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Abstract 

Fluid accumulation in the neck due to rostral fluid shift during sleep can increase the tissue 

content surrounding the upper airway and worsen the severity of obstructive sleep apnea (OSA), 

a respiratory disorder occurs due to the upper airway narrowing. Since snoring sounds are 

generated by the vibrations of upper airway due to its narrowing, purpose of this thesis was to 

explore the potential of the snoring sounds features to monitor upper airway anatomy (area or 

length) during sleep and tissue content. A modified subject-specific acoustic model for snoring 

generation was proposed and compared with measured results from recorded snoring of human 

participants. We found the only factor that significantly contributed to snoring intensity was 

upper airway narrowing, while snoring spectral frequencies were negatively correlated with 

increased tissue content and OSA severity. These results encourage the potential use of snoring 

sounds analysis to assess upper airway narrowing and tissue content.  
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Chapter 1  
 

1 Introduction 

1.1 Motivation 

Obstructive sleep apnea (OSA) is a common breathing disorder during sleep affecting around 4-

14 % of men and 2-7% of women above the age of thirty [1]. Previous studies have shown that 

OSA causes hypersomnolence, cognitive impairment [2], increases the risk of stroke by 4 times 

[3], heart failure by 3 times [4, 5], and car and work related accidents by 2-10 times [6-8]. In the 

United States alone, economic costs of sleep apnea are estimated to be more than $65 billion 

annually [9]; and it is increasing, as the population ages and becomes more obese and more 

sedentary. Furthermore, because of the costly sleep studies in sleep laboratory, people do not 

want to undergo in a sleep study. As a result, more than 90% of patients who are at risk of OSA 

remain undiagnosed [10].  

OSA occurs due to repetitive collapses of upper airway resulting in pauses in breathing for more 

than 10 seconds (apnea) or occurrence of abnormally low breathing flow (hypopnea) during 

sleep [1]. However, the cause of airway collapse during sleep is still unclear and understanding 

the mechanism for collapse can result in alternative and personalized treatments [11]. 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 onset[1] may contribute to the upper 

airway narrowing during sleep. Furthermore, rostral fluid shift from the legs into the neck during 

sleep can increase the neck fluid volume (NFV) and further increase the upper airway resistance 

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

during sleep (i.e. its narrowing, length, airway wall thickness) are based on MRI or endoscopy 
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which are costly, inconvenient, and could change the normal patterns of breathing. Therefore, 

developing a convenient and non-invasive technique to monitor the upper airway anatomy during 

sleep could improve the management of OSA.  

Respiratory or snoring sounds analysis is a non-invasive and convenient way to investigate 

variations in the upper airway anatomy and monitor its obstruction during sleep. Furthermore, 

acoustic features of the respiratory or snoring sounds may change with the tissue composition 

surrounding the upper airway due to the rostral fluid shift. Therefore, the primary goals of this 

thesis are to investigate the association between snoring sounds features and variations in the 

upper airway anatomy 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 studies have shown that narrowing in the upper airway is the main reason of the 

generation of snoring sounds [14, 15]. Narrowing in upper airway can increase airflow speed 

during inspiration. According to the Bernoulli’s theorem, this increased airflow speed causes a 

pressure drop across the upper airway [14]. 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 airway. This sequence of events causes the turbulence of 

airflow and leads to the vibration of the tissues in the upper airway (i.e. soft palate, pharyngeal 

wall) and induces the snoring sounds [14].  

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 OSA [16-20]. Maimon et al. 
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analyzed snoring sounds from 1643 simple snorers and found that increases in the snoring sound 

intensity were highly associated with severity of OSA [18].  Padilla et al. analyzed snoring 

sounds from 19 patients and found that first snoring segment after an apnea event had more 

power in high frequencies than other snoring segments. They further found that the power ratio 

of above to below 800 Hz could be a potential tool to differentiate simple snorers from snorers 

with OSA [19]. Fiz et al. studied 10 OSA patients and 7 simple snorers and found patients with 

OSA had significantly lower peak frequency than simple snorers [17]. Ng et al. investigated 

snoring sounds of 30 patient with severe sleep apnea  and 10 snorers without sleep apnea and 

found snoring from OSA patients exhibited higher first formant than those from simple snorers 

[21].  Azarbarzin et al. analyzed the bispectral features of snoring sounds and classified OSA 

patients from simple snorers with 93% accuracy by using higher order features and energy of 

snoring sounds [22]. Ng et al. performed the nonlinear analysis of snoring sounds to predict OSA 

severity and found that peak frequency and peak sum frequency of wavelet bi-coherence analysis 

could be two potential diagnostic markers of OSA [23]. Although these 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 have implemented the finite element models [24], mechanical models[25, 26] or 

electrical equivalent of the upper airway[27] to simulate the generation of breathing sounds and 

to assess the effects of upper airway narrowing and collapsibility on the acoustic features of 

breathing sounds. But, very little emphasis was given on modelling an upper airway for snoring 

sounds generation to assess the effects of upper airway anatomy on snoring sounds features [28, 
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29]. Therefore, a detailed study to understand the effects of underlying mechanism of upper 

airway anatomy during sleep on acoustic features of snoring sounds is necessary.  

1.2.2 OSA and Fluid Accumulation in the Neck 

Although there’s around 10% of the general population has sleep apnea [1]; its prevalence is 

increased almost five fold in fluid retaining conditions like heart failure or renal disease [30-36]. 

Previous studies have provided significant evidence that rostral fluid shift from the legs to the 

neck while sleeping increases the fluid accumulation in the neck and play a vital role in upper 

airway narrowing [37-39]. They have shown that increases in the fluid volumes of the jugular 

veins could cause an inward displacement of the lateral walls of the upper airway, increase 

pressure from outside of the upper airway and consequently narrow the upper airway. 

Furthermore, increase hydrostatic capillary pressure in surrounding tissues of the upper airway 

could filtrate transcapillary fluid into the interstitial tissues of the neck and increase interstitial 

edema and eventually result in increases of upper airway collapsibility [40]. Thus, they showed 

that fluid accumulation in the neck increases the NFV, edema of the pharyngeal tissues and 

consequently narrows the upper airway which worsens the OSA severity [41-45]; whereas 

reducing fluid retention in the legs in the daytime and preventing its rostral shift in the night can 

minimize OSA [38, 39].  

Furthermore, previous studies have shown that in older men (> 40 yr old), the intravenous 

infusion of about 2 liters of normal saline during sleep significantly increased the OSA severity; 

assessed by the apnea-hypopnea index (AHI), the occurrence of apneas and hypopneas per hour 

of sleep [46]. Conversely, in patients with end stage renal disease, removing around 2 liters of 

fluid by ultrafiltration can reduce the AHI  by 36% [47]. These studies are further supported by 



5 

 

the postoperative worsening of OSA severity [48, 49], where patients receive significant amounts 

of fluid intravenously during and following surgery [48].  

These studies have proven the concept that fluid accumulation 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 are several 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 the upper airway 

anatomy. Since snoring sounds are generated due to the vibrations of the upper airway tissues 

and will be transmitted to the microphone placed at the neck through the pharyngeal tissue, the 

natural vibrations of the tissues surrounding the upper airway can affect the frequency spectrum 

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

changes in tissue edema and NFV during sleep. 

1.3 Objectives 

The objectives of this study can be listed as follows: 

i. To develop a subject-specific acoustic model of the upper airway for snoring sounds 

generation and propagation to investigate the effects of variations in the upper airway 

anatomy during sleep on snoring sounds features. 

ii. To investigate the effects of changes in the NFV on temporal and spectral features of the 

snoring sounds.   
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1.4 Organization of the Thesis 

The thesis is organized as follows: 

This thesis has two major sections focused on 1) the subject-specific acoustic model of the upper 

airway for snoring sounds generation and 2) investigation of changes in NFV on snoring sounds 

features. 

In Chapter 2, a subject-specific acoustic model of the upper airway is demonstrated. This study 

has five major parts: a) acoustic modelling of the upper airway for snoring sounds generation; 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 study; d) investigating the association of measured 

snoring sounds features with changes in the upper airway anatomy during sleep; e) comparison 

between the modelling results and the measured results of recorded snoring sounds. All of them 

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

Shumit Saha, T. Douglas Bradley, Mahsa Taheri, Zahra Moussavi & Azadeh Yadollahi, A 

Subject-Specific Acoustic Model of the Upper Airway for Snoring Sounds Generation.  

Scientific Reports 6, Article number: 25730 (2016), doi:10.1038/srep25730 [50]. 

In Chapter 3, the association between the variations in the NFV during sleep and snoring sounds 

features is demonstrated. This 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 in 

Chapter 3 is in process of submitting to a journal. 
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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 

demonstrated that described in chapter 2.  

Appendix B represents the details of the modified subject-specific 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 represents the basics of the bio-electrical 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. 
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Chapter 2  
 

2 A Subject-Specific Acoustic Model of the Upper 
Airway for Snoring Sounds Generation to Assess the 
Upper airway Anatomy by Snoring Sounds Features 

The content of this chapter was published as a peer reviewed journal article: Shumit Saha, T. 

Douglas Bradley, Mahsa Taheri, Zahra Moussavi & Azadeh Yadollahi, A Subject-Specific 

Acoustic Model of the Upper Airway for Snoring Sounds Generation,  Scientific Reports 6, 

Article number: 25730 (2016), doi:10.1038/srep25730 [50].  

The paper has been reproduced according Nature’s self-archiving policy (web-link: 

http://www.nature.com/authors/policies/license.html#Self_archiving_policy). Nature publishing 

group does not require an individual to obtain a formal permission for re-using the materials in a 

thesis (web-link: http://www.nature.com/reprints/permission-requests.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 Saha proposed the 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 analysis. 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 protocol and acquired all the physiological data. Mahsa 

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
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This chapter demonstrates 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.  

2.1 Introduction 

Snoring is present in 20% to 40% of the general population[51], and is associated with obesity, 

nasal obstruction, use of alcohol and cigarettes[52].  Snoring sounds are generated by vibration 

of pharyngeal tissues due to the narrowing and the consequent increases in the turbulent airflow 

in the upper airway[14]. Several factors such as increased pharyngeal fat[1], reduction in 

pharyngeal dilator muscle tone at sleep onset[1], and rostral 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 change from night to 

night in the same individual [11]. Consequently, it is difficult to use imaging techniques such as 

MRI or endoscopy to investigate variations in the upper airway during sleep such as it’s 

narrowing, collapsibility, or airway wall thickness[54].  

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. Snoring can be a sign of obstructive sleep 

apnea (OSA)[55]; a common respiratory disorder present in approximately 10% of adult 

population. OSA is characterized by repetitive complete or partial collapse of the upper airway 

during sleep[1]. Consequently, most of studies on acoustic analysis of snoring sounds focused on 

the association between OSA severity and a variety of snoring sounds features such as 

intensity[18], power spectral measures[17], bi-spectral and non-linear measures [23], formant 

frequencies [21] and temporal features.  However, very little emphasis was placed on the effects 

of variations in the upper airway anatomy during sleep on snoring sounds features. Liu et al. used 
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a 3D model of the human head to identify the source of snoring sounds; however, the model was 

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 features of snoring sounds[29]. 

They observed general agreement between the spectral features of simulated and actual recorded 

snoring sounds in 40 subjects. However, since they did not measure the upper airway cross-

sectional area (UA-XSA) in their population, a detailed subject-specific validation of the model 

to assess the effects of upper airway narrowing on the characteristics of recorded snoring sounds 

was missing.   

To address this gap, we aimed to develop a subject-specific 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 resonant frequency of snoring sounds will be inversely related to the length of 

upper airway. To have a subject-specific model, we measured the neck circumference (NC), 

upper airway length (UA-Length) and UA-XSA of human participants and incorporated them in 

the model for snoring sounds generation. For every individual, the modelling results for snoring 

sounds intensity and resonant frequencies were compared with those measured from recorded 

snoring sounds in the same individual during sleep       

2.2 Results 

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 details). Table 2.1 shows the 
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baseline characteristics of the subjects. Although this was a daytime study, participants slept for 

an average of 150 minutes (Table 2.2), and 14 out of 20 had at least one full sleep cycle, 

including both rapid eye movement (REM) and non-REM sleep stages. Participants spent most 

of the sleep time in stage 2 of non-REM (N2) sleep (Table 2.2). The participants had a wide 

range of OSA severity, as assessed by apnea-hypopnea index (AHI, number of apneas and 

hypopneas per hour of sleep). Nine subjects had no or mild sleep apnea (AHI < 15), five had 

moderate sleep apnea (15 ≤ AHI < 30) and six had severe sleep apnea (AHI ≥ 30).  

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/m
2
 25.4 ± 3.05 

Neck circumference , cm 41.8 ± 2.9 

Upper Airway Cross-Sectional Area, cm
2
 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 ± 8.3 
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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 25.5 ± 25.7 

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 UA-XSA (both from velum to glottis) were measured with acoustic 

pharyngometry (See methods section for details). From before to after sleep, there were 

significant increases in NC (∆NC: 0.5 ± 0.3 cm, p<0.001) and decreases in UA-XSA (∆UA-

XSA: -0.4 ± 0.3 cm
2
, p<0.001). As we have shown before, these changes could be due to rostral 

fluid shift from the legs to the neck while supine [56]. Airway wall thickness which was 

estimated based on NC and UA-XSA, increased from before to after sleep (∆: 0.2±0.08 cm, 

p<0.001). There was a strong correlation between reductions in UA-XSA and increases in airway 

wall thickness (r=-0.73, p<0.001).  
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Figure 2.1: Segmentation of snoring sounds from breath sounds: (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 sounds intensity were larger than 

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

Snoring and breath sounds were recorded with a microphone attached to the neck (See methods 

section for details). Snoring segments were extracted manually by listening to the sounds and 

observing them in the time and frequency domains. Fig. 2.1 shows a 10-second sample of 

recorded breath sounds, along with the manual annotation of the snoring segments. While both 

inspiratory and expiratory snoring 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 individual, 342±223 inspiratory snoring segments were extracted (134.2±96.0 snoring 

per hour of sleep). The snoring segments were band-pass filtered in the frequency range of 100-

4000 Hz to remove the effects of heart sounds in the low frequency range as well as extraneous 

noises in the high frequency range [57, 58]. Various features in the temporal and spectral 

domains were extracted from the snoring sounds (See methods section for details). The total 

snoring time in each sleep stage normalized by the time spent in each sleep stage (snoring time 

index) was similar for different sleep stages (p>0.10), as well as for non-REM vs. REM sleep 

(p>0.10). The measured average power of snoring sounds was 38.2±5 dB in the frequency band 

of 100-4000 Hz. There was a positive correlation between the measured relative power of 

snoring sounds in the frequency range of 150-450 Hz and the AHI (Fig. 2.2, r=0.48, p=0.039).  
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Figure 2.2: Relationship between AHI and measured relative power 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 within 150–450 Hz 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 of sounds generation in a collapsible tube[15], and the basics of changes in 

the  oral cavity for vowel articulations[59], we assumed a simplified two-compartmental model 

for snoring sounds generation and propagation (Fig. 2.3). These compartments included, first, the 

snoring sounds generation within the upper airway, due to vibration of the soft palate and uvula, 

and/or of the  tissues between the soft palate and epiglottis; and second, the entire upper airway, 

which was modeled as a collapsible tube through which the pressure fluctuations due to snoring 

are propagated to the microphone located on the suprasternal notch.  

We modeled the snoring source vibration as a sinusoid signal with its frequency equal to the 

measured pitch frequencies of the recorded snoring sounds (See methods section for details). For 

every individual, the pitch frequency of each snoring segment was estimated and averaged for 

entire sleep. The mean and standard deviation of the measured pitch frequencies among all 

subjects was 102.1±20.6 Hz. For the upper airway response, we developed an electrical 

equivalent model of a collapsible tube [27, 60, 61] (See methods section for details). The 

parameters of the upper airway model, such as resistance and capacitance, were defined based on 

UA-Length, UA-XSA and airway wall thickness. To validate the model, resonant frequencies 

and average power of snoring sounds based on modelling and measured data 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 airway: 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 analogous to the calculated pitch frequency of snoring sounds. The 

upper airway was modeled by the electrical equivalent circuit of a collapsible tube with non-rigid 

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 formant frequencies is 

also shown. 
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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) of all recorded snoring sounds. The average and 

standard deviation of measured F1 and F2 among all subjects were 572.1±122.6 Hz and 

1626.1±168.7 Hz, respectively. On the other hand, for each subject, we used the baseline 

measurements of UA-XSA, wall thickness, and UA-Length before sleep to estimate F1 (modeled 

F1). There was a strong correlation between the modeled and measured F1 (Fig. 2.4-a, r=0.58, 

p=0.01). Also, based on the Bland-Altman analysis (Fig. 2.4-b), there was a strong agreement 

between modeled and measured F1.  
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Figure 2.4: Agreement between modeled and measured F1 of the snoring sounds: (a) 

Scatterplot of the F1 of the recorded snoring sounds (measured F1) and F1 simulated from the 

upper airway tube model (modeled F1) along with the linear regression equation of modeled and 

measured F1, where   is the measured F1; (b) Bland–Altman plot: the black line indicates the 

average difference and the red lines present the mean±1.96 of standard deviation (boundaries 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 UA-XSA, UA-Length and wall thickness on resonant 

frequencies of the model. The modelling results showed that length of the upper airway was 

inversely related to the modeled F1. Increasing the UA-Length from 7.0 cm to 12.5 cm, modeled 

F1 decreased from 800 Hz to 450 Hz (r=-0.98, p<0.001). On the other hand, there were no 

significant correlations between modeled F1 and variations in the UA-XSA or airway wall 

thickness (p>0.05 for both).   

2.2.4.2 Results obtained from measured snoring frequencies  

There was a significant and negative correlation between the measured F1 of all snoring 

segments during sleep and the UA-Length before sleep (r=-0.55, p=0.015). Previous studies have 

shown that UA-Length is longer in patients with OSA than in those without OSA [62, 63]. Based 

on recorded snoring sounds, there were significant and negative correlations between AHI and 

measured F2 (Fig. 2.5-a, r=-0.49, p=0.030), AHI and measured spectral centroid of snoring 

sounds in the frequency range of 1200-1800 Hz (associated with F2[64]) (Fig. 2.5-b, r=-0.59, 

p=0.006), and AHI and measured spectral centroid in 450-600 Hz (associated with F1[64]) (Fig. 

2.5-c, r=-0.50, p=0.023).  

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

between resonant frequencies of the snoring sounds and UA-Length. 
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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 significantly correlated with the 

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

sleep duration) within 1200-1800 Hz frequency range were significantly correlated with the 

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

sleep duration) within 450-600 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 the effects of changes in UA-XSA, UA-Length, and airway wall thickness on the 

snoring sounds intensity.  

2.2.5.1 Results obtained from the modeled snoring intensity  

There was a significant correlation between percentage narrowing in the UA-XSA from before to 

after sleep and the gain of the upper airway model (Fig. 2.6-a, r=-1.00, p<0.001); indicating that 

upper airway narrowing increases the modeled intensity of snoring. On the other hand, there 

were no significant correlations between the gain of the upper airway model and changes in wall 

thickness or UA-Length (p>0.10 for both).  

2.2.5.2  Results obtained from measured snoring intensity 

There was a significant correlation between the measured average intensity (average power of 

recorded snoring sounds in 100-4000Hz) of all snoring segments during sleep and the percentage 

narrowing of UA-XSA from before to after sleep (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 sleep. The results showed that from the first to the last part of N2 sleep, there was 

a significant increase in the measured intensity (Fig. 2.6-c, ∆=2.0±3.8 dB). These were similar to 

those based on the simulation (p=0.947). On the other hand, there were no significant 

correlations between the measured intensity of recorded snoring sounds and changes in the upper 

airway wall thickness or UA-Length (p>0.1 for both). 

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

between the snoring intensity and UA-XSA. 
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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 Coefficients): a) Result 

obtained from the modeled snoring intensity: narrowing in the UA-XSA was strongly correlated 

with increases in the intensity of the sounds; b) Result obtained from the measured snoring 

intensity: narrowing in the UA-XSA during sleep was significantly correlated with increases in 

the average power of snoring sounds (calculated over the entire sleep duration) within 100-4000 

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 paired t-test). 
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2.3 Discussion 

To the best of our knowledge, this is the first study to develop a subject-specific 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 airway such 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. Furthermore, 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 upper airway. 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 

articulation[59], we considered the measured pitch frequency of snoring sounds as the main 

vibrating frequency of snoring source[51]. 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 range of 64-135 Hz 

[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 subject-specific model, for every individual we used the measured 

pitch frequency of his recorded snoring to characterize the snoring sounds source.  

An important finding of this study was that narrowing of the upper airway during sleep may 

increase the turbulent airflow and increase the snoring sounds power. On the other hand, 

narrowing in the upper airway can increase sleep apnea severity[66]. Our results showed a 
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positive correlation between AHI and measured relative power of snoring sounds. These  results 

are consistent with those of  Maimon et al. who showed that snoring sounds intensity is related to  

severity of OSA[18].  

Another major finding of our model was that modeled resonant frequency of snoring was 

inversely related to the upper airway length. Conversely, there was an inverse relationship 

between OSA severity and measured resonant frequency of snoring sounds. Imaging and 

cephalometric studies have shown that patients with OSA have longer upper airway than those 

without OSA [1, 62, 63]. Similarly, previous studies have shown that in vowel articulation, 

formant frequencies for articulating /i/ or /u/ (e.g. in “see” or “moo”) are significantly lower in 

patients with OSA than non-OSA individuals[67, 68]. Although, snoring sounds and speech have 

different vibratory sources, the role of upper airway in generating sounds may be similar for both 

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 studies have shown that the main frequencies of the snoring sounds vary depending on 

the site of obstruction [69, 70]. While the main frequencies of snoring due to the narrowing at the 

base of tongue were above 650 Hz, frequencies of palatal snoring were below 450 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 the site of obstruction and the recording microphone, the resonant frequency of 

simulated palatal snoring was 450 Hz; while it was approximately 800 Hz for the snoring 

originating closer to the glottis. These simulation results, which should be verified in future 
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studies, may provide non-invasive techniques to assess the site of upper airway obstruction in 

snorers and patients with OSA.  

Our study was subject to some limitations. Since daytime sleep studies were performed, these 

results may not be the same as those during nocturnal sleep. Furthermore, we modeled the 

snoring sounds generation and propagation using a single segment tube model. Further studies 

will be needed to develop a multi-segment tubular model to include the effects of oral and nasal 

cavities on snoring sounds features. Also, participants in this study were non-obese men. Future 

research will need to examine snoring features and upper airway properties in other populations 

such as obese individuals, women, and children.  Furthermore, we limited 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 airway for snoring 

sounds generation and to investigate the effects of changes in upper airway narrowing and length 

on snoring sounds features. Future studies should validate the proposed model based on 

simultaneous recordings of snoring sounds, UA-XSA and sites of collapse during sleep. Since 

snoring sounds can be recorded non-invasively and conveniently during multiple nights; once 

validated, the proposed model can be used to assess the dynamics of upper airway narrowing 

during sleep. 

2.4 Methods  

2.4.1 Participants  

Healthy non-obese and normotensive men were recruited by advertisement and participated in 

this study [46]. Individuals with a history of cardiovascular, respiratory, renal, or neurological 
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diseases, or previously diagnosed of OSA, or those who slept less than one hour during the 

protocol, or with central dominant sleep apnea were excluded from the study. 

2.4.2 Experimental protocol 

Participants arrived in the sleep laboratory at early afternoon after a night of voluntary sleep 

deprivation and were instrumented for sleep studies. Baseline measurements including UA-XSA, 

UA-Length, and NC were performed in supine position before sleep and just after the 

participants woke up (see Appendix D). Breath and snoring sounds were recorded continuously 

and simultaneously with polysomnography during sleep [46].  

The experimental protocol was approved by the Research Ethics Board of Toronto Rehabilitation 

Institute-University Health Network and all participants signed written consent prior to 

participation [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 the research 

personnel.  Thoracoabdominal motion, nasal pressure, and arterial oxyhemoglobin saturation 

(SaO2) were monitored by respiratory inductance plethysmography, nasal cannulae, and 

oximetry, respectively [71] . Scoring sleep stages and arousals were done by a specialist using 

standard techniques and criteria. The 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 postural 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 vice versa [46]. 

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 

pharyngometry [73]. 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 

Breaths along with snoring sounds were recorded by a Sony EMC-44B omni-directional 

microphone. The microphone was placed over suprasternal notch using double-sided adhesive 

tape. The sounds were filtered by a low-pass filter (cut off frequency of 5 kHz) using Biopac 

DA100C, and digitized at sampling rate of 12.5 kHz using MP150 Biopac System [74]. 

2.4.4 Data analysis 

After manual segmentation of snoring sounds, several features in the temporal and spectral 

domains were extracted. 

2.4.4.1 Temporal Feature 

 Snoring Time Index: Total snoring time in each sleep stage divided by the time 

spent in each sleep stage. 

2.4.4.2 Spectral Features 

Snoring segments were band-pass filtered in the frequency range of 100-4000 Hz to remove the 

effects of heart sounds in low frequency ranges as well as high frequency noises[57]. Power 

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% overlap between adjacent windows. Based on the PSD, 

following features were calculated: 

 Average Power: Average power of the snoring sounds in eight frequency bands of 

100-4000 Hz, 100-150 Hz, 150-450 Hz, 450-600 Hz, 600-1200 Hz, 1200-1800 

Hz, 1800-2500 Hz, and 2500-4000 Hz were calculated [75] (See Appendix A). 

 Relative Power: The average power of snoring sounds in each sub-band divided 

by the average power in entire frequency band (100-4000 Hz). 

 Spectral Centroid: It represents the frequency that contains the maximum power 

of snoring sounds in any of the eight frequency bands [76]. 
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Here,Pavg= Average power;  lf = Lower band frequency; uf = Higher band 

frequency;  fP  = Estimated power spectral density. 

 Pitch and Formant Frequencies: Pitch frequency was calculated based on the 

robust algorithm for pitch tracking[77]. For calculating formants, snoring 

segments were pre-processed using a Hamming window (window size of 20 ms) 

and a pre-emphasizing filter. Then, 16
th

 order linear predictive coding (LPC) 

spectrum of the snoring sounds was estimated to extract formants [78, 79]. Pitch 

was calculated using the validated “Voicebox” toolbox[80]. 

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

We proposed a simplified two-compartmental model for snoring sounds generation that included 

snoring source vibration and the upper airway response as a collapsible tube (Fig. 2.3).  
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2.4.5.1 Snoring source vibration 

Snoring sounds can be generated either by oscillation of the soft palate or the upper airway wall 

[14]. Based on the Bernoulli’s theorem, in a collapsible tube such as the upper airway, upper 

airway narrowing or increased negative intra-thoracic pressure during inspiration increases the 

airflow speed which will cause a pressure drop across the upper airway; this sequence of events 

will further increase the negative pressure in the upper airway, narrow the upper airway and 

increase the airflow speed[14]. The consequence of these events is an increase in turbulence of 

airflow within the upper airway, which leads to vibration of soft palate or the airway wall tissue 

and induces snoring sounds[14]. Considering speech articulation, vibration of soft palate or the 

upper airway wall during snoring sounds generation can be assumed to be analogous to the 

vibration of vocal cord[51]. Therefore, we assumed that pitch frequency represent the 

fundamental frequency of snoring sounds. Thus, we modeled the snoring sounds source (Fig. 

2.3) as a sinusoid signal with its frequency equal to the pitch of the recorded snoring sounds for 

every individual subject.  

2.4.5.2 Subject-specific upper airway model 

The upper airway was modeled as a collapsible tube [27, 60, 61, 81, 82]. In this model, the air 

pressure and airflow were modeled as the voltage and current, respectively. The model included 

acoustic resistance of airflow (Ra), compliance (Ca), inertance (La), and conductance (Ga)[81, 

82]; as well as upper airway wall resistance (Rw), inertance (Lw) and compliance (Cw)[60, 61, 

83]. Detailed definitions of the model variables are presented in the Appendix B. In this study, 

we used the previously reported measurements for the air and tissue properties such as viscosity 

and elasticity [27, 60, 81, 82, 84, 85] (See Appendix B). Previous models of the upper airway did 

not incorporate the differences in the upper airway anatomy among subjects such as its internal 
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radius and wall thickness. For each subject, we used measurements of UA-XSA and NC to 

estimate the upper airway wall thickness (Fig. 2.3). Upper airway radius (Tr) was calculated as 

square root of (UA-XSA/π), neck radius (Nr) was estimated as (NC/2π), and the upper airway 

wall thickness (h) was calculated as (Nr - Tr). 

2.4.6 Statistical analysis 

The changes in NC, airway wall thickness, and UA-XSA from before to after sleep were 

assessed by paired t-tests for normally distributed data and Wilcoxon rank-sum test for non-

normally distributed data. Paired t-tests were performed to investigate the differences between 

the measured average powers of recorded snoring sounds from the beginning to the end of sleep.  

The changes in measured snoring sounds features between different sleep stages were 

investigated by analysis of variance (ANOVA) and the post-hoc Tukey test. All the correlation 

analyses were performed based on Pearson or Spearman’s rank coefficient, for normally and 

non-normally distributed data, respectively. Furthermore, we performed Bland-Altman statistical 

test to verify the agreement between modeled and measured resonant frequencies. Statistical 

analyses were performed by Matlab and two-tailed P<0.05 was considered as significant. Data 

are presented as mean±SD.   
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Chapter 3  
 

3 Effects of Fluid Accumulation in the Neck on Features 
of Snoring Sounds 

The content of this chapter is going to be submitted in a peer reviewed journal article Shumit 

Saha, Zahra Moussavi, Peyman Hadi, T. Douglas Bradley, Azadeh Yadollahi, Effects of Fluid 

Accumulation in the Neck on the Acoustic Features of Snoring Sounds.  

Except for the formatting and some organizational and stylistic improvements, the content 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 sounds, performed the signal 

processing, statistical analysis and proposed a 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 protocol and acquired all the physiological data. Peyman Hadi helped in the 

development of the spring and mass model. 

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

of snoring sounds.   

3.1 Introduction 

Obstructive sleep apnea (OSA), a common respiratory disorder, is highly associated with the 

chronic diseases like stroke [3], heart failure [4, 5], as well as car and work related accidents [6-

8]. OSA occurs due to the partial (hypopnea) or complete (apnea) cession of breathing due to 

either partial or complete collapse of the upper airway during sleep [1]. The Upper airway 
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collapse during sleep is multi-factorial [11], and the exact underlying mechanisms of upper 

airway narrowing are still unknown. Previous studies have shown that increased tissue content in 

the neck, either by the increased pharyngeal fat or edema, contribute to the upper airway 

narrowing, and increase its resistance, collapsibility and worsening of the OSA severity [86, 87]. 

Furthermore, rostral fluid shift from the legs into the neck during sleep can increase the neck 

fluid volume (NFV), and further increase the pharyngeal tissue edema [88]. Therefore, 

developing convenient and non-invasive techniques to measure the increased tissue edema and 

monitoring its effects on the upper airway narrowing could improve OSA management.   

Previous studies have demonstrated that due to gravity, lack of activity and the sedentary 

lifestyle fluids are accumulated in the legs during daytime [56]. When lying down at night, the 

fluid would be shifted from the legs into the upper body parts (i.e. abdomen, thorax and neck) 

[89]. The rostral fluid shift to the neck during sleep increases the NFV. Consequently, the 

increases in NFV could narrow upper airway cross sectional area (UA-XSA) [90], and increase 

the upper airway resistance [12] and collapsibility [13]. Furthermore, previous studies showed 

that in older men (>40 yr old) with mild to moderate OSA, increases of fluid in their vein by 

injecting normal saline resulted in three-fold increment in their apnea/hypopnea index (AHI) 

[46]. Conversely, in patients with chronic venous insufficiency, one week wearing of the 

compression stockings caused 30% reduction in the AHI [38, 91]. These results proved the 

concept that fluid accumulation in the neck during sleep can change the properties of the upper 

airway and increase the risk of developing OSA. 

The gold standard methods to measure the NFV are based on MRI or bioelectrical impedance 

which are inconvenient and difficult to perform continuously during sleep. On the other hand, 
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respiratory or snoring sounds analysis is a simple and non-invasive method to investigate 

variations in the upper airway anatomy and monitor upper airway obstruction during sleep [29, 

50]. Turbulence of the air flowing through the upper airway and vibrations of the pharyngeal 

tissues due to the narrowing of the upper airway contribute to the generation of snoring sounds 

[14]. These vibrations are transmitted through the pharyngeal tissue, 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 the upper airway but also with the tissue composition of the upper 

airway. Although snoring sounds analysis have been used to monitor the upper airway narrowing 

[50] or site of obstruction [92], its relationship with changes in tissue edema and NFV during 

sleep has not been investigated before.  

Previously, we showed that tracheal respiratory sounds could be used to detect the amount of 

NFV in healthy subjects while awake [74]. Furthermore, we showed that snoring sounds 

features, such as its intensity or formant frequencies can represent narrowing in the upper airway 

[50], and OSA severity [16, 93]. These studies provide a strong proof of concept that snoring 

sound analysis could represent variations in the upper airway due to edema and NFV during 

sleep. 

This study aims to investigate the effects of fluid accumulation in the neck during sleep 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. We have developed a spring and mass model for the 

pharyngeal tissue surrounding the upper airway, and investigated the effects of pharyngeal tissue 

and increased NFV on snoring sounds features.    
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3.2 Method  

3.2.1 Data Measurement  

3.2.1.1 Experimental protocol, participants and sleep studies  

This study was part of a randomized, double cross-over study to investigate the effects of fluid 

overloading by saline infusion on sleep apnea severity in men [46]. The study was approved by 

the research ethics board of the University Health Network and all participants gave written 

consent before participation in the study. Daytime polysomnography was performed, and 

subjects slept in supine position only on a single pillow. Polysomnography (PSG) was used to 

detect sleep stages and sleep apnea severity assessed by apnea-hypopnea index (AHI). Details of 

the experimental protocol and sleep studies are similar to those of our previous study elaborated 

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

3.2.1.2 NC, UA-XSA and NFV measurement 

NC and UA-XSA were measured before and after sleep using a measuring tape and acoustic 

pharyngometry, respectively. In this study, NFV was estimated based on the bioelectrical 

impedance measurement of the neck. It is based on the fact that tissue impedance is inversely 

related to the fluid content of the tissue. The following equation was used to estimate NFV (see 

Appendix C): 

V =  (
ρ2 L5C2 

4π R2 )
1/3

,                                                                                      (3.1) 

where C is the neck circumference, L is the neck length, R is the neck resistance estimated from 

the bioimpedance measurement (using MP150 Biopac System and EBI100C module), and ρ is 

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 the neck. Two other electrodes were placed one inch from the voltage measuring 

electrodes to inject a low amplitude (400μA) current at 50 kHz. At the beginning of the study, 

the neck length (L in Equation 1) was measured with a tape as the distance between the voltage 

measuring electrodes, while the subjects were standing and their head was in the neutral position. 

Details of this method are discussed in [94]. 

3.2.1.3 Breath and snoring sounds recording  

During sleep, breathing and snoring sounds were recorded with a Sony EMC-44B omni-

directional microphone placed over suprasternal notch. The sounds were low-pass 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 breathings sounds recording during sleep, snoring segments were manually extracted. 

Manual annotation of snoring sounds were done by listening to the sounds along with 

simultaneous visual inspection of the spectrogram of each segment using a digital audio software 

called Praat (Version 5.4.08) [95] (Figure 3.1). Since snoring during inspiratory phase is more 

common than snoring during expiratory phase, we only investigated the inspiratory snoring 

segments. After manual segmentation of snoring sounds, different features in the time and 

frequency domains were extracted.  
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Figure 3.1: Segmentation of snoring sounds: a) 13 sec. breathing segments with normal 

inspiratory phases, expiratory phases and snoring sounds segments; b) Spectrogram of the breath 

segment presented in (a). Inspiratory phases show larger intensity in spectrogram than expiratory 

phases. Furthermore, snoring sounds intensity was larger than those of the inspiratory and 

expiratory breath sounds without snoring. 
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In time domain, we calculated two features: snoring percentage and snoring time index. Snoring 

percentage was calculated as the number of snoring segments in each sleep stage divided by the 

total number of snoring segments in the entire sleep. Snoring time index was 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 divided by the total sleeping time. Furthermore, 

snoring time index in each sleep stages was calculated as the total snoring time in each sleep 

stage divided by the time spent in that sleep stage. 

To calculate the spectral features, snoring segments were band-pass filtered in the frequency 

range of 30-4000 Hz to remove the effects of heart sounds in low frequency ranges as well as 

high frequency noises [57]. We estimated power spectral density (PSD) of each snoring segment 

based on the Welch method using a Hamming window of 100 ms and 50% overlap between 

adjacent windows. From the PSD, we calculated the average power and spectral centroid of all 

snoring segments. Average power, calculated from the PSD of the sound signal, represents the 

intensity of the snoring sounds.  Spectral centroid represents the weighted average of the PSD 

frequencies within a frequency band [76]. The equations of average power and spectral centroid 

are given below: 

Average Power,     ffPfff
uff

u  
lf

lavg    P    ,                                            (3.2) 

 

 u

ff

fff

fPf
u








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lavg

f

 P

f

Centroid Spectral l   ,                                                              (3.3) 

where,Pavg= Average power,  lf = Lower band frequency, uf = Higher band frequency, and  fP  

= Estimated power spectral density. 



39 

 

Both the average power and spectral centroid were calculated for the entire frequency band (30-

4000 Hz).  In addition, spectral centroid was calculated for several sub-bands including  60-140 

Hz, 60-170 Hz, 60-200 Hz, 100-150 Hz, 150-450 Hz, 450-600 Hz, 600-1200 Hz, 1200-1800 Hz, 

1800-2500 Hz, and 2500-4000 Hz [50, 75]. Previous studies have shown that the main vibratory 

frequency of the snoring sounds lies in 64-135 Hz [65]; therefore, we choose sub-bands more 

densely in the lower frequency ranges. Next, for each subject, we calculated the average of 

spectral centroid and Pavg for all the snoring segments during the entire 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 each subject. To 

accomplish this task, we calculated the average spectral centroid of 5 snoring segments in the 

first and last 30 minutes of stage 2 of sleep void of apneas and hypopneas, calculated its 

difference between the two periods of sleep, and investigated its relationship 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 

(K), the mass exhibits a simple harmonic motion, with the natural frequency of 
m

K
f

2

1
  

[96]. Therefore, the natural frequency of a system depends on its elasticity and mass. In this 

study, pharyngeal tissue around the upper airway was modeled as a mass and spring system 

(Figure 3.2), where K and m were the elasticity and mass of the surrounding tissues of the upper 

airway, respectively. The mass of the surrounding tissues of the upper airway was calculated 

from the density (d) and volume of the tissue (V): 
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.Vdm                                                                                                  (3.4)                                                                       

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

as:    

 
Vd

K
f




2

1
 ,                                                                                   (3.5)  

where, V represents the total volume of the surrounding tissues of the upper airway including all 

the fat, fibers, muscles, fluids, etc. In this study, we assumed that from beginning to the end of 

sleep, the only factor that would change the tissue volume surrounding the upper airway is the 

changes in NFV.  Therefore, Eq. 3.4 could be rewritten as: 

Vd

K
f




2

1
                                                                (3.6) 

where,  f and V are the changes in snoring sounds frequency and changes in tissue volume 

due to NFV from beginning to the end of sleep. Previous studies have shown that with the 

changes in water content, there’s a negligible change in the elasticity of the body-fat [97]. 

Therefore, we assumed that increased NFV did not change the elasticity of the tissue in Eq. 3.6. 

  



41 

 

 

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, UA-XSA, and NFV from before to after sleep along with the changes in 

spectral centroid from beginning to the end of sleep were assessed by paired t-tests or Wilcoxon 

rank-sum test for normally and non-normally distributed data, respectively. Correlations between 

the snoring sounds features and changes in the NFV and NC were investigated by Pearson or 

Spearman’s rank coefficient, for normally and non-normally distributed data, respectively. 

Correlations between spectral centroid change from first to end of the sleep and changes in NFV 

or NC from before to after sleep were also performed by Pearson or Spearman’s coefficient 

based on their normality. Statistical analyses were performed by Matlab and two-tailed p<0.05 

was considered as significant. Data are presented as mean ± STD.  

3.3 Results  

Twenty men met all inclusion criteria and were included in this study. Participants slept for an 

average of 150 minutes (Table 3.1) and 14 out of 20 men had at least one full sleep cycle; 

including both rapid eye movement (REM) and non-REM sleep stages. Furthermore, participants 

spent maximum time in stage 2 of the non-REM sleep (Table 3.1). From before to after sleep, 

there were significant increases in NC (∆NC: 0.5±0.3cm, p<0.001) and NFV (∆NFV: 

18.6±6.9ml, p<0.001) and decreases in UA-XSA (∆UA-XSA: -0.4±0.3cm
2
, 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 45.1 ± 11.4 
Total sleep time, min 150.1 ± 46.1 

Height, cm 176.9 ± 6.3 
Non-Rem 1 sleep, % 18.0 ± 10.4 

Weight, kg 79.0 ± 10.7 
Non-Rem 2 sleep, % 57.2 ± 15.1 

BMI, kg/m
2
 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, cm
2
 2.6 ± 0.6 

Sleep efficiency, % 74.7 ± 15.0 

NFV, ml 265.7 ± 49.5 
AHI,  /h 27.6 ±25.8 

 

An average of 342 ± 223 inspiratory snoring segments was manually extracted from the entire 

sleep for every individual (134.2 ± 96.0 snoring segments per hour of sleep). The number of 

snoring segments in stage 2 was significantly higher than that in other sleep stages (p<0.001). 

However, the snoring time index was similar for different sleep stages (p>0.10). Similarly, 

snoring time index was similar in both non-REM sleep and REM sleep (p>0.10). Furthermore, 

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

the spectral centroid of snoring sounds in the frequency range of 100-150 Hz (Figure 3.3-a, r=-

0.47, p=0.037) for the entire duration of sleep. Similar correlations were found between ∆NFV 

and spectral centroids of snoring sounds during stage 2 (r=-0.51, p=0.031) and stage 3 (r=-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 60-200 Hz (Fig. 3.3-b, r =-0.50, p=0.026) for stage 2 of sleep. 

However, we found no significant correlation between ∆NFV and spectral centroid when 

calculated in higher frequency ranges. Furthermore, we found that the percentage increase in NC 

during sleep was significantly correlated with the reduction in spectral centroid in 60-140 Hz  

(r=-0.57, p=0.008), 60-170 Hz (Fig. 3.3-c, r=-0.57, p=0.009) and 60-200 Hz (Fig. 3.3-d, r=-0.53, 

p=0.016) for stage 2 of sleep.  

As shown in Fig. 3.4, the spectral centroid of snoring sounds changed significantly from the first 

to the last part of sleep: 60-170 Hz (Fig. 3.4-a, p=0.039, Δ = -5.8 ± 11.7 Hz), and 60-200 Hz 

(Fig. 3.4-b, p=0.010, Δ = -9.8 ± 14.1 Hz).  

There was a borderline significance between decreases in the spectral-centroid change in 60-170 

Hz with the percentage increases in the ∆NC from before to after sleep (Fig. 3.5-a, r=-0.44, 

p=0.053). Although, there was a trend for an inverse relationship between changes in the 

spectral-centroid calculated over the entire band (30-4000 Hz) and the changes in NFV from 

before to after sleep (Fig. 3.5-b, r=-0.39, p=0.088). No significant correlations were found 

between ∆NFV and Pavg of 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) within 100-150 Hz frequency range; b) 

Relationship between changes in NFV and spectral centroid of snoring sounds (calculated over 

the non-Rem 2 (N2) sleep stage duration) within 60-200 Hz frequency range; c) Relationship 

between changes in percentage NC and spectral centroid of snoring sounds (calculated over the 

N2 sleep stage duration) within 60-170 Hz frequency range; d) Relationship between changes in 

percentage NC and spectral centroid of snoring sounds (calculated over the N2 sleep stage 

duration) within 60-200 Hz frequency range. 

 



46 

 

 

 

Figure 3.4: a) There were significant decreases in the spectral centroid snoring sounds from first 

part to the last part of the N2 sleep stage in 60-170 Hz frequency range; b) There were significant 

decreases in the spectral centroid snoring sounds from first part to the last part of the N2 sleep 

stage in 60-200 Hz frequency range (assessed by paired t-test). 
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Figure 3.5: a) Relationship between the spectral-centroid change and ∆NC in 60-170 Hz 

frequency band; b) Relationship between the spectral-centroid change and ∆NFV in 30-4000 Hz 

frequency band. 
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3.4 Discussion 

To the best to our knowledge, this is the first study which investigated the relationship between 

fluid accumulation in the neck during sleep and snoring sounds features. The most important 

findings of this study were that increases in NFV during sleep were significantly correlated with 

the decreases in spectral centroid in the frequency range of 60-170 Hz, 60-200 Hz in stage 2 of 

sleep and 100-150 Hz in entire sleep duration. Furthermore, there were no correlations between 

changes in NFV and snoring sounds features in the higher frequency ranges. Previous study have 

shown that the low frequency components (< 600 Hz) of breath sounds tend to couple with the 

tissue filled compartment and propagate through the tissue [78]. However, the high frequency 

components tend to propagate through the airway path rather than tissue because the airway 

walls behave as rigid structures at higher frequencies [78]. Therefore, it is justified that lower 

frequency components of snoring sounds might be affected by the fluid accumulation in the neck 

and not the higher frequency components.  

We found that the increases in NFV during sleep were significantly correlated with the decreases 

of the spectral centroid of the snoring sounds. This was further supported by the Eq. 3.6 of the 

spring and mass model described in the methods section. Increases in NFV could increase the 

mass of the surrounding tissues of the upper airway and consequently decrease the centroid 

frequency. These results were further supported by the strong inverse correlation between ∆NC 

during sleep and decreases in spectral centroid. We acknowledge the fact that this analysis is 

based on the assumption that increases in NFV do not change the pharyngeal tissue elasticity. 

Future studies are required to measure the stiffness of the pharyngeal tissue and its association 

with NFV.  
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Since NFV change continuously while supine [94], it is expected that centroid frequencies of 

snoring sounds would change from beginning to the end of sleep. Our results showed that from 

beginning to the end of sleep, spectral centroid of snoring sounds decreased significantly. 

Moreover, there was a borderline negative correlation between ∆NC and spectral centroid 

change during sleep.  

Increased pharyngeal tissue is a risk factor for OSA [87]. Our results provided proof of concept 

that increases in pharyngeal tissue content and edema may decrease spectral centroid of snoring 

sounds during sleep. Although spectral centroid in low frequency ranges are not same as the 

formant frequencies, but our results comply with the results of previous studies that have 

reported that formant frequencies of snoring sounds was smaller in patients with more severe 

OSA [17, 50]. These results may demonstrate the potential application of the spectral centroid of 

snoring sounds to predict the risk of OSA due to increased pharyngeal tissue content. Future 

studies should consider validating these results in clinical populations with OSA such as obese 

patients, and patients with fluid retaining condition such as renal or heart failure.      

This study has some limitations. Since the study was performed during daytime sleep, the results 

may not be fully applicable to overnight sleep. Future studies should validate these results in 

overnight sleep studies. Furthermore, participants slept only in supine position to minimize the 

effects of posture on OSA severity. Future studies should address the effect of posture on snoring 

sounds features. In this study, we only considered men, as previous studies from our group have 

shown that men are more susceptible to the adverse effects of rostral fluid shift than women. 

Future studies should investigate the relationship between snoring sounds features and 

pharyngeal tissue content in women, children and obese patients.  
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In conclusion, this study has demonstrated the concept of developing a non-invasive and 

convenient measure by spectral centroid of snoring sounds to estimate the increases in NFV and 

pharyngeal tissue edema during sleep. Once established, snore-driven monitoring of NFV and 

tissue edema could be used to see its effect on the upper airway collapsibility and OSA severity. 
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Chapter 4  
 

4 Conclusion and Recommendations for Future Works 

4.1 Conclusion 

This study demonstrated the potential applications of the snoring sounds features for assessing 

the effects of upper airway anatomy such as narrowing, length and increased NFV. This study 

showed that snoring intensity could be used to assess the upper airway narrowing. Furthermore, 

decreases in the resonance frequencies of the snoring sounds could indicate increases in the 

upper airway length, which is a risk factor of OSA patient. Moreover, this study provided proof 

of concept that the effects of increasing fluid accumulation in the neck and increased tissue 

content around the upper airway could change spectral features of snoring sounds.  

The first part of the study demonstrated a subject-specific acoustic model for snoring sounds 

generation. To the best of our knowledge, there is no previously published work which 

demonstrates a subject-specific model by incorporating the values of the upper airway 

parameters obtained directly from the subjects. The variations in the upper airway anatomy 

during sleep are different from individual to individual. Even it varies from night to night in the 

same person. Therefore, a general model to assess the upper airway anatomy may not provide 

accurate information for every individual. So, this study proposed a subject-specific model to 

attain more accuracy in this regard.  

As snoring sounds analysis is non-invasive, cost efficient and convenient, this model could help 

to understand and determine clinical information from the snoring sounds. The modelling results 

suggested that snoring sounds intensity was strongly correlated with the narrowing of the upper 
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airway. This result was also supported by the measured sounds intensity obtained from the 

recording of the snoring sounds. Furthermore, upper airway narrowing is one of the major factors 

that cause OSA. Thus, these results demonstrate the potential application of snoring sounds 

intensity to predict severity of upper airway narrowing in patients with OSA. 

Furthermore, the first part of the research suggested that longer upper airway could be associated 

with smaller resonant frequencies of the snoring sounds and vice versa. OSA patients have a 

longer upper airway length and thicker tongue with narrower upper airway than healthy people 

even during wakefulness, therefore the resonant frequency of the snoring sounds would be lower 

in OSA patients than normal patients. We found similar results that the measured spectral 

frequencies of the recorded snoring sounds were inversely correlated with the sleep apnea 

severity. Therefore, this result suggested that resonant frequencies of the snoring sounds might 

be implemented to screen the upper airway length in patients with sleep apnea.  

The second part of the study demonstrated the effects of increases in pharyngeal tissue content 

on the snoring sounds features, assessed by increases in NFV and NC during sleep. One 

important finding was that the observed decreases in the spectral centroid of the snoring sounds 

were significantly correlated with the observed increases of the pharyngeal tissue mass. 

Therefore, these results are convincing for the potential application of spectral centroid of 

snoring sounds to assess the effects of pharyngeal tissue content on upper airway narrowing. 

The main beneficiaries of this study include patients with sleep apnea and sleep physicians. 

Snoring sounds can be recorded easily and conveniently by a wearable device. Once validated in 

a large population, physicians can use such wearable device which records the snoring sounds 

and can screen for the severity of upper airway narrowing. Furthermore, frequency components 
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of snoring sounds can be used to estimate various risk factors of OSA such as the increased 

tissue content around the upper airway, or increased collapsibility of the upper airway.  

Furthermore, the outcomes of this study may help the physicians to access the efficiency of sleep 

apnea treatments. The common treatments of OSA include continuous airway positive pressure 

(CPAP) or mandibular advancement devices. These devices improve sleep apnea by reducing the 

upper airway narrowing. If the treatments are efficient, we anticipate the snoring sounds intensity 

to decrease; thus, physicians would be able to determine the patency of the upper airway and 

efficiency of the OSA treatments more conveniently.  

This study can also benefit a wider range of patients with various severities of upper airway 

narrowing and breathing disorders during sleep. Current diagnosis of breathing disorders during 

sleep is based on AHI obtained from polysomnography. However, AHI is not sensitive to 

distinguish the mild and prolonged narrowing of the upper airway. Therefore, the AHI cannot 

diagnose diseases like upper airway resistance syndrome, a mild form of upper airway narrowing 

where frequent arousals occur in absence of apneas and hypopneas [98]. Long term 

consequences of upper airway resistance syndrome include daytime sleepiness and severe 

cardiovascular comorbidities [98]. This study has shown that monitoring snoring sounds 

intensity may be used to estimate various levels of narrowing in the upper airway. Thus, 

implementation of the results of this study may be used to detect patients with mild upper airway 

narrowing.  

To summarize, this thesis provided a proof of concept that snoring sounds analysis can be used 

to assess variations in the upper airway anatomy during sleep. These results encourage the use of 
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snoring sounds analysis based convenient and portable technology for monitoring the pharyngeal 

tissue content and severity of upper airway narrowing during sleep. 

4.2 Limitations 

This study had some limitations. First, it was performed only on non-obese men. Obesity is one 

of the major risk factors of sleep apnea [1] and fluid retention diseases [99]. To remove this 

confounding effect, we excluded obese men (BMI >30) in this study.  Though, we expect that 

due to increased pharyngeal fat and narrower upper airway, the snoring sounds intensity would 

be higher in obese population than non-obese population. Furthermore, the increased pharyngeal 

fat surrounding the upper airway could decrease the centroid frequency of the snoring sounds in 

obese population.  

Second, this study was confined to men only due to availability of a small sample size for the 

study. We chose male subjects because sleep apnea is more frequent in men than in women. 

Also, the overnight fluid shift has more effect in increasing the severity of OSA in men than 

women [42]. Based on our findings, we expect that due to shorter upper airway length [100], 

formant frequencies of snoring sounds would be higher in women than men.  

Third, the study was performed in daytime and participants slept for about two to three hours. 

However, the sleeping time is usually about seven hours on an average in nighttime. Therefore, 

the site of obstruction and severity of narrowing may show high variance in nighttime sleep than 

daytime sleep. Thus, the results obtained from our recorded snoring sounds may not be fully 

applicable for full night sleep.  

Forth, the participants were slept in supine position only. We chose this position because we 

wanted to exclude the postural effects on severity of OSA. Also, while supine, due to the 
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gravitational force the upper airway is more susceptible to collapse and severity of OSA is 

increased. However, future studies should be performed to see the postural effects on snoring 

sounds features.  

In the first part of the study, we proposed a modified acoustic model of the upper airway for 

snoring sounds generation which was single segment from vellum to glottis. However, nasal and 

oral cavities may have effect on snoring sounds characteristics. Thus, future studies should 

address the effects of oral and nasal cavities in snoring sounds.  

Furthermore, this study was performed on 20 men which was relatively small. Therefore, the 

results of the study should be validated in larger population. Nevertheless, our results complies 

with the results of a recent study by Maimon et al. on a large sample size of 1643 patients which 

shows that snoring sounds intensity is significantly correlated with the severity of sleep apnea 

[18]. Although, they did not measure the upper airway area in their population, but patients with 

more severe sleep apnea has more collapsible and narrower upper airway [1]. Therefore, we 

expect that in larger population, there will be similar correlation between upper airway 

narrowing and snoring sounds intensity. 

4.3 Recommendations for future work 

4.3.1 Investigating the dynamics of the upper airway narrowing during 
hypopnea by snoring sounds intensity 

Greater than 50% decrease in breathing airflow for more than 10 sec. with blood oxygen 

desaturation of greater than 3% is called a hypopnea [72]. It is believed that there would be 

gradual increase in upper airway narrowing during a hypopnea. According to the findings of this 

study, if the above statement is true then the snoring sounds intensity should increase within a 
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hypopnea event. To validate this hypothesis, a sleep study should be conducted with a system 

that can observe the percentage of the narrowing in the upper airway during sleep along with the 

simultaneous recordings of the breathing sounds. Then, the pattern of the snoring sounds 

intensity during hypopnea should be investigated. Once validated, the snoring sounds intensity 

may predict the dynamics of the upper airway narrowing during hypopnea.  

4.3.2 Investigating the dynamics of the upper airway narrowing before 
an apnea by snoring sounds intensity 

Cessation of breathing for more than 10 sec. is called apnea [72]. Therefore, a complete collapse 

of the upper airway occurs in an obstructive apnea. Hence, there would be no snoring during 

apnea as there is no breathing. However, upper airway may narrow significantly prior to the 

complete cessation of breathing. According to the findings of this study, snoring sounds intensity 

prior to apnea should be higher than the rest of snoring sounds. To validate this hypothesis, a 

closer inspection of the snoring sounds pattern prior to the apneas should be performed in future 

studies. The validation of this hypothesis may lead to predict the apneas beforehand.      

4.3.3 Investigating the site of upper airway obstruction based on 
resonant frequencies of snoring sounds 

Resonant frequencies may be used as an indicator of site of upper airway obstruction. The 

vibration in soft palate generates snoring sounds of below 450 Hz, while pharyngeal wall 

vibration in base of the tongue generates snoring sounds of above 650 Hz [69]. If we assumed 

that the upper airway length used in our model was a presentation of distance between site of 

obstruction and recording microphone, then the upper airway length from microphone to soft 

palate was longer than the length between microphone and tongue base. The results obtained 

from our model showed that the upper airway length associated with soft palate was associated 
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with the frequency of 450 Hz, while length associated with tongue based was associated with 

800 Hz. In this way, the site of obstruction may be determined from the resonant frequencies. 

Future studies should verify this hypothesis.    

4.3.4 Improving the proposed model for snoring sounds generation by 
including the nasal and oral cavities 

This study proposed a single segment model of the upper airway from vellum (vibratory source 

of snoring) to glottis, where the microphone recorded snoring sounds. However, in this model 

the effects of oral and nasal cavity on snoring sounds generation and propagation were not 

investigated. Therefore, a multi segment model including oral and nasal cavities might give more 

accurate insight of the upper airway dynamics. Future studies should measure the area of the oral 

and nasal cavities and develop a subject specific model of the upper airway including these 

measurements. 

4.3.5 Investigating the results on a larger population including the obese 
men, women and children 

This study was performed only on the non-obese healthy men. As this was a preliminary study, 

we tried to predict the basic anatomical parameters such as narrowing and length of the upper 

airway by snoring sounds features. However, this study needs to be validated on a larger 

population including the obese subjects, women and children.  
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Appendix A: Feature Extraction of Snoring Sounds 

We extracted several temporal and spectral features for all snoring segments (Table A.1).  

A.1. Temporal Features: 

Since sleep stage may change the upper airway control mechanism and the generation of snoring 

sounds[1], we investigated the patterns of snoring occurrences for the entire sleep and every 

sleep stage separately. We calculated two features: snoring percentage, which represent the 

number of snoring segments in each sleep stage divided by the total number of snoring segments 

in the entire sleep; and snoring time index (STI), representing the total snoring time in each sleep 

stage divided by time spent in each sleep stage.  

A.2. Spectral Features: 

For calculating spectral features, we first estimated power spectral density (PSD) using welch 

method with 100 ms hamming window and 50% overlap between adjacent windows. We 

calculated spectral features for the entire frequency band (100-4000 Hz), and seven sub-bands: 

100-150 Hz, 150-450 Hz, 450-600 Hz, 600-1200 Hz, 1200-1800 Hz, 1800-2500 Hz, and 2500-

4000 Hz [75].  

To remove the effects of heart sounds signal analysis was done for frequencies above 100 Hz as 

the majority of heart sounds components are  below 100 Hz [57].  

The choice of the frequency sub-bands was determined based on the frequency ranges of 

different sources of vibrations. Previous studies have shown that the main frequency range of the 

snoring sounds generated from soft palate vibration is from 150-450 Hz [69]. On the other hand, 
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snoring sounds induced by narrowing in the base of the tongue and pharyngeal wall vibration are 

above 600 Hz up to 1200 Hz [69]. Furthermore, for mixed snores, where both the hard palate and 

tongue are responsible for inducing sounds, the harmonics of the snoring frequencies could be 

expanded to 2200 and 3500 Hz [101]. Moreover, the power level beyond 4000Hz for snoring 

sound is less than 0.1% of total power. Thus, we choose 4000Hz to be our cut-off frequency. 

Considering all these facts, we choose those seven sub-bands.      

Table A.1: Features calculated from the snoring segments 

Feature Name Equation/ Method 

Snoring Percentage, % 

Snoring in Sleep stage/ Total number of 

snoring 

Snoring Time Index, % Total Snoring Time/ Total Sleeping Time 

Average Signal Power, 𝑃𝑎𝑣𝑔 , 𝑑𝐵* 𝑃𝑎𝑣𝑔 (𝑓𝑙 ≤ 𝑓 ≤ 𝑓𝑢) =  ∑ 𝑝(𝑓)∆𝑓
(𝑓𝑙≤𝑓≤𝑓𝑢)

 

Relative Signal Power (RSP), %* 
𝑃(𝑓𝑙 ≤ 𝑓 ≤ 𝑓𝑢)

𝑃(100 ≤ 𝑓 ≤ 4000)
 

Spectral Centroid (SC), Hz* 
∑ 𝑓𝑝(𝑓)∆𝑓(𝑓𝑙≤𝑓≤𝑓𝑢)

𝑃𝑎𝑣𝑔 (𝑓𝑙 ≤ 𝑓 ≤ 𝑓𝑢)
 

Formant Frequencies, Hz Linear Predictive Coding (LPC) analysis 

𝑝(𝑓) = estimated amplitude by power spectral density 

𝑓𝑙 = Lower band frequency and 𝑓𝑢 = Higher band frequency. 
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* Feature was computed over the entire frequency band: 100 – 4000Hz and seven sub-bands of 

the power spectrum: 100, 150; 150, 450; 450, 600; 600, 1200; 1200, 1800; 1800, 2500; 2500-

4000 Hz. 

From the PSD, we calculated three spectral features. The spectral features included the average 

power of snoring sounds in each frequency band; relative power, which defines as the average 

power of snoring segments in each sub-band divided by the average power in entire frequency 

band (100-4000 Hz); and spectral centroid, which determines the frequency with the maximum 

power in each frequency band. 
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Appendix B: A Modified Acoustic Upper Airway Model 

B.1. Introduction: 

Respiratory sounds have been used for the clinical diagnosis of various diseases such as OSA, 

asthma, and respiratory infections. Consequently, to better understand the underlying anatomical 

structure of the respiratory system, the acoustic properties of the respiratory sounds has been 

modeled [27, 60, 61]. Furthermore, comparisons between model predictions and acoustic 

measurements performed in several conditions could reveal the underlying mechanisms such as 

severity of narrowing or site of narrowing of the respiratory system. Harper at el. developed a 

model of the entire respiratory tract to simulate acoustic features in the frequency range of 100 to 

3000 Hz [60]. Afterwards, turbulent sound sources were applied to the acoustic model [27]. In 

those models, the acoustic sources were estimated from airflow measured at the mouth, and then 

inputted into the model to simulate acoustic features such as intensity and resonance frequencies 

of the respiratory sounds. Those researches demonstrated that models of the respiratory tract for 

respiratory sounds generation could be used to understand the effects of anatomical structures of 

respiratory system on the respiratory sounds features. 

Snoring sounds are another type of respiratory sounds that originate from vibrations of the soft 

palate and pharyngeal walls as well as the turbulence of airflow due to narrowing in the upper 

airway [14]. Therefore, the acoustic properties of snoring sounds may have the potential to 

determine the anatomical structures of the upper airway [29]. Therefore, various acoustic models 

of the respiratory tract were developed to determine the effects of variations in respiratory tract 

anatomy on the acoustic parameters of respiratory sounds [29, 60]. However, these models were 

developed based on generalized values for the anatomy of the upper airway [27, 60]. However, 



75 

 

upper airway anatomy varies significantly among individuals. For example patients with severe 

sleep apnea have a narrower upper airway area and longer upper airway than healthy individuals 

[63]. Therefore, using generalized values without taking into account these specific risk factors 

may not produce an optimum understating of the upper airway anatomy. To fill this gap, rather 

than using generalized area or length, values obtained from each individual should be used.  

Therefore, our objective in this study was to modify the acoustic model of the upper airway for 

snoring sounds generation by making it subject specific. To make the model subject specific, we 

obtained measurements such as upper airway area, length and pharyngeal wall thickness for each 

subjects and used those measurements in the model. After that, we simulated the response of the 

model, including its gain and resonance frequencies. The simulation results were compared with 

the acoustic properties of the recorded snoring sounds, including intensity and resonance 

frequencies, respectively.  

B.2. Method: 

A brief description of the previous upper airway acoustic model: 

Previous studies have modeled the upper airway as a collapsible tube considering the acoustic 

losses, heat conduction and wall vibration losses [27, 60]. The electrical equivalent circuit of the 

upper airway tube is shown in Figure B.1. The impedance type analogy is used to derive the 

acoustic impedance of the circuit. The impedance type analogy yields the voltage current 

relationship of a circuit. The acoustic pressure drop of an element is represented by the voltage 

drop across the electrical element. Here, the pressure drop is relative to the atmospheric pressure. 

For an applied acoustic pressure drop, there is volume of air movement happens in response. The 
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velocity of air flow is represented by the electrical current through the circuit. So, the acoustic 

impedance can be derived by the pressure divided by the air flow speed [27, 60].   
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Figure B.1: Electrical equivalent circuit of the upper airway [27, 60] 
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As the sounds wave propagates along a lossy tube, it experiences the viscous and heat 

conduction losses and dissipates energy. These losses can be represented by the acoustic 

resistance (Ra), inertance (La), compliance (Ca), and conductance (Ga).  

The acoustic resistance (Ra): The acoustic resistance represents a power loss proportional to the 

velocity square and the power dissipated in viscous friction at the tube wall. Therefore, both the 

thermal and viscous losses during compressions and expansions of the tube are represented by Ra 

[81].  

The acoustic inertance (La): The air mass in the tube has an inertance, which opposes 

acceleration. The inertance of air mass is analogous to electrical inductance.  [81].  

The acoustic compliance (Ca): The compliance is analogous to the electrical capacitance. It 

represents the compressibility of the volume of air contained in a tube. Thus Ca is associated with 

the ability of air to expand or compress  [81]. 

The acoustic conductance (Ga): The conductance arises from the heat conduction at the walls of 

the tube  [81]. 

To consider the effects of wall vibration, the wall resistance (Rw), inertance (Lw) and compliance 

(Cw) are also included in the model [81, 82]. 

As mentioned previously, the impedance type analogy is used in the circuit, thus the impedance 

of all the elements in the circuit showed in Figure B.1 is taken into consideration and the final 

impedance was estimated. Table B.1 shows the equations of all the elements that are derived to 

model the upper airway.  
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Table B.1: Equation of the elements of the electrical circuit model of the upper airway 

(equations and values obtained from [27, 60, 61, 81, 82]) 

Element Formula 

Resistance 𝑅𝑎 =  
2𝑙

𝜋𝑟3
√

𝜔Ƞ𝜌0

2
 

Inertance 𝐿𝑎 =
𝑙𝜌0

𝐴
 

Compliance 𝐶𝑎 =  
𝐴𝑙

𝑐2𝜌0
 

Conductance 𝐺𝑎 = 2𝜋𝑟𝑙
𝑣 − 1

𝑐2𝜌0
√

𝑘𝜔

2𝜌0𝑐𝑝
 

Wall Resistance 𝑅𝑤 =  
Ƞ

𝑤
ℎ

2𝜋𝑙𝑟3
 

Wall Inertance 𝐿𝑤 =  
𝜌𝑤ℎ

2𝜋𝑟𝑙
 

Wall Compliance 𝐶𝑤 =  
2𝜋𝑙𝑟3

𝐸𝑤ℎ
 

Density of Median (𝜌0): 1.14e-3 (Moist Air, 37 °C) g/cm
2
;  Shear Viscosity(Ƞ) : 1.86e-4 (20 

Degree, 1 atm) dyne.s/ cm
2
; Heat Conduction Coefficient (𝑘): 0.064e-3 (37 °C) cal/cm-S-°C; 

Ratio of Specific Heat (𝑣 = 𝑐𝑝/cv) :1.4; Specific Heat at Constant Pressure(𝑐𝑝): 0.24 (0 °C, 1 atm) 
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Cal/g-°C; Speed of Sounds(c): 3.54e4 (Moist Air, 37 °C) cm/s; Tissue Density(𝜌𝑤):  1.06 g/ cm
2
; 

Tissue Viscosity(Ƞ𝑤): 1.6e3 dyne.s/ cm
2
; Tissue Elasticity(𝐸𝑤): 0.392e6 dyne/ cm

2
. 

Modified subject specific upper airway model for snoring sounds generation:  

In this study, we used the previously reported measurements for the air and tissue properties such 

as viscosity and elasticity (Table B.1).  

To make the model subject specific, we used measurements of every individual to modify the 

input to the model and the elements of the model. We assumed the model input is a sinusoid 

signal that represents snoring sounds vibration. The frequency of the sinusoid input was 

considered to be the pitch of the recorded snoring sounds. For every individual, pitch frequency 

of every snoring segment was estimated and averaged for the entire sleep.  To modify elements 

of the models, for each subject, we measured the upper airway cross sectional area (UA-XSA), 

distance between velum to glottis before sleep (UA-Length) and neck circumference (NC). From 

NC and UA-XSA, we estimated the airway wall thickness as follows. From the UA-XSA, we 

calculated the upper airway radius (Tr) as square root of (UA-XSA/π). We calculated the neck 

radius (Nr) based on NC as (NC/2π). The wall thickness was calculated as (Nr - Tr).  

Thus, in the Table B.1, A = area; 𝒓 = airway radius; h = wall thickness; l = length; 𝝎 = radian 

frequency were five parameters which were tuned for each subject to make the model subject 

specific. Then, we estimated the gain and resonance frequency of the model. Figure B.2 shows 

the upper airway model with the modification to make it subject specific.  

Then, we calculated the effects of changes in UA-XSA, UA-Length and wall thickness on 

resonance frequencies and gain of the model.  
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Figure B.2: The modified subject specific upper airway model for snoring sounds generation 
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B.3. Results: 

Table B.2 shows the extracted measurements of the upper airway anatomy before and after sleep, 

which were used to tune the upper airway model.  

Table B.2: Extracted measurements of the upper airway anatomy 

Parameter Symbol 

Measured values           

(mean ± SD) 

Range 

Cross sectional area A, cm
2
 

Before Sleep: 2.62 ± 0.61 Before Sleep: 1.23 to 3.87 

After Sleep: 2.27 ±0.56 After Sleep: 1.02 to 3.24 

Radius r, cm 

Before Sleep: 0.9 ± 0.11 Before Sleep: 0.62 to 1.10 

After Sleep: 0.84 ± 0.10 After Sleep: 0.56 to 1.01 

Length l, cm 

Before Sleep: 9.06 ± 1.77 Before Sleep: 6 to 12.6 

After Sleep: 9.29 ± 1.75 After Sleep: 6.43 to 12.1 

Wall thickness h, cm 

Before Sleep: 5.74 ± 0.46 Before Sleep: 4.9 to 6.8 

After Sleep: 5.90 ± 0.47 After Sleep: 5.1 to 6.8 
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In the following sections, the effects of UA-XSA, UA-Length and wall thickness on the gain and 

resonance frequency of the model are described.  

Effects of UA-XSA, UA-Length and wall thickness on gain of the model: 

In our subjects, the range of changes in UA-XSA measurement in before sleep was 3.87 to 1.23 

cm
2
 (Table B.2). From the acoustic model, we found the gain of the circuit at resonance 

frequency was increased from -24.5 dB to -9.6 dB when the UA-XSA decreased from 3.87 to 

1.23 cm
2
 (Figure B.3 (a)). As demonstrated in Figure B.3 (a), with 2.64 cm

2
 narrowing of the 

upper airway area, there was 14.9 dB increases in gain of the model. However, increases in the 

thickness of the airway wall (varied from 4.90 to 6.8 cm, Table B. 2) did not affect the gain of 

the model. 

Furthermore, we found that with increases in the UA-Length, there were mild increases in the 

gain of the circuit (Figure. B.3 (b)).  

Effects of UA-XSA, UA-Length and wall thickness on the resonance frequency of the model: 

In our subjects, the range of changes in UA-Length measurement in before sleep was 6 to 12.6 

cm (Table B.2). From the acoustic model, we found the resonance frequency was decreased from 

900 to 450 Hz when the UA-Length of the tube increased from 6 to 12.6 cm (Figure B.4 (a)). 

Thus, increases in the UA-Length can decrease the resonance frequency and vice versa. 

Furthermore, Figure B.4 (a) shows that the changes in UA-XSA did not affect the resonance 

frequency of the circuit.  

As illustrated in Figure B.4 (b), variations in the airway wall thickness had no effect on the 

resonance frequency of the model.   
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Figure B.3: (a) Relationship between Gain of the circuit with the cross sectional area and wall 

thickness; (b) Relationship between Gain of the circuit with the cross sectional area and upper 

airway length 
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Figure B.4: (a) Relationship between resonance frequency of the model with the cross sectional 

area and upper airway length; (b) Relationship between resonance frequency of the model with 

the cross sectional area and wall thickness 
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B.4. Discussion: 

In this study, we proposed a modified subject specific upper airway model for snoring sound 

generation. We used measurement such as upper airway area, length and wall thickness for each 

subjects to make the model subject specific. However, we used previously reported values of air 

or tissue properties in the model. As it was the first approach to make the upper airway model 

subject specific; we only considered the main anatomical risk factors of sleep apnea such as 

upper airway area and length. Severe sleep apnea patients usually have a reduced upper airway 

area and increased upper airway length compared to healthy subjects [62, 63]. Furthermore, 

anatomical structure such as area and length can change from night to night and even in the same 

night of sleep. Therefore, the dynamic changes in area or length of the upper airway during sleep 

should be considered rather than viscous or elastic properties of air or tissue. Thus, by 

considering these factors, we used upper airway area, length, wall thickness as the main tuning 

parameters to make the model subject specific.  

One of the main outcomes from the model was the inverse relationship between the upper airway 

area and gain of the model.  In this model, we used pitch frequency of the snoring sounds as the 

input of the circuit. Thus, the gain of the model may be analogous to the simulated intensity of 

the snoring sounds. Therefore, narrowing in the upper airway can increase the intensity of the 

snoring sounds. 

Another major outcome from the model was that the increases in the length of the upper airway 

can decrease the resonance frequency of the model. In recorded snoring sounds, formant 

frequencies were estimated to represent the resonance frequencies. The first formant frequency 

(F1) of the snoring sounds is associated with the collapsibility of the upper airway between the 
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vellum and glottis [21]. In our model, we used distance from vellum to glottis as the length of the 

upper airway. Therefore, our results suggest that increases in the UA-Length can be associated to 

decreases in the first formant of the snoring sounds.   

In conclusion, the proposed subject specific acoustic model of the upper airway for snoring 

sound generation showed that the area and length of upper airway can change the acoustic 

characteristics of snoring sounds. This model was the first to show the proof of concept that 

snoring sound characteristics are associated with the main risk factors of sleep apnea such as 

narrowing and length of the upper airway. Future studies should validate the results of this model 

in the clinical population with sleep apnea to estimate the upper airway area and length using 

snoring sound features.   
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Appendix C: Bioelectrical Impedance Analysis and Fluid Volume 
Estimation 

C.1. Basics of Bioelectrical Impedance Analysis: 

Bioelectrical impedance analysis (BIA) is a technique used to measure various body 

compositions such as body fat, intra and extracellular fluid volume. In BIA, the impedance is 

estimated based on Ohm’s law by passing a current through the tissue and measuring its voltage. 

Generally, small amplitude, high frequency sinusoidal current sources are used to form complex 

impedance (Z). This complex impedance can be presented as the Cartesian form (Z = R+jXc) 

where R is the resistance (real part) and Xc is the reactance (imaginary part). Also, it can be 

presented as the Polar form (Z = |Z|.exp(jφ)) where |Z| is magnitude and φ is phase angle.  

Total impedance of the tissue is affected by the intracellular and extracellular fluid volume. The 

total impedance (Z) of the tissue segment can be modeled as a resistor in parallel with a series 

combination of a capacitor and resistor. The capacitor represents the cell membrane (Cm); while 

the resistors are the intra-cellular fluid (RICW) and extra-cellular fluid (RECW) (Figure C.1) [102, 

103].  
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Figure C.1: Electrical model of tissue for BIA; Cm: Cell membrane capacitance, RECW: 

Resistance of the extracellular space, RICW: Resistance of the intracellular space, 
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At low frequency (<1 kHz), the Cm acts as an insulator and blocks the current passing through the 

RICW.  Therefore, the measured impedance at low frequency only accounts the resistance of RECW. 

At low frequency, the impedance is termed as Z0. The equation for Z0 is: 

Z0 = RECW (C1) 

At very high frequencies (> 1 MHz), Cm acts as a perfect conductor allowing current to pass 

through both the RICW and RECW. So at high frequency, the measured impedance represents the 

parallel combination of RICW and RECW. At very high frequencies, the impedance is termed as Z∞. 

The equation for Z∞ is: 

Z∞ =
RICWRECW

[RICW + RECW]
 

(C2) 

From Eq. C2, the resistance (R) and reactance (Xc) of the model can be expressed as: 

R =  Z∞ +
[Z0 − Z∞]

[1 + ω2τ2]
 (C3) 

Xc =  −
[ωτ(Z0 − Z∞)]

[1 + ω2τ2]
 (C4) 

where, ω=2πf and f is the frequency of the current.  τ is the time constant and can be expressed 

as: 

τ =  Cm[RICW + RECW] (C5) 

Therefore, BIA is highly frequency dependent and changing of frequency changes the 

measurement of RECW and RICW. So to get an accurate measurement, the impedance should be 
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measured from very low to very high frequencies (e.g. 5kHz-1MHz) [102, 103]. Then, by using 

the Cole-Cole plot [104] and extrapolation method, the Z0 and Z∞ can be estimated. From these 

estimated values the Cm, RECW and RICW can be calculated using equations C1-C5 at a specific 

frequency. However, in single frequency measurement a small amplitude and high frequency 

(usually 50 kHz) current is injected into the body to measure the impedance. Previous studies 

have shown that at 50 kHz, the measurement is a mixture of extracellular and intracellular 

(~25%) resistances [103]. Therefore, this method is usually used to estimate the extracellular 

fluid as most of the measurement consists of extracellular fluid.  

C.2. Fluid Volume Estimation by BIA: 

Estimation of the fluid content of a body segment can be done using BIA by modelling the 

segment as a cylinder. In the cylinder, the resistance is proportional to its length, and inversely 

proportional to its diameter as demonstrated in the following equation. 

𝑅 =  
𝜌𝐿

𝐴
=  

𝜌𝐿2

𝑉
 

(C6) 

where R represents the resistance, L is the length of the cylinder, A is the cross-sectional area, V 

is the volume, and ρ is the resistivity [105]. 

However, the simple cylinder model is not accurate. More accurate models have been achieved 

by considering each body segment as a truncated cone [106]. The resistance (R) and volume 

(𝑉𝑇𝑜𝑡𝑎𝑙) of a truncated cone can be expressed as: 

𝑅 =  
𝜌ℎ

𝜋𝑎𝑏
 

(C7) 
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𝑉𝑇𝑜𝑡𝑎𝑙 =  
𝜋

3
ℎ[𝑏2 + 𝑎2 + 𝑎𝑏] (C8) 

where h represents the height of the cone; a, b represent the small and large radius, respectively. 

𝑉𝑇𝑜𝑡𝑎𝑙 represents the total fluid of the segment. In Eq. C7, 𝜌 is the total resistivity of the segment 

which can be obtained by the following equation: 

𝜌 =  
𝜌𝐸𝐶𝑊

(
𝑉𝐸𝐶𝑊

𝑉𝑇𝑜𝑡𝑎𝑙
)

3/2
 

(C9) 

where, 𝜌𝐸𝐶𝑊 is the conducting fluid, 𝑉𝐸𝐶𝑊 is the volume of conducting fluid. 

By combining equations C7-C9 the following equation which represents the volume of 

conducting fluid can be derived [74]. 

𝑉𝐸𝐶𝑊 =
(𝜌𝐸𝐶𝑊)2/3

3(4𝜋)1/3
(

ℎ

𝑅(𝐶𝑖𝑟1)(𝐶𝑖𝑟2)
)

2/3

ℎ((𝐶𝑖𝑟1)2 + (𝐶𝑖𝑟2)2 + (𝐶𝑖𝑟1)(𝐶𝑖𝑟2)) (C10) 

Where Cir1 and Cir2 represent the small and large circumferences of the cone, respectively and 

𝜌𝐸𝐶𝑊 represents the resistivity of the extracellular fluid, which has been estimated to be 47 Ohm-

cm[102]. Eq. C10 can be further simplified if the circumference of the top and bottom of the 

segment are considered equal [74]. 

𝑉𝐸𝐶𝑊 = (
𝜌𝐸𝐶𝑊

2ℎ5(𝐶𝐼𝑅)2

4𝜋𝑅2
)

1/3

 (C11) 
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Where CIR = Cir1 = Cir2. In this study, Eq. C11 was used to measure the neck fluid volume 

from before to after sleep. 
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Appendix D: Study Protocol and Data Measurement 

This study was part of a randomized, double cross-over protocol to investigate the effects of fluid 

overloading by saline infusion on sleep apnea severity in men [46]. In this study, we used data 

from the control arm of the original study. The study protocol of original study and data 

measurement are briefly described below. 

D.1. Sleep Study and Polysomnography (PSG): 

Daytime PSG was performed for the convenience of participants and the research personnel. 

Participants were voluntarily sleep deprived to less than 4 hours the night before the study day to 

induce sleepiness in daytime. Scoring sleep stages and arousals were done by specialist using 

standard techniques and criteria. Thoracoabdominal motion, nasal pressure, and arterial 

oxyhemoglobin saturation (SaO2) were monitored by respiratory inductance plethysmography, 

nasal cannulae, and oximetry, respectively [71]. The 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 with 

previous standard [72].  The AHI was calculated as the number of apneas and hypopneas per 

hour of sleep. The participants slept in the supine position with a single foam pillow to eliminate 

any effects of postural changes on AHI and sleep structure.  

D.2. Upper Airway Cross Sectional Area (UA-XSA) Measurement: 

UA-XSA was measured using the acoustic pharyngometry [73]. UA-XSA was measured before 

the subjects fall sleep and as soon as the subjects woke up from the sleep. In both cases, the 

measurements were done in supine position with no pillow (Figure D.1-a); we made sure the 
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head was in a neutral position. The measurements were repeated 4 times and reported UA-XSA 

was the average of these 4 measurements.  

D.3. Neck Circumference (NC) Measurement: 

NC was assessed just above the circothyroid cartilage by a measuring tape. Similar to UA-XSA, 

NC was also measured before and after sleep with no pillow. A line was drawn just above the 

cricothyroid cartilage to maintain the measurements at the same level in both before and after 

sleep (Figure D.1-b). 

D.4. Neck Fluid Volume (NFV) Measurement: 

During the study protocol, bioelectrical impedance parameters of the neck were measured using 

the MP150 and EBI100C modules (Biopac Inc, Goleta, CA) before and after the sleep while the 

subjects were supine. Two electrodes, which were used to measure voltage, were placed on the 

right side of the neck below the right ear and at the base of the neck. Two more electrodes were 

placed 2.5cm apart from the voltage measuring electrodes to inject a 400µA sinusoidal current at 

a 50 kHz frequency (Figure D.1-c). NFV was estimated using Eq. C11 described in Appendix C; 

where CIR was the measurement of NC, h was the neck length, R was the resistance that was 

estimated from the bioelectrical impedance measurements and resistivity (ρ) was 47Ωcm. Since 

our estimated fluid was mainly affected by the extra-cellular fluid; resistivity of the extra-cellular 

fluid  was used [102]. With subjects in the standing position and having their head in the neutral 

position, neck length (h) was measured as the distance between the voltage sensing electrodes 

(Figure D.1-c).   
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(a) (b) (c) 

Figure D.1: a) UA-XSA Measurement; b) NC Measurement; c) Electrode placement for 

measuring bioelectrical impedance of the neck (NL: Neck length).  
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D.5. Breathing Sound Measurement: 

Breathing and snoring sounds were recorded by a Sony EMC-44B omni-directional microphone. 

The microphone was placed over suprasternal notch using double-sided adhesive tape. Biopac 

DA100C was used for filtering the sounds and a low pass filter was used whose cut-off 

frequency was 5 kHz. The filtered sounds were then digitized by Biopac MP150 at a sampling 

frequency of 12.5 kHz. 

D.5. Study Protocol: 

Participants arrived in the sleep laboratory at late noon after a night of sleep deprivation and 

were instrumented for sleep studies. In the original study, a negligible amount (approximately 

100 ml) of saline was infused by an intravenous cannula during the sleep to keep the vein open in 

the control arm of the protocol. On the contrary, in the intervention arm approximately 2,000 ml 

of saline was infused as a bolus just after sleep onset. The saline solution was warmed to body 

temperature by placing the bag containing the solution in warm water at 37° C. Randomization 

of participants into a control or intervention arm was done by a computer-generated 

randomization table with unequal blocks of 2 and 4. Personnel analyzing the results were kept 

blind to randomization. Baseline measurements including UA-XSA, NC, and NFV were done in 

supine position before sleep and just after the participants woke up. Respiratory and snoring 

sounds were recorded continuously during sleep. Participants were crossed over to the other arm 

of the study one week after the initial session. The Research Ethics Board of Toronto 

Rehabilitation Institute approved the protocol and all subjects signed consent from prior to 

participation [46]. 

 


