chapter 2

2 A SubS§peail fic Acoustic Model
Ai rway for Snoring Sounds Ge
Upper airway Anatomy by Snor

The content of this chapter was published as a peer reviewed journal &tichait Saha, T.
Douglas Brdley, Mahsa Taheri, Zahra Moussavi & Azadeh YadollahiSubjeciSpecific
Acoustic Model of the Upper Airway for Snoring Sounds Generatidaientific Reports 6,

Article number: 25730 (2016), doi:10.1038/srep25[53).

The paper has ée n reproduced aselfeachivohg mpaicy Webtink:r e 6 s

http://www.nature.com/authors/polgs/license.html#Self archiving_poljcyNature publishing

groupdoes not require an individual to obtain a formal permission fosirey the materials in a

thesis (weHink: http://www.nature.com/reprints/permissioequests.html

Except for the formatting and some organizational and stylistic improvements, the content of this
chapter is almost identical to the aforementioned publication. Contribution of authors is as
follows: Shumit Sahaproposedthe modified model of the upper airway for snoring sounds
generation manually annotated the snoring segments from breath sounds and performed the
signal processing and statistical analysisadeh Yadollahi and Zahra Moussavi supervised all

the aspects of this work and edited and reviewed the paper. T Douglas Bradley and Azadeh
Yadollahi designed the experimental protocol and acquired all the physiological Miaitsa

Taheri helped in the manual annotation of snoring segments


http://www.nature.com/authors/policies/license.html#Self_archiving_policy
http://www.nature.com/reprints/permission-requests.html

This chapter dmonstrates a modified upper airway model for snoring sounds generation to
understand the effects of upper airway area and length on the acoustic features such as intensity

or resonant frequencies of snoring sounds.

21 I ntroducti on

Snoringis present in20%to 40% of the general populatifri], and isassociated with obesity,

nasal obstruction, use of alcohol and cigarfi®s Snoring sounds are generated blyration

of pharyngeal tissues due to the narrowing and the consequent increases in the turbulent airflow
in the upper airwgyt4]. Several factors such as increased pharyngeHl] fateduction in
pharyngeal dilator muscle tone at sleep da$eandrostral fluid shift from the legs to the neck

[53] may contribute to the upper airway narrowing during sleep. However, the underlying
mechanisms of the upper airway narrowing are multifactorial and may changenifybtmto

night in the same individugl1]. Consequently, it is difficult to use imaging techniques such as
MR | or endoscopy to investigate variations

narrowing, collapsibilitypr airway wall thickneg54].

On the other hand, snoring sounds can be recorded conveniently with a microphone placed on
the neck, or in the vicinity of the patient in the room. Snodagbe asign of obstructive sleep
apnea (OSAPS5]; a common respiratory disorder present in approximately 10% of adult
population. GA is characterized by repetitive completepartial collapse of the upper airway
during sleefl]. Consequently, most of studies on acoustic analysis of snoring sounds focused on
the association between OSA severity amdvariety of snoring sounddeaturessuch as
intensity18], power spectral measuf#g], bi-spectraland nonrlinear measureg23], formant
frequencieg21] andtemporalfeatures However very little emphasisvas placed othe effects

of variations in thaipper airway anatomguring sleen snoringsounddeatures. Liu et al. used



10

a 3D model othehuman head to identify theurce ofsnoring soundshowever, the modetas
computationally intensive and highly dependent on having an accurate 3D model of the head for
every individual[28]. Ng et al. developed an electrical equivalent model of the upper airway to
investigate the effects of upper airway narrowing on spectral featuresoahg soundg9].
Theyobservedyeneral agreement between #ipectral features of simulateddactualrecorded
snoringsoundsin 40 subjects. However, since they did not measureupiper airway cross
sectional area (UASA) in their population, a detailed subjesgecific validation of the model

to assess the effects of upper airway narrowimghecharacteristics afecorded snoringounds

was missing.

To address this gap, we aimed to develop gestibpecific acoustic model of the upper airway

for snoring sounds generation. Based on the physics of sounds generation in a tube, we
hypothesized that snoring sounds intensity will be directly related to narrowing of the upper
airway, and the resonantfjuency of snoring sounds will be inversely related to the length of
upper airway. To have a subjegecific model, we measured theck circumference (NC),

upper airway length (UA_.ength) andJA-XSA of human participants and incorporated them in

the moe! for snoring sounds generation. For every individual, the modelling results for snoring
sounds intensity and resonant frequencies were compared with those measurestdroled

snoring sounds in the same individual during sleep

22 Resul t s

2.2.1 Baseline Characteristics of participants

Twenty men participated in a daytime sleep study and their sleep was assessed with-a full in

laboratory polysomnography (PSG) (See methods section for defilsle 2.1 shows the
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baseline characteristics of the subjectshéligh this was a daytime study, participants slept for
an average of 150 minutes (Table)2 and 14 out of 20 had at least one full sleep cycle,
including both rapid eye movement (REM) and 1RIEEM sleep stagefarticipantsspent most

of the sleep time irstage 2 of notREM (N2) sleep (Tabl@.2). The participantshad a wide
range of OSA severityas assessed by apregpopnea indexAHI, number of apneas and
hypopneas per hour of sleepine subjectshad no or mild sleep apnea (AHI < 15), five had

modera e sl eep apnea (15 O AHI < 30) and six had

Table 2.1 : Characteristics of the participants (n=20)

Variable Mean + SD
Age, years 45.1+11.4
Height, cm 176.9+£6.3
Weight, kg 79.0 £10.7
Body Mass Index, kg/f 25.4 + 3.05
Neck circumference , cm 41.8+29

Upper Airway CrossSectional Area, ch | 2.6 + 0.6

Velum to Glottis length, cm 9.1+£1.8

Systolic Blood Pressure, mmHg 110.6 £ 8.5

Diastolic Blood Pressure, mmHg 76.0 £ 83
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Table 2.2: Sleep structure (n=20)

Variable Mean + SD
Total sleep time, min 150.1 £46.1
N1 sleep, % 18.0+10.4
N2 sleep, % 57.2+15.1
N3 sleep, % 11.5+12.9
REM sleep, % 10.7 £ 8.1
Sleep efficiency, % 74.7+15.0
Total AHI, /h 27.6 £25.8
Obstructive AHI, /h 255+ 257
Central AHI, /h 2.0+2.67

Before and after sleep, while subjects were supine, NC was measured with a measuring tape, and
UA-Length and average of UKSA (both fromvelum to glottis) were measured with acoustic
pharyngometry (See methods section for detafshm before to after sleep, there were
significant i ncr easansp<0.00l) &G de(reade€in WA A5 (&UB . 3
XSA: -0.4 + 0.3cn?, p<0.001)As we have shown before, these changes could be due to rostral
fluid shift from the legs to the necWhile supine[56]. Airway wall thickness which was
estimated bsed on NC and UASA, increased from before to after slegp:0.2£t0.08 cm,
p<0.001). There was a strong correlation between reductions iK&Mand increases in airway

wall thickness (r=0.73, p<0.001).
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Figure 2.1: Segmentation of snoring sounds from breath soundg(a) Extracted snoring
segments from a 10 seconds recording of breath sounds; (b) Spectrogram of the extracted snoring
segments as presented in (a). In all frequency bands, snoring soundsyimiers larger than

those of the inspiratory and expiratory breath sounds without snoring.
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2.2.2  Snoring Sounds Features

Snoing and breath sounds were recorded with a microphone attached to the neck (See methods
section for details). Sniorg segments were #acted manually by listening to tleundsand
observing them in the timand frequency domam Fig. 2.1 shows a 1&econd sample of
recorded breatsounds along with themanual annotation of the snoring segme¥ithile both
inspiratory and expiratorynering were detected, since the snoring mechanisms may be different
during inspiration and expiration and inspiratory snoring are more common, only inspiratory

snoring were investigated in this study.

For every individugl 342+223 inspiratorgnoringsegnents were extracted (134.2+961foring
per hour of sleep)he snoringsegments were bafghss filtered in the frequency range of 100
4000 Hz to remove the effects of hesmundsn thelow frequency range as well agtraneous
noisesin the high frequacy range[57, 58] Various features in the temporand spectral
domainswere extractedrom the snoring sounds (See methods section for detahg) total
snoring time in each sleep stagermalized by the timgpent in each sleep stage (snoring time
index) was similar for different sleep stages (p>Q.83)well as fonon-REM vs. REM sleep
(p>0.10). Themeasuredaverage poweof snoringsoundswas 38.2+5 dB in the frequency band
of 1004000 Hz.There was a posve correlation betwen the measuredrelative power of

snoringsoundsn the frequency range of 1850 Hz andhe AHI (Fig. 2.2,r=0.48, p=0.039).
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Figure 2.2: Relationship between AHI and measuredtredéapower of snoring sounds (assessed

by Pearson Correlation Coefficient): Increases in AHI were significantly correlated with the

increases in the measured relative power of snoring sounds withidSbbiz frequency range.
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2.2.3  Acoustic model of the upper airway for snoring sounds generation
and propagation

Based on the theory esbundsgeneration in a collapsible tyd®], andthe basics of changes
the oral cavity for vowel articulatiorf§9], we assumed a simplified twapmpartmental wdel
for snoringsoundsyeneration and propagation (F&§3). These compartments includidirst, the
snoringsounds generation within the upper airwdye tovibration of the soft palate and uvula,
andbr of the tissueshetween the soft palate and dptgs; andsecondthe entireupper airway,
which wasmodeledas a collapsible tube through which the pressure fluctusadioa to snoring

arepropagatd to the microphone located on the suprasternal notch.

We modeledthe snoring sourceibration as a sausoid signal with its frequency equal to the
measuregbitch frequencie®f the recorded snoringpundgSee methosd sectionfor detail9. For

every individual, the pitch frequency of each snoring segment was estimated and averaged for
entire sleep. The na@ and standard deviation of the measured pitch frequencies among all
subjects wasl02.1+20.6 Hz.For the upper airway responseg vdeveloped an electrical
equivalentmodel of a collapsible tubd27, 60, 61](See nethods section for detailsYhe
parameters of the upper airway model, such as resistance and capacitance, were defined based on
UA-Length, UAXSA and airway wall thickness'o validate the model, resonant frequencies

and average power of snoring soundsdobon modelling ancheasurediata were estimated and

compared.
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Figure 2.3: An overview of the proposed block scheme of snoring sounds generation and
propagation along with the acoustic model of upper ainay: Snoring sounds is generated by

the vibration of soft palate or pharyngeal wall, then would propagate through the upper airway
and then recorded by the microphone placed over the suprasternal notch. The main frequency of
snoring sounds source is analagao the calculated pitch frequency of snoring sounds. The
upper airway was modeled by the electrical equivalent circuit of a collapsible tube witigicon

wall (Ra, resistance; La, inertance; Ca, compliance; Ga, conductance; Lw, wall inertance; Rw,
wall resistance; Cw, wall compliance) using measured upper airway area, neck diameter, wall
thickness showed in the anatomy of upper airway. The power spectral density (PSD) of the

snoring segment extracted from the recorded data with the marking of fonrequeéricies is

also shown.



18

2.2.4  Effects of upper airway anatomy on the resonant frequencies of
snoring sounds

For every subject, resonant frequencies of snoring sounds were calculated as the averages of first
and second formants (F1 and F2, respectively)lakeabrded snoring soundshe averagend
standard deviation of measuréd and F2among all subjectsvere 572.1+122.6 Hz and
1626.1+168.7 Hz, respectivel¥On the other hand,of each subject, we used the baseline
measurements of UXSA, wall thicknessandUA-Lengthbefore sleep testimate F1 (modeled

F1). There was a strong correlation between rtfe@eledand measured=1 (Fig. 2.4a, r=0.58,

p=0.0]). Also, based on th8land-Altman analysis Fig. 2.4-b), there was a stronggreement

baween modeledndmeasured F1
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Figure 2.4. Agreement between modeled and measured F1 of the snoring sounda)

Scatterplot of the F1 of the recorded snoring sounds (measured F1) and F1 simulated from the
upper airway the model (modeled F1) along with the linear regression equation of modeled and

measured F1, where

is the measured F1; (b) BRltmdan plot: the black line indicates the

average difference and the red lines present the mean+1.96 of standard deviatidar{bs of

95% confidence interval) of the difference between modeled and measured F1.
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2.2.4.1 Results obtained from the modeled snoring frequencies

We calculated the effects of changes in-¥M8A, UA-Length and wall thickness on resonant
frequencies of the medl The modelling results showed that length of the upper airway was
inversely related to theodeledF1. Increasing th&JA-Length from 70 cm to 12.5 cmmodeled

F1 decreased from 800 Hz to 450 Kiz=-0.98, p<0.001)On the other hand, there were no
significant correlations between model&d and variations in the UXSA or airway wall

thickness (p>0.05 for both).

2.2.4.2 Results obtained from measured snoring frequencies

There was a significanand negativecorrelation betweerthe measuredFl of all snoring
segments during sleepnd theUA-Length before sleef=-0.55, p=0.05). Previous studies have
shown that UALength is longer in patients with OSA than in those without (%24 63] Based
on recorded snoring soundbere weresignificant and negative correlat®betweenAHI and
measuredrF2 (Fig. 2.5a, r=0.49, p=0.030Q) AHI and measuredpectral centroid of snoring
soundsin the frequency range of 12000 Hz(associated with H84]) (Fig. 2.5-b, r=-0.59,
p=0.006) and AHI and measuredegral centroid in 45800 Hz(associated with H&4]) (Fig.

2.5c, r=0.50, p=0.03).

Therefore, both modelling and measured results suggested that there was an inverse relationship

between resomd frequencies of the snoring sounds andL&hgth.
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Figure 2.5: Relationship between AHI and measured snoring sounds frequencies (assessed

by Pearson Correlation Coefficient):(a) Decreases in F2 were sifigantly correlated with the

increases of AHI; (b) Decreases in spectral centroid of snoring sounds (calculated over the entire

sleep duration) within 1260800 Hz frequency range were significantly correlated with the

increases of AHI; (c) Decreases iresgral centroid of snoring sounds (calculated over the entire

sleep duration) within 45600 Hz frequency range were significantly correlated with the

increases of AHI.
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2.2.5 Effects of upper airway anatomy on the intensity of snoring sounds

We calculated th effects of changes in UKSA, UA-Length,and airway wall thickness on the

snoring soundstensity.

2.2.5.1 Results obtained from the modeled snoring intensity

There was a significant correlation between percemtagewing in the UAXSA from before to
after sleepandthe gain of the upper airway model (F&6-a, r=1.00 p<0.001) indicating that
upper airwaynarrowing increases thmodeled intensity of snoring@n the other hand, there
wereno significant correlatiombetweerthe gain of the upper airwayadel andchanges in wall

thicknessor UA-Length (p>0.10 for both)

2.2.5.2  Results obtained from measured snoring intensity

There was a significant correlation betwaba measured average intensity (average power of
recorded snoring sounds in 28000Hz) of allsnoring segments during sleapd the percentage

narrowing of UAXSA from before to aftesleep (Fig.2.6-b, r=0.53, p=0.018)Moreover, for

each subject, we calculated the average intensity of 5 snoring segments in the first and last 15
minutes of N2 sep. The results showed that from the first to the last part of N2 sleep, there was

a significant incrase in the measured intensity (Fig.-2.6 @=2. ON3.8 dB). Thes.
those based on the simulation (p=0.940n the other hand, there were no significant
correlations betweetihe measured intensity of recorded snosngndsand changes in thepper

airway wall thicknessr UA-Length(p>0.1for both.

Therefore, both modelling and measured results suggested that there was an inverse relationship

between the snoring intensity and X¢SA.
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Figure 2.6: Relationship between changes in upper airway cross sectional area during sleep

and snoring sounds intensity (assessed by Pearson Correlation Coefficienta): Result
obtained from the modeled snoring intensity: narrowing in theX$A was strongly caelated

with increases in the intensity of the sounds; b) Result obtained from the measured snoring
intensity: narrowing in the UACSA during sleep was significantly correlated with increases in
the average power of snoring sounds (calculated over tire sl@gep duration) within 166000

Hz frequency range; c) Results obtained from the measured snoring intensity: There were
significant increases in the average power snoring sounds from first part to the last part of the N2

sleep stage (assessed by pairtsbt).
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23 Di scussion

To the best of our knowledge, this is the first study to develop a sifpjecific model of the

upper airway and to consider the fact that changing in the upper airway area could also change
other anatomical factors of the upper airvgaigh as wall thickness. Our model showed that the
upper airway narrowing during sleep increases snoring intensity, while increases in-the UA
Length reduced the resonant frequency of snoring. The model was validated against recordings
of actual snoring. Athermore, we found that measured resonant frequencies of snoring were

inversely related to the OSA severity.

Our proposed model for the snoring sounds generation included snoring source vibration and
propagation of the vibrations through the uppeway. A novelty of this study was that we
modeled the snoring source as a single frequency vibratory signal due to either soft palate
vibration or pharyngeal tissue vibration at the site of upper airway narrowing. Similar to speech
articulatiorf59], we considered the measured pitch frequency of snoring sounds as the main
vibrating frequency ofsnoring sourd®1]. We found the measured pitch frequency of the
recorded snoring sounds were less than 150 Hz. Previous studies in dog models for inducing
snoring sounds have shown that the main frequency of snoring was in the range36f 182

[65]. Although, dog models are not true representatives of human upper airway, these results
support our assumption that pitch frequency can represent the main vibratory source of snoring
sounds. As part of having a subjsptecific modg for every individual we used the measured

pitch frequency of his recorded snoring to characterizeribengsoundssource

An important finding of this study wakat narrowingof the upper airway during sleep may
increase the turbulérairflow and ncrease thesnoring soundspower. On the other hand,

narrowing in the upper airway can increase sleep apnea s@@it@ur results showed



25

positive correlation between AHI and measureldtive power osnoringsounds These results
are consistent with those of Maimanaé who showedhatsnoring sounds intensity is related to

severity of OSALS].

Another major findingof our model was thatmodeledresonah frequency ofsnoring was
inversely related tahe upper airwaylength. Conversely, there was an inverse relationship
between OSA severity antheasuredresonant frequency of snoring soundsiaging and
cephalometric studielsave showrthat patientswith OSA have longeupper airway than those
without OSA[1, 62, 63] Similarly, previous studies have shown that in vowel articulation,
formant frequencies or ar ti cul atiseq o671 / i osigoificgntlyfoween g . i
patients withOSA than norOSAindividualg[67, 68] Although, snoring sounds and speech have
different vibratory sources, the role of upper airway in generating sounds may be similahfor bot
signals. Therefore, these results may provide proof of concept for the potential applications of
resonant frequencies of snoring sounds to assess the effects of upper airway length on OSA

severity.

Previous studie®iave shown that the nmafrequencies othe snoring sounds vary depending on

the site of obstructiof69, 70] While the main frequencies of snoring due to the narrowing at the
base of tongue were above 650, liequencies opalatal snoring were belo$b0 Hz[69, 70] In

this study, we did not have any measurement to assess the site of upper airway obstruction.
However, if we assume that the length of upper airway in our model represents the distance
between thesite of obstruction and the recording microphone, the resonant frequency of
simulated palatal snoringzas 450 Hz;while it was approximately 800 Hz for the snoring

originating close to the glottis These simulation results, which should be verified itur
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studies, may provide neinvasive techniques to assess the site of upper airway obstruction in

snoers and patients with OSA.

Our study was subject to sorimitations. Since daytime sleep studies were perforrtiesse
resultsmay not bethe sameas those during nocturnal sleepFurthermore, wemodeledthe
snoringsoundsgeneration and propagation using a single segment tube model. Further studies
will be needed to develop a musiegment tubular model to include the effects of oral and nasal
cavitieson snoring sounds featureAlso, participants irthis studywerenonobese men. Future
researchwill need to examine snoring features and upper airway properties in other populations
such asobeseindividuals, women, and children.Furthermore, we limit the participants to

supine sleep. Therefore, our results may not be fully applicable to other sleeping postures.

In conclusion, this study attempted to develop an acoustic model of the upper ainsagriog
soundgyeneration and to investigate théeets of changes in upper airwagrrowing and length

on snoring sounds features. Future studies should validate the proposed model based on
simultaneous recordings of snoring sounds-XBA and sites of collapse during sleep. Since
snoring sounds can beaorded nonnvasively and conveniently during multiple nights; once
validated, the proposed model can be used to a#sesh/namics of upper airway narrowing

during sleep.

24 Met hods

2.4.1  Participants

Healthy norobese and normotensive men were recruited grédement and participated in

this study[46]. Individuals with a history of cardiovascular, respiraiagnal, or neurological
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diseasespr previousy diagnsed of OSA, or those who slelgtss than one hour dog the

protocol or with central dominant sleep apneare excluded from the study

2.4.2  Experimental protocol

Participants arrived in the sleep laboratoryeatly aftenoon after a night ofoluntary sleep
deprivation and were instrumented for sleep stu@aseline measurements including XSA,
UA-Length and NC were performed in supine position before sleep and just after the
participarnis woke up(see Appendix D)Breathand snoringsoundswere recorded continuously

and simultaneously with polysomnograpdwyring sleed46].

The experimental protocol was approved by the Research Ethics Board of Toronto Rehabilitation
InstituteUniversity Health Network and all participants signed written consent prior to
participaton [46]. The study was performed in accordance with the approved guidelines and

regulations.

2.4.3 Data measurement

2.4.3.1 Sleep studies

Daytime polysomnography was performed for the convenience of participants and thehresear
personnel. Thoracoabdominal motion, nasal pressure, and arterial oxyhemoglobin saturation
(SaQ) were monitored by respiratory inductance plethysmography, nasal cannulae, and
oximetry, respectively71] . Scorng sleep stages and arousals were done by a specialist using
standard techniques and criteffdue definition and classification of apneas (cessation of airflow

to the lungs for at least 10s) and hypopneas (>50% decrease in breathing airflow for more than
10s with blood oxygen desaturation of >3%) were done in accordance the American Academy of

Sleep Medicine (AASM]72]. To minimize any possible effect of gtaral changes on AHI and
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other variables, participants slept supine on a single pillow for the entire study duration. Sleep

studies were scored by personnel blind to the fluid measurements and vidd&grsa

2.4.3.2 UA-XSA, UA-Length and NC measurement:

UA-XSA and UA-Length (the distance from velum to glottis) were measured by acoustic
pharyngometry73]. NC was assessed by a measuring tape. A line was drawn just above the

cricothyroid cartilage to ensure the measurements before after sleep were made at the same level.

2.4.3.3 Breath and snoring sounds recoding

Breatls along with snoring soundswere recorded by a Sony EM@4B omnidirectional
microphone. The microphone was placed over suprasternal notch using-sidebdledhesive
tape. Thesoundswere filtered by a lowpass filter (cut off frequency of 5 kHz) using Biopac

DA100C, anddigitized at sarpling rate of 12.5 kHz using MP150 Biopac Sys{&4j.

2.4.4  Data analysis

After manual segmentation ofnoring sounds severalfeatures in the temporal and spectral

domains were extracted.

2.4.41 Temporal Feature

1 Snoring Time IndexTotal snoring time in each sleep stage divided by the time

spent in each sleep stage.

2.4.4.2 Spectral Features

Snoring segments were bapdss filtered in the frequency range of 4WDO Hz to remove the
effects of heart sounds iow frequency ranges as well as high frequency n@sgsPower

spectral density (PSD) of each snoring segment was calculated based on the Welch method with
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a Hamming window of 100 ms and 50%e0ap between adjacent windows. Based on the PSD,
following features were calculated:
1 Average Power: Average power of thgoringsoundsn eightfrequency bansl of
100-4000 Hz, 106150 Hz, 156450 Hz, 456600 Hz, 6001200 Hz, 12041800
Hz, 18002500 Hz,and 25004000 Hzwere calculatefi75] (See Appendix A)
1 Relative Power: The average powersobringsoundsin each sudband divided
by the average power in entire frequency band-A@ID Hz)
1 Spectral Centroid: It represents the frequency thatamos the maximum power

of snoringsoundsn any of the eighfrequency bansi[76].

& (i)

fiefef,

SpectralCentroid=
P, (f ¢ fef,)

2.1)

HereD = Average power; f,  Lower band frequency;f,= Higher band

frequency;P(f) = Estimated power spectral density.

1 Pitch and Formant Frequenciglitch frequency was calculated based on the
robust algorithm for pitch trackifig7]. For calculating formants, snoring
segments were pigrocessed using a Hamming window (window size of 20 ms)
and a preemphasizing filter. Then, Y6order linear predictive coding (LPC)
spectrum of thesnoringsoundswas estimadd to extract formant§78, 79] Pitch

wasc al cul at ed usMonigc et bhoex[80]atl o odl abt oexd i

2.4.5 Modelling of the upper airway for snoring sounds generation and
propagation

We proposed a simplified twaompartmental model f@noringsoundsgeneratiorthatincluded

snoringsourcevibrationand the upper airwagsponsas a collapsible tub@ig. 2.3).
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2.4.5.1 Snoring source vibration

Snoringsoundscan be generated either by oscillation of the soft palateconggher airway wall
[14]. Based on t he B a colapsible tubedisch ds hhe opper earway,i upper
airway narrowingor increased negative intthoracic pressure during inspiratiamcreases the
airflow speedwhich will cause gressure drop across the upper airnvthis sequence of events
will further increase the negative pressure in the upper airway, narrow the upper airway and
increase the airflow spefdl]. The consequence of these events isnareasen turbulence of
airflow within the upper airwaywhich leads to vibration of soft palate or the airway wall tissue
andinducessnoringsound§l4]. Considering speech articulation, vibration of soft palate or the
uppe airway wall duringsnoring soundsgeneration can be assumed to be analogous to the
vibration of vocal corfbl]. Therefore, we assumed that pitch frequency represent the
fundamental frequency aforingsounds Thus, wemodeledthe snoringsoundssource (Fig.

2.3) as a sinusoid signal with its frequency equal to the pitch of the recemdeidgsoundsfor

every individual subject.

2.4.5.2 Subject-specific upper airway model

The upper airway wasnodeled as a collapsible tupg7, 60, 61, 81, 82]in this model, the air
pressure and airflow weraodeledas the voltage and current, respectively. The model included
acoustic resistance of doiv (Ry), compliance (@), inertance (L), and conductance (JB31,

82]; as well as upper airway wall resistancg,XRnertance (l,) and compliance (Q[60, 61,

83]. Detailed definitios of the modelvariables are presented inthe Appendix B In this study,

we used the previously reijed measurements for the air and tissue properties such as viscosity
and elasticityj27, 60, 81, 82, 84, 8%Fee Appendix B)Previous models of the upper airway did

not incorporate the differences in the uppeway anatomy among subjects such as its internal
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radius and wall thicknes$-or each subject, we used measurements ofX3A and NC to
estimate the upper airway wall thickness (@). Upper airway radius (Y was calculated as
square root of (UAXS A/ ") , nerkwaadessi mdlted as (NC/ 27" ),

wall thickness (h) was calculated as {N).

2.4.6  Statistical analysis

The changes in NCairway wall thicknessand UAXSA from before to after sep were

assessed by paireddsts for normally distributed data and Wilcoxon rankn test for non

normally distributed dataPaired ttests were performed to investigate the differences between

the measured average powers of recorded snoring soundthi&draginning to the end of sleep.

The changes inmeasured snoringsounds features between different sleep stages were
investigated by analysis of variance (ANOVA) and the {hast Tukey testAll the correlation

analyses were performed basedRearsoror Spear mands rank coeffic
nontnormally distributed data, respectively. Furthermore, we performed Bllinthn statistical

test to verify the agreement betwesmdeledand measuredresonah frequencies. Statistical

analyses were penfimed by Matlab and twiailed P<0.05 was considered as significdbata

are presented as mearix:S
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Chapter 3

3 Effects of FI uid Accumul ati o
of Snoring Sounds

The content of this chapter is going to be submitted in a peer reviewed jaurol@ Shumit
Saha, Zahra Moussavi, Peyman Hadi, T. Douglas Bradley, Azadeh YagdBHuts of Fluid

Accumulation in the Neck on the Acoustic Features of Snoring Sounds

Except for the formatting and some organizational and stylistic improvementritent of this
chapter is almost identical to the submitting journal article. Contribution of authors is as follows:
Shumit Saha manually annotated the snoring segments from breath, gmrfmsned the signal
processingstatistical analysis and propabsa spring and mass model for the pharyngeal tissues

of the upper airway. Azadeh Yadollahi and Zahra Moussavi supervised all the aspects of this
work and edited and reviewed the paper. T Douglas Bradley and Azadeh Yadollahi designed the
experimental protwmol and acquired all the physiological data. Peyman Hadi helped in the

development othe spring and mass model.

This chapter demonstrates the effects of fluid accumulation in the neck on the acoustic features

of snoring sounds.

31 I ntroducti on

Obstructivesleep apnea (OSAp common respiratory disordes highly associated with the
chronic diseases likstroke[3], heart failurg4, 5], as well ascar and work related accidené
8]. OSA occurdue to the partial (hypopnea) or complete (apresasion of breathing due to

either partial or complete collapse of the upper aindaying sleep[1]. The Upper airway
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collapse during sleep is mufactorial [11], and the exact underlying mechanismsupper
airwaynarrowing are still unknowrPrevious studies have shown that increased tissue content in
the neck, either byhe increased pharyngeal fat or edencantributeto the upper airway
narrowing,andincreag its resistance, collapsibility and worsening of the OSA 8BVES6, 87]
Furthermore, rostral fluid shift from the legs into the neck during sleep can increase the neck
fluid volume (NFV) and furtter increase the pharyngeal tissue edei®@]. Therefore,
developing convenient and namvasive techniges to measurthe increased tissue edema and

monitoring its effects on thapper airwaynarrowing could improve OSA management.

Previous studies have demonstrated that dugrawity, lack of activity andthe sedentary
lifestyle fluids are accumulated the legs during daytim@6]. When lying down at nighthe
fluid would be shiftedrom the leg into the upper body par{se. abdomen, thorax and neck)
[89]. The rostral fluid shift to the neck during sleep increases Ni&/. Consequently the
increases in NF\¢ould narrowupper airway cross sectional arg#A-XSA) [90], andincrease
the upper airway resistan¢&2] and collapsibility[13]. Furthermore, previous studies showed

that in older mer(>40 yr old with mild to moderate OSAincreasef fluid in their vein by

injecting normalsaline resulted inthreefold incrementin their apnea/hypopnea indeRHI)

[46]. Conversely in patients with chronic venous insufficiencgne week wearing of the
compressionstockingscaused 30%edudion in the AHI [38, 91] These results proved the
concept that fluid accumulation in the neck during sleep can change the propertiespgethe

airwayand increase the risk of developing OSA.

The gold standard methods teeasure theNFV are based oMRI or bioelectrical impedance

which are inconvenierdind difficult to performcontinuouslyduring sleepOn the other hand,
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respiratory or snoring sounds analysis is a simple andinvasive methodto investigate
variations inthe upper airwayanatomy and monitanpper airwayobstruction during sleef29,

50]. Turbulence of the aiflowing through theupper airwayand vibrations of the pharyngeal
tissues due to the narrowing of thppe airway contribute to the generation of snoring sounds

[14]. These vibrations are transmitted through pharyngeatkissue, and can be recorded by a
microphone placed over the neck. Thus, acoustic features of the snoring sounds can change not
only with the anatomy of thapper airwaybut also with the tissue comgition of theupper

airway. Although snoring sounds analy$iave been used to monitor thgper airwaynarrowing

[50] or site of obstruction92], its relationship with changes in tissue edema and NFV during

sleep hasiotbeeninvestigated before.

Previously, weshowedthat tracheal respiratory soundsuld be used to detect the amount of
NFV in healthy subjects while awakig4]. Furthermore, weshowedthat snoring sounds
features, such as its intensity or formant frequencies can represent narrowinggpehairway
[50], and OSA severity[16, 93] These studies provide a strong proof of concept that snoring
sound analysis could represent variations inupper airwaydue to edema and NFV during

sleep.

This study aims to investigate the effects of fluid accumulation in the neclgdileep on the
acoustic features of snoring sounds. Based on the physics of the sound propagation through a
tissue, we hypothesize that fluid accumulation in the neck during sleep will change the spectral
frequencies of the snoring sounds. Wave developd a spring and mass model for the
pharyngeal tissue surrounding thygper airwayand investigated the effects of pharyngeal tissue

and increased NFV asnoringsounds features.
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3.2 Met hod
3.2.1 Data Measurement

3.2.1.1 Experimental protocol, participants and sleep studies

This study was part of a randomized, double emy&s study to investigate the effects of fluid
overloading by saline infusion on sleep apnea severity in[d&nThe study was approved by
the research etts board of the University Health Network and all participants gave written
consent before participation in the study. Daytime polysomnography was perfoamed
subjects slept in supine position only on a single pillow. Polysomnogi@$$)was used to
detect sleep stages and sleep apnea severity assessed biyygqapeeea index (AHI). Details of
the experimental protocol and sleep studiessandlar to those of our previous study elaborated

in [46, 50](see Appadix D).

3.2.1.2 NC, UA-XSA and NFV measurement

NC and UAXSA were measured before and after sleep using a measuring tape and acoustic
pharyngometry, respectivelyn this study, NFV was estimated based on the bioelectrical
impedance measurement of the neckslbased on the fact that tissue impedance is inversely
related to the fluid content of the tissue. The following equation was used to estimaisddrV

Appendix C)

6 —— h (3.1)

where C is the neck circumference, L is the neck length, IReisdck resistance estimated from
the bioimpedance measurement (gsinMP 150 Bi opac System and EBI
the fluid resistivity. To measure bioimpedance, two electrodes were placed on the right side of

the neck below the right ear and at the base of the neck to measure the voltage drop across the
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length of tle neck. Two other electrodes were placed one inch from the voltage measuring
electrodes to inject a | ow amplitude (400¢A)
theneck length (L in Equation 1) was measured with a tape as the distance bétsveehage
measuring electrodewhile the subjects werganding and their headasin the neutral position.

Details of this method are discussed94].

3.2.1.3 Breath and snoring sounds recording

During sleep, breathg and snoring sounds exe recorded witha Sony EMG44B omni
directional microphong@laced over suprasternal notch. The sounds wergéss filtered (cut
off frequency of 5 kHz) and digitized (sampling rate of 12.5 kHz) by Biopac DA100C and

MP150 Biopac System, respectively.

3.2.2 Feature extraction

From the breaihgs soundsrecording during sleepsnoring segments were manually extracted
Manual annotation of snoring sounds were ddme listening to the sounds along with
simultaneous visuahspectionof the spectrogram of each segnt usinga digital audio software
called Praat (Version 5.4.08)5] (Figure 3.1).Sincesnoring duringinspiratoryphaseis more
common thansnoring duringexpiratory phase we only investigated the inspiratory snoring
segments. Aeir manual segmentation of snoring sounds, different features itinteeand

frequencydomains were extracted.
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Figure 3.1: Segmentation of snoring soundsa) 13 sec. breathing segments with normal
inspirdory phases, expiratory phases and snoring sounds segmespgctogranof the breath
segment presented in (&)spiratory phases shoarger intensity in spectrogram than expiratory
phases. Furthermore, snoring sounds intengtylarger than thosefdhe inspiratory and

expiratory breath sounds without snoring.
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In time domain, we calculated two featuresioring percentage and snoring time indenoriig
percentagevas calculated afhie number of snoring segments in each sleep stage divided by the
total number of snoring segments in the entire sl&pring time indexwas calculated for the

total sleep and individual sleep stages. Snoring time index for total sleep time was calculated as
the total snoring duration during the entire sleep dividethbyotal sleeping time. Furthermore,
snoring time index in each sleep stages was calculatéteastal snoring time in each sleep

stage divided byhetime spent irthatsleep stage.

To calculate the spectral features, snoring segments werephasditered in the frequency
range 0f30-4000 Hz to remove the effects of heart sounds in low frequency ranges as well as
high frequency noisg&7]. We estimated power spectral density (PSD) chesnoring segment
based on the Welch methaginga Hamming window of 100 ms and 50% overlap between
adjacent windows. From the PSD, we calculdteslaverage power and spectral centrofaall
snoring segments. Average power, calculated from the PSBRecaaund signal, represents the
intensity of the snoring soundsSpectral centroid represents the weighdgdrageof the PSD
frequencieswvithin a frequency banff6]. The equations of average power and spectral centroid
are given below:

Average PowerPavg(f, ¢cfef)= aP(FOF | (3.2)

fiefet,

a f2P(f)of

SpectraCentroid= "% 33
P P(ficfef,)’ (33)

where0 = Average power f, Lower band frequengyf, = Higher band frequencyandP(f)

= Estimated power spectral density.
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Both the average power and spectral centroid were calcutatéoe entire frequency ban8G

4000 Hz). In addition, spectral centroid was calculated for severabsuols including 6Q40

Hz, 60170 Hz, 66200 Hz,100-150 Hz, 150450 Hz, 456600 Hz, 6061200 Hz, 12041800 Hz,
18002500 Hz, and 250@000 Hz[50, 75] Previous studies have shown that the main vibratory
frequency of the snoring sounds lies6#135 Hz[65]; therefore, we choose sdlands more
densely in the lower frequency ranges. Ndat, each subjectwe calculated the average of
spectral centroid and,f for all the snoring segments during thiee sleep and also for each
sleep stage separately. Then, we investigated the relationship of these average values with the
changes in NFV and NC in every subject.

We further investigated the changes in spectral centroid over the sleep time for gach b
accomplish this task, wealculatedthe average spectral centroid of 5 snoring segments in the
first and last 30 minutes dftage2 of sleepvoid of apneas and hypopneas, calculated its
difference between the two periods of sleep, and investigateslationship with changes in NC

and NFV.

3.2.3  Spring and mass model for the surrounding tissues of the upper
airway

If a force is applied to a system that consists of a mass (m) attached to a spring with elasticity

e . 1 |K
(K), the mass exhibits a simple harmoniotion, with the natural frequency off :E\/%

[96]. Therefore, the natal frequency of a system depends on its elasticity and rirashkis
study, pharyngeal tissue around tingper airwaywas modeled as a mass and spring system
(Figure3.2), where K and m were the elasticity and mass of the surrounding tissuesippére
airway, respectively. The mass of the surrounding tissues otipper airwaywas calculated

from the densityd) and volume of the tissu¥):
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m=d3V. (3.4)

Therefore, the frequency of the tissue vibration due to snoring sounds propagation was derived

as:

1 [ K
f=—| , 35
2p\d3V (39

where V represergthe total volume of the surrounding tissues ofupper airwayincluding all

the fat, fibers, muscles, fluidstc. In this study, we assumed that from beginning to the end of
sleep, the onlyactor that would change the tissue volume surrounding the upper airway is the

changes in NFV. Therefore, E8}4 could be rewritten as:

1 [ K
Df'% d3 DV (36)

where, Df and DV arethe changgin snoringsoundsfrequencyand changes in tissue volume
due to NFV from beginning to the end of sleep. Previous studies have shown that with the
changes in water c ont e nt the elasticayroketbesbodyfat [87¢. g1 i gi b

Therefore, we assumed that increased NFV did not changiastieity of the tissue in EG3.6.
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Figure 3.2: The spring and mass system of surrounding tissues of upper airway. Here, K: the

elasticity of the tissue and m: the mass of the tissue
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3.2.4  Statistical analysis

The changes in NC, UXSA, and NFV from before to after sleep along with the changes in
spectral centroidrom beginning to the end of sleggere assessed by pairetests or Wilcoxon

rank-sum test for normally and nerormally distributed data, respgaely. Correlations between

the snoring sounds features and changes in the NFV and NC were investigated by Pearson or
Spearmanodés rank coef f i-momelly distributed data,nrespectigelyl y  a n
Correlations between spectral centroid chaingen first to end of the sleep and changes in NFV

or NC from before to after sleep were also p
based on their normalitystatistical analyses were performed by Matlab andtased p<0.05

was considered as sifjnant. Data are presented as mean + STD.

33 Resul ts

Twenty men met all inclusion criteria and were included in this study. Participants slept for an
average of 150 minutes (TabBl) and 14 out of 20 men had at least one full sleep cycle;
including bothrapid eye movement (REM) and nr®EM sleep stage&urthermore, participants

spent maximum time in stage 2 of the fRBM sleep (Table.1). From before to after sleep,

t her e wer e significant i ncreases i n NC ( &NC

18.6+69ml, p<0.001) and decreases in XAS A ( -%8AA0.4+0.3cn, p<0.001).
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Table 3.1: Characteristics of the participants (n = 20)

Baseline Characteristics Sleep Structure

Variable Mean + STD Variable Mean + STD
Age, years 451 +11.4 Total sleep time, min  1°0.1+46.1
Height, cm 176.9 + 6.3 Nor-Rem 1 sleep, %y 18:0+10.4
Weight, kg 79.0 + 10.7 Non-Rem 2 sleep, % °7/-2+15.1
BMI, kg/m? 25.4 + 3.05 Non-Rem 3 sleep, % 11.5+12.9

NC , cm 41.8+2.9 REM sleep % 10.7 £ 8.1
UA-XSA, cnf 26+06 Sleep efficiency, % | 747 *15.0
NFV, ml 265.7 + 49.5 AHI, /h 27.6+258

An average of 342 + 223 inspiratory snoring segments was manually extracted from the entire
sleep for every individual (134.2 + 96.0 snorirggents per hour of slee@he number of
snoring segments istage 2was significantly higher thathat in other sleep stages (p<0.001).
However, thesnoring time index was similar for different sleep stages (p>0.10). Similarly,
snoring time index was sitar in both noAREM sleep and REM sleep (p>0.16urthermore,

no significant correlation between the time domain features of snoring sounds and NFV.
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We found a significant and negative correlation betwtbemncreases in NFV during sleep and

the spectl centroid of snoring sounds in the frequency range ofl1B00Hz (Figure3.3-a, r=

0.47, p=0.037) fothe entire duration o | e e p . Similar correlations
and spectral centroids of snoring sounds dustage 2Ar=-0.51, p=0.031) ashstage Jr=-0.52,
p=0.054) of sleep.We also found that increases in NFV during sleep were significantly
correlated with the decreases in spectral centroid of snoring sounds in the frequency range of 60
170 Hz (r =0.46, p=0.048) and 6R00 Hz (Fig. 3.3, r =0.50, p=0.026) for stage 2 of sleep.
However, we foundn o si gni fi cant correlation Wwhert ween
calculatedn higher frequency ranges. Furthermore, we foundttiepercentage increase in NC
during sleepwas significantly correlated witthe reduction in spectral centroid 80-140 Hz

(r=-0.57, p=0.009§, 60-170 Hz (Fig. 3.2, r=-0.57, p=0.009) and 6@00 Hz (Fig. 3.&, r=-0.53,

p=0.016) for stage 2 of sleep

As shown in Fig3.4, the spectral centroid of snoring sounds changed significantly from the first

to the last part of slee®0-170 Hz (Fig.3.4-a, p=0.039p 5.8 £ 11.7 Hz), and 6R00 Hz

(Fig. 34-b, p=0.010p -9.8 +14.1 Hz).

There was a borderline significance betwedenreases in th&pectralcentroidchangen 60-170

Hz with the percentagencreases in theNC from before to after sleeffrig. 3.5a, r=-0.44,

p=0.053) Although, there was a trend for an inverse relationship between changes in the
spectraicentroid calculated over the entire band-®@0 Hz) and the changes in NFV from
before to after sleegFig. 3.5b, r=-0.39, p=0.088) No significant correlations were found

betweersNFV andPag 0f snoring sounds.
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Figure 3.3: a) Relationship between changes in NFV during sleep and spectral centroid of
snoring sounds (calculated over the entire sleep duration) withidl3@6iz freqency range; b)
Relationship between changes in NFV and spectral centroid of snoring sounds (calculated over
the nonRem 2 (N2) sleep stage duration) withinBI0 Hz frequency range; c) Relationship
between changes in percentage NC and spectral centsngdifig sounds (calculated over the

N2 sleep stage duration) within-4G0 Hz frequency range; d) Relationship between changes in
percentage NC and spectral centroid of snoring sounds (calculated over the N2 sleep stage

duration) within 66200 Hz frequeng range.






















































































































































