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General introduction

Chapter 1



SLEEP-RELATED BREATHING DISORDERS

Snoring is a common sleep-related breathing disorder, affecting up to 78% of adult men 
and 59% of adult women1. According to the definition of the International Classification of 
Sleep Disorders - Third Edition (ICSD-3), snoring is defined as “audible vibrations of the 
upper airway during respiration in sleep”2. To be specific, snoring sounds are commonly 
generated when air passes through a narrow upper airway and leads to the vibration of 
soft tissue. 

Snoring is closely related to obstructive sleep apnea (OSA). OSA is characterized by repetitive 
partial (hypopnea) or complete (apnea) obstruction of the upper airway during sleep, which 
may lead to oxygen desaturation, respiratory arousals, and non-restorative sleep due to 
frequent awakenings3. The gold standard to diagnose OSA is polysomnography (PSG), 
which is a multi-channel sleep study including, amongst others, electro-oculogram (EOG); 
electroencephalogram (EEG); electrocardiogram (ECG); electromyogram (EMG) of chin, 
jaw, and leg muscles; oronasal airflow; thoraco-abdominal movement; oxygen saturation 
(SPO2); pulse; and position monitoring3. As an output of PSG, the apnea-hypopnea index 
(AHI) is commonly used to indicate the severity of OSA; an AHI of five or more events per 
hour during sleep suggests the presence of OSA3. The reported prevalence of OSA in the 
general adult population ranges from 9% to 38%4, and snoring is mainly investigated as a 
symptom of OSA5-7. However, snoring can also occur without OSA and is then called primary 
snoring (PS). An AHI of five events per hour during sleep is the threshold to distinguish 
between PS (AHI < 5) and OSA-related snoring (AHI≥5)8. 

In a theory that considers the sleep-related breathing disorder as a progressive disorder, the 
increase in upper airway resistance during OSA events is thought to be larger than during 
snoring events9. As a consequence, in the spectrum of sleep-related breathing disorders, 
snoring is at the medically insignificant end, while OSA is at the medically significant end9-12. 
Available evidence also supports this theory. In a 10-year follow-up of 29 snorers, the number 
of OSA patients diagnosed with PSG increased from 4 to 13, while no significant association 
was found between the increases in AHI and weight gain13. Another 4-year follow-up study 
on 70 school-aged children also reported that 26 individuals (37.1%) progressed from PS 
to OSA, of whom 5 (7.1%) had moderate to severe OSA14. Both functional and anatomical 
factors that may contribute to the collapse of the upper airway are considered to prompt the 
progression from PS to OSA. For example, as a functional factor, muscular tension is known 
to decrease with the increase of age15. As a consequence, it is possible that increased age 
exacerbates the collapse of the upper airway, promoting the transition from flow limitation 
(snoring), to more severe flow limitation (hypopnea), and finally to flow cessation (apnea). As 
an example of anatomical factors, fat accumulation in the neck may directly lead to collapse 
of the upper airway by increasing tissue pressure around the pharynx16. One previous 
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study reported that male gender, excessive daytime sleepiness, and a history of witnessed 
apneas were risk factors of the progression from PS to OSA17.

Currently, the classical Starling resistor model is generally used to explain the mechanism of 
snoring and OSA events (viz., hypopnea and apnea)18. In this model (Figure 1), the pharynx is 
considered as an elastic tube that is mounted between a rigid upstream segment (the nasal 
cavity) and a rigid downstream segment (the trachea). The tissue pressure (Pt) that is applied 
to the pharynx from the outside can be controlled. With increasing outside pressure, an 
increasing transmural pressure gradient will develop between the outside and inside of the 
elastic segment. When the force generated by the pressure gradient overcomes the elastic 
forces of the segment wall, a collapse may develop. In general, a collapse site develops 
in the pharynx and flow limitation occurs when Pt exceeds the downstream pressure (Pd). 
In case of a collapse, the inspiratory flow is determined by the difference between the 
upstream pressure (Pu; usually equals to atmospheric pressure) and Pt (i.e., Pu - Pt), since Pt 
replaces Pd as the effective downstream pressure to inspiratory flow. Snoring was reported 
to occur during flow limitation (i.e., Pu > Pt > Pd) and apnea was reported to occur when Pt 
exceeds Pu as well (i.e., Pt > Pu > Pd)18-21. An extension of the Starling model involved in the 
mechanism of snoring can be provided by Bernoulli’s principle. In a study by Fajdiga22, it 
was suggested that the upper airway with a collapse site can be considered a Venturi tube 
(Figure 2) and that the streaming of air in the upper airway can be explained by Bernoulli’s 
principle. According to this principle, if the velocity of the airflow becomes higher, the air 
pressure decreases. The volume of airflow through a tube can be quantified as volume 
per time unit (m3/s). If there is a local narrower segment in a continuous tube, then the air 
velocity in this narrower segment has to increase locally to accommodate the continuous 
airflow and the intraluminal pressure decreases, because there is less energy available 
for the air particles to press against the inside of the segment wall when they move fast 
forward. So, the transluminal pressure gradient exerted by the outside force (F in Figure 2) 
will be larger at the location of a narrower segment (2 in Figure 2) as compared with the 
other parts (1 and 3 in Figure 2). In an elastic tube, when the velocity of the airflow is high 
enough and the pressure gradient generated by Bernoulli’s principle is sufficient, the elastic 
tube wall is compressed preferentially at the narrower segment and collapse occurs. At this 
moment, the airflow stops and the transluminal pressure gradient generated by Bernoulli’s 
principle drops. Consequently, the soft tissue at 2 returns to its starting position due to the 
elastic forces. The airflow and the negative pressure generated by Bernoulli’s principle are 
then restored and the whole cycle repeats, causing vibration/slapping of the soft tissues 
at 2. However, it needs to be noted that both models cannot capture the full complexity 
of airway collapse and fail to explain the mechanism of snoring and OSA events; studies 
on the classical Starling resistor model and those on OSA patients reported inconsistent 
findings18,20, and Bernoulli’s principle is mainly applicable to incompressible flows such as 
liquid flows but not airflow, which is compressible.  
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Figure 1. Schematic visualization of the classical Starling resistor model. The horizontal conduit with a 
collapsible segment represents the airway. The upstream segment represents the nasal cavity and the 
downstream segment represents the trachea. Pu is the pressure in the upstream segment and Pd is 
the pressure in the downstream segment. The collapsible segment represents the pharynx and Pt is 
the pressure that is applied to the pharynx, which is from the surrounding tissues and can be controlled 
in this model. 

Figure 2. Schematic visualization of a Venturi tube and Bernoulli’s principle. The horizontal tube with a 
constricted section is the Venturi tube. The U-shape tube, filled with water, is a manometer. According 
to Bernoulli’s principle, the velocity of the airflow is higher and the pressure is lower at the constricted 
section than at the other parts of the tube, suggesting that the transluminal pressure gradient exerted 
by the outside force F is larger at the constricted section than at the other parts of the tube. In the 
U-shape tube, as an indicator of pressure difference, higher water level indicates lower pressure at the 
constricted section than at the other part of the tube. 
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SNORING AS A DENTAL SLEEP CONDITION

In the field of dentistry, snoring is embedded in the discipline “dental sleep medicine” (DSM) 
as a dental sleep condition. As a branch of dentistry, DSM was first introduced in 1999 
by Lavigne and co-workers23. In that landmark review, snoring, OSA, sleep bruxism (SB), 
xerostomia, hypersalivation, gastroesophageal reflux disease (GERD), and orofacial pain 
were introduced as frequently reported sleep-related conditions with dental implications. In 
2016, Lobbezoo et al. defined DSM as ‘a discipline concerned with the study of the oral and 
maxillofacial causes and consequences of sleep-related problems’ and categorized dental 
sleep conditions into five categories, viz., sleep-related breathing conditions (e.g., snoring 
and OSA), sleep-related mandibular movement conditions (e.g., SB), sleep-related orofacial 
pain (e.g., temporomandibular disorder [TMD]), sleep-related oral moistening conditions 
(e.g., oral dryness and hypersalivation), and sleep-related gastroesophageal reflux24,25.  

Increasing evidence suggests that dental sleep conditions are frequently encountered as 
comorbid conditions of each other. For example, a recent study found that patients with 
OSA experienced more TMD pain than otherwise healthy individuals26. Another study found 
that GERD and SB were time-linked to one another, with reflux events preceding bruxism 
events27. In addition, Kato et al. reported that jaw-closing muscle activities were related to 
respiratory arousals28, and Aarab et al. confirmed that effective mandibular advancement 
appliance therapy significantly reduced jaw-closing muscle activities time-related to 
respiratory arousals in OSA patients29. Such findings suggest that dental sleep conditions 
are associated with each other, constituting a complex multimorbidity network. Dentists 
may make an important contribution to the screening and recognition of dental sleep 
conditions by being alert to certain combinations of complaints and symptoms. However, 
no previous study has systematically investigated the association between snoring and 
other dental sleep conditions. Therefore, chapter 2 of this thesis systematically evaluates 
the association between snoring and other dental sleep conditions. 

As another dental sleep condition, SB has been reported to be associated with both PS and 
OSA30,31. SB is defined as ‘‘masticatory muscle activity during sleep that is characterized as 
rhythmic (phasic) or non-rhythmic (tonic) and is not a movement disorder or a sleep disorder 
in otherwise healthy individuals’’32. The prevalence of SB in the general adult population 
is found to be 12.8 ± 3.1%33. The reported prevalence of OSA in SB patients is high and 
ranges from 20.6% to 53.7%31,34,35. The prevalence of PS in SB patients, on the other hand, 
is still unclear, but a previous study found that SB patients without OSA experienced more 
snoring events during sleep than healthy individuals30. In addition, snoring as a symptom 
was reported in 32.7% of SB patients, and was identified as a risk factor of SB in the general 
population36. These findings suggest that SB patients are at high risk of PS and OSA. 
However, to the best of the authors’ knowledge, no study has investigated the associated 
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factors of PS and OSA in SB patients. By being aware of the associated factors of PS and 
OSA in SB patients, dentists may contribute to the screening and early recognition of 
patients with PS or OSA. Therefore, chapter 3 of this thesis aims to identify the associated 
factors of PS and OSA from among an extensive collection of self-reported questionnaire 
data on demographics, lifestyle, psychological status, pain, and sleep in SB patients. 

SNORING AS AN ACOUSTIC PHENOMENON

In general, sound is analyzed in three domains, which are the temporal domain, the intensity 
domain, and the frequency domain. Analyses in the temporal domain address the variation 
of sound over time. Sound intensity is defined as the sound power per unit area, of which the 
most common unit to measure is decibel (dB). In digital audio recordings, the amplitudes of 
sound waves represent the sound intensity. For research purposes, analyses in the temporal 
and intensity domains cannot provide enough information of a sound signal. This suggests 
the importance of frequency analyses. In the frequency domain, a complicated sound signal 
in the temporal domain can be decomposed into different frequency components to obtain 
its frequency spectrum using Fourier transform (Figure 3)37.

Figure 3. Schematic visualization of Fourier transform. The Fourier transform is an algorithm, by which a 
complicated signal in the temporal domain (left panel) can be decomposed into sinusoidal oscillations 
at distinct frequencies (“Decomposed frequency components”), with each sinusoidal oscillation having 
its own amplitude. A spectrum (right panel) is the projection of the amplitudes and frequencies of the 
sinusoidal oscillations on a plane.
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Below, three aspects of snoring sound (viz., the variation of snoring sound, the annoying 
nature of snoring sound, and the informative nature of snoring sound) are introduced. 

1. THE VARIATION OF SNORING SOUND
As a variable acoustic phenomenon, snoring sound fluctuates over time38. Both between-
individual factors (e.g., age, gender, body mass index [BMI], and AHI) and within-individual 
factors (e.g., sleep stage and sleep position) have been reported to affect snoring sound38-40. 
However, previous studies mainly focused on one-on-one associations, which means that 
the reported association between a snoring sound parameter and a snoring sound-related 
factor was not adjusted for the other snoring sound-related factors. This may lead to biased 
results and may explain the conflicting findings that have been reported so far, such as 
the presence/absence of a linear association between AHI and snoring sound intensity 
(dB)39,40. This suggests the importance of taking other snoring sound-related factors into 
consideration in studies on snoring sounds. 

Being aware of the effect of snoring sound-related factors on snoring sound parameters 
will help researchers to understand which factors should be taken into consideration in 
future studies on snoring sounds. It will also help clinicians to be more aware of snoring, 
which may warrant medical attention for the benefit of either the snorer or their bed 
partners. Therefore, chapter 4 of this thesis investigates the effect of frequently reported 
snoring sound-related factors (both between-individual [viz., age, gender, BMI, and AHI] and 
within-individual [viz., sleep stage and sleep position]) on snoring sound parameters in the 
temporal, intensity, and frequency domains in a single group of participants. 

2. THE ANNOYING NATURE OF SNORING SOUND
Due to its annoying nature, snoring is considered as a social nuisance. As an annoying 
acoustic phenomenon, snoring sounds do not seem to affect snorers’ sleep, but their 
bedpartners’41,42. This may explain why complaints from bedpartners are the main reason 
for snorers to seek treatment43. Previous studies even found that snoring was associated 
with marital disharmony44. Regarding the annoying nature of snoring sounds, some previous 
studies reported that the intensity (dB) of snoring sound was positively associated with its 
level of annoyance45,46, while some other studies negated this association and emphasized 
the importance of listeners’ personal experiences in the perception of snoring sound47,48. 
It needs to be noted that all previous studies on this topic only focused on the intensity 
of snoring sound, but available evidence suggests that other acoustic characteristics 
of snoring sound, such as its frequency (hertz; Hz), may also be related to its level of 
annoyance41,48. Therefore, chapter 5 of this thesis assesses which acoustic characteristics 
of snoring sounds are associated with its annoying nature and whether listeners’ personal 
experiences affect their perceived annoyance of snoring sounds.  
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3. THE INFORMATIVE NATURE OF SNORING SOUND
It has been suggested that the identification of the level(s), degree, and direction/
configuration of the collapse site(s) in the upper airway is essential for the treatment decision-
making process of OSA, especially when continuous positive airway pressure (CPAP), the 
gold standard to treat OSA, has failed or is poorly tolerated49-51. Several modalities are 
commonly used in the clinic to investigate the collapse site in the upper airway during sleep 
(e.g., airway pressure measurement52 and drug-induced sleep endoscopy [DISE]53), but they 
all have limitations54,55 and there is a continuous search for less invasive and more feasible 
methods to identify the level, degree, and configuration of collapse in the upper airway.

Increasing evidence suggests that snoring sounds carry information about the upper airway 
and sleep, e.g., the presence of OSA and sleep stage56,57. Previous studies distinguished 
between OSA snorers and non-OSA snorers based on the features of snoring sounds, e.g., 
average power and zero crossing rate (i.e., the rate at which a signal changes from positive 
to negative, or from negative to positive), and they reported an accuracy of 96.4%58. Similar 
to speech, the informative nature of snoring sound is mainly due to the fact that the acoustic 
characteristics of snoring sounds are determined by the anatomy of the upper airway37. The 
tension and length of the vocal cords affect the sound’s vibration frequency in speaking. 
Similarly, the dynamic properties of the upper airway walls affect the vibrations produced in 
snoring. Its chamber-like anatomy enables the upper airway to act as a resonance system, 
and different frequencies of the original sound waves are either attenuated or amplified 
in this “resonance chamber”. The so-called “source-filter theory”59 suggests the possibility 
to predict the collapse site in the upper airway based on snoring sound parameters. To 
evaluate the feasibility of predicting the collapse sites in the upper airway based on snoring 
sound parameters, chapter 6 of this thesis reviews the available literature to investigate 
the association between snoring sound parameters and the collapse site determined by 
objective methods (e.g., DISE) during sleep.

Notably, previous studies that predicted the collapse site in the upper airway based on 
snoring sound parameters only included patients whose collapse site was also the site 
where the snoring sound was generated (i.e., the excitation site of snoring sound). This 
means that the snoring sound and the collapse/excitation site are considered to have a 
direct association. However, it is a clinical reality that the majority of OSA patients, especially 
those with moderate to severe OSA, have multilevel collapse60-61. In that case, only one or 
two of the collapse sites generate snoring sounds, while the other collapse sites do not 
produce any sound. However, the presence of other collapse sites does have an impact on 
the acoustic characteristics of snoring sound. As a consequence, the association between 
the snoring sound and the collapse sites should be regarded as indirect and complicated. 
In addition, previous studies only focused on snoring sound parameters. Other factors that 
were also reported to be associated with the presence of collapse (e.g., gender, height, 
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BMI, and AHI62) were not included in the prediction models. Therefore, chapter 7 of this 
thesis explores the possibility to predict the presence of collapse at each level of the 
upper airway (viz., velum, oropharynx, tongue base, and epiglottis) based on demographic, 
anthropometric, clinical examination, sleep study, and snoring sound parameters in OSA 
patients. 

OVERVIEW OF THE THESIS

This thesis investigates the presence and associated factors/conditions of snoring as a 
dental sleep condition, and the clinical usefulness of snoring as an acoustic phenomenon, 
as to answer the following research questions: 

•	 Which dental sleep conditions are associated with snoring? (Chapter 2)
•	 What are the associated factors of snoring and OSA in SB patients? (Chapter 3)
•	 What is the effect of frequently reported snoring sound-related factors on snoring 

sound parameters in the temporal, intensity, and frequency domains? (Chapter 4)
•	 Which acoustic characteristics of snoring sounds are associated with its annoying 

nature and do the listeners’ personal experiences affect their perceived annoyance 
of snoring sounds? (Chapter 5)

•	 Is there association between snoring sound parameters and the collapse site in 
the upper airway? (Chapter 6)

•	 Is it possible to predict the presence of collapse at each level of the upper airway 
based on demographic, anthropometric, clinical examination, sleep study, and 
snoring sound parameters in OSA patients? (Chapter 7)
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