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CHAPTER 8

This thesis investigated the presence and associated factors/conditions of snoring
as a dental sleep condition, and the clinical usefulness of snoring as an acoustic
phenomenon. Specifically, as a dental sleep condition, the association between snoring
and other dental sleep conditions (viz., obstructive sleep apnea [OSA], sleep bruxism [SB],
temporomandibular disorder [TMD], oral dryness, and gastroesophageal reflux disease
[GERD]) was investigated. In addition, the presence and associated factors of primary
snoring (PS) and OSA in SB patients were investigated. As an acoustic phenomenon, the
effect was assessed of frequently reported snoring sound-related factors (both between-
individual and within-individual) on snoring sound parameters in the temporal, intensity, and
frequency domains. This thesis also investigated which acoustic characteristics of snoring
sounds are associated with its annoying nature. Moreover, the informative nature of snoring
sounds in predicting the collapse site of the upper airway in OSA patients was evaluated.

SNORING AS A DENTAL SLEEP CONDITION

In this section, the assessment of snoring and the association between snoring and other
conditions/disorders are discussed.

ASSESSMENT OF SNORING

Snoring is common in the general population, but there are no standard criteria and
validated tools to recognize snorers and evaluate the severity of snoring. Studies that
were included in the systematic review described in chapter 2 identified snorers mainly
based on self-report, but various criteria were used. For example, some studies used a
simple “Yes or No” question to distinguish between snorers and non-snorers™, while some
other studies used a visual analogue scale (VAS) to evaluate the presence and intensity of
snoring”®. Undoubtedly, the reliability of recognizing snorers using a “Yes or No” question
or a VAS is questionable. Consequently, this may lead to biased results. In chapter 3, a
snoring-related question (viz., “Do you snore loudly?”) in the STOP-Bang (snoring, tiredness,
observed apnea, high blood pressure, body mass index, age, neck circumference, gender)
questionnaire was used to identify the presence of snoring. This question has an ambiguous
nature. It is likely that some participants did snore but nevertheless answered “No” to this
question as they did not consider their snoring sounds loud. The ambiguous nature of
this question may, at least partially, explain why the prevalence of PS in SB patients was
lower than expected and why there was no associated factor for PS. In addition to snorers,
some previous studies focused on heavy snorers and habitual snorers, but there are no
standard definitions for these terms. Despite the fact that the majority of studies defined
habitual snorers as people who snore more than three nights per week®®°, other definitions
for habitual snorer included snoring more than four nights per week™?, snoring more than
five nights per week®, snoring every night or almost every night"'®; and “often snore”®.
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As for heavy snorers, some studies did not indicate any criterion for heavy snorers or
heavy snoring™®. In other studies, heavy snorers were identified based on the frequency
of snoring (times during the night)’®, snoring time during the night?®?', or a VAS®. The above-
mentioned evidence suggests that a validated screening tool is needed to recognize the
presence of snoring, to evaluate the severity and frequency (times/week) of snoring, and to
evaluate snoring-related treatment efficacy. In such tool, the opinion from both snorers and
snorers’ bedpartners (the perceiver of snoring sounds) should be taken into consideration,
even though the reliability of snorers’ opinions is questionable??. Only then, snoring can be
better assessed both in the clinic and for research.

ASSOCIATION BETWEEN SNORING AND OTHER CONDITIONS/DISORDERS

In chapter 2, snoring was found to be associated with OSA, GERD, and headache attributed
to TMD, suggesting the presence of a complex multimorbidity network. Despite the
hypotheses formulated in the Discussion of chapter 2, the exact mechanisms behind the
associations between snoring on the one hand and GERD and headache attributed to TMD
onthe otherhand are still unclear. More studies are needed and more sophisticated statistical
analysis (e.g., network analysis) should be used to investigate the possible biological and
physical mechanisms behind these associations. The association between snoring and
OSA has long been reported, but the mechanism behind this association remains unclear
as well. As for the theory that considers sleep-related breathing disorder as a progressive
condition?325, future studies with a large sample size and a longitudinal design are needed
to investigate whether PS can indeed develop into OSA, and which factors are involved in
this process. If, as reported, PS can gradually develop into OSA, more attention should be
given to the assessment and treatment of PS to prevent OSA at an early stge.

Notably, the majority of studies on snoring did not distinguish between PS and OSA26-2¢,
This may, at least partially, explain why snoring was reported to be associated with systemic
diseases, such as diabetes and cardiovascular diseases?°3°. Most likely, the association
between snoring and such diseases may be attributed to OSA, since the overwhelming
majority of snorers in those studies may be OSA patients®. Currently, the medical importance
of PS remains unclear and only limited studies on PS and systemic diseases, including
hypertension and cardiovascular risk, have been performed3?33, For example, Zou et al.
found that, after the adjustment for other factors, PS was associated with an increased
probability of hypertension®?. A study from Niiranen et al., on the other hand, reported that
OSA was associated with increased cardiovascular risk, whereas PS was not*. Another
point that needs to be noted is that various criteria have been used for PS (e.g., self-
reported snoring with an apnea-hypopnea index [AHI] < 5 events/h®*, self-reported snoring
at least 3 nights per week without daytime sleepiness®®, self-reported snoring with an AHI
<15 events/h®*, and self-reported snoring with an AHI < 10 events/h®¥). The most widely
accepted criterion for PS is an AHI < 5 events/h, but this does not match the American
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Academy of Sleep Medicine’s (AASM) conceptual definition of PS, which emphasizes the
absence of health consequences in PS. This issue has been thoroughly discussed in a
review by De Meyer et al*®,

The above-mentioned evidence suggests the necessity for sleep academies, such as the
American Academy of Sleep Medicine (AASM), to refine the current classification of snoring.
By doing this, (primary) snoring can be better assessed and the medical importance of
(primary) snoring can be better explored.

SNORING AS AN ACOUSTIC PHENOMENON

In this section, recording and recognition of snoring sounds and the clinical usefulness of
snoring sounds are discussed.

RECORDING AND RECOGNITION OF SNORING SOUNDS

In the last few years, snoring sounds have drawn more and more attention due to their
informative nature in, for example, predicting the presence and/or the severity of OSA3*4.
As the first step of studies on snoring sounds, the preparation and processing of snoring
sound recordings are of importance. A standard recording and processing procedure
warrants reliable study results and enables the comparison of results between studies,
which will undoubtedly facilitate the development of snoring sound-related research.
However, the reality is that there is no standard way to record and process snoring sounds;
different studies used different setups to record snoring sounds. Regarding the recording
of snoring sounds, chapter 6 discussed the difference between contact microphones
and non-contact microphones, and a calibrated non-contact microphone was suggested
for the recording of snoring sounds. In chapter 4, a valid and reproducible protocol of
recording snoring sounds was described. All participants that were included in chapter 4
successfully recorded their snoring sounds using this setup, suggesting the feasibility for
snorers to record their snoring sounds in their bedroom with this setup. In addition, the
position of the microphone simulated the position of the ear of snorer’s bedpartner relative
to the snorer. Thus, the recorded snoring sounds are as loud as those perceived by the
snorers’ bedpartners, especially when A-weighing (i.e., a frequency dependent curve that
can be applied to sounds to mimic the effects of human hearing??; dBA) is performed. As for
the recognition of snoring sounds, many previous studies distinguished between snoring
sounds and non-snoring sounds based on the sound’s intensity only**5. For example, in the
study from Leto et al., sounds with intensities higher than 36 dB were identified as snoring
sounds®®. This would inevitably misrecognize other noises (e.g., sounds of coughing, talking,
and barking) as snoring sounds. Some studies recognized snoring sounds based on the
frequency distribution (hertz; Hz). For example, Blumen et al. defined snoring sounds as
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sounds with a frequency band within 20-200 Hz and with an intensity higher than 76 dB*.
Chang et al. differentiated snoring sounds from background noises based on the presence
of harmonics, which were considered to be produced by the vibration of soft tissues in
the upper airway*. In chapter 4, we identified snoring sounds based on the duration and
intensity-related parameters (viz., intensity and the ratio between maximum intensity and
mean intensity), and achieved an accuracy of 89.9%. For studies on snoring sounds, a
calibrated and reproducible recording setup should be used to improve the reliability of
results, and technical details of the recording and processing procedures of snoring sounds
should be described to improve the comparability between studies.

CLINICAL USEFULNESS OF SNORING SOUNDS

In this thesis, both the annoying nature and the informative nature of snoring sounds were
investigated. Chapter 5 suggested that the acoustic characteristics of snoring sounds are
decisive for whether a snoring sound is annoying, and that listeners’ personal experiences
do not seem to play a decisive role in their perceived annoyance of snoring sounds. It was
also suggested that snorers’ bedpartners’ perceived annoyance may be used as a reliable
assessment of the severity and the level of annoyance of snoring, and snoring-related
treatment efficacy. Another finding in chapter 5 is that listeners’ heart rates do not reflect
their perceived annoyance. However, as discussed in chapter 5, this may be because that
the monitoring time was too short to show the change in heart rate. Further studies are
needed to explore the possibility to use snorers’ bedpartners’ heart rates as an objective
measurement to evaluate the severity and the level of annoyance of snoring.

As for the informative nature of snoring sounds, chapter 6 found that the reported accuracy
of predicting the collapse site in the upper airway based on snoring sound parameters can
be as high as 92.2%, suggesting that snoring sound is informative and that prediction models
are promising to be used in the clinic. However, in chapter 7, it does not seem feasible
to predict the presence of collapse at each level of the upper airway from demographic,
anthropometric, clinical examination, sleep study, and snoring sound parameters. Regarding
this finding, a possible explanation is that snoring sound is informative, but such predictions
can be better handled by more advanced and intelligent techniques like machine learning,
a branch of artificial intelligence®, than by the conventional logistic regression model that
was used in chapter 7. For each observation, compared with inputting limited and separate
data in a logistic regression model, data formats containing more (structural) information
(e.g., data frame and matrix) are accepted by machine learning models. Amongst others,
by converting audio data into feature descriptors for image processing (e.g., histogram
of oriented gradients®), snoring sounds can be better represented. In addition, more
information related to the snoring sound can be extracted by machine learning models,
thus facilitating making correct predictions. Besides, different machine learning classifiers
can be used for different applications. For example, deep neural networks (DNN) and
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Gaussian mixture models (GMM) are often used for automatic speech recognition®®, while
support vector machine (SVM) is commonly used for classification and regression analysis®'.
The above-mentioned evidence indicates that machine learning is a better choice than
conventional logistic regression modelling for predicting collapse sites based on snoring
sound parameters. A point that needs to be noted is that the majority of studies on the
association between snoring sound parameters and the collapse site in the upper airway
were based on snoring sounds produced during drug-induced sleep®®*. Due to the
potential difference between drug-induced snoring sounds and natural snoring sounds®®,
more attention should be given to natural snoring sounds.

In chapter 4, natural snoring sounds were studied. It was found that within-individual
parameters (viz., sleep stage and sleep position) had significant effects on snoring sound
parameters in all temporal, intensity, and frequency domains, while between-individual
parameters (viz., age, BMI, and AHI) only affected a limited number of snoring sound
parameters. This finding suggests that snoring is a phenomenon that is mainly regulated
by within-individual factors, and that more attention should therefore be given to within-
individual factors both in the clinic and in future studies. For clinicians, based on the
finding in chapter 5, although position-dependent snorers and OSA patients may have a
better response to positional therapy than position-independent individuals®®, positional
therapy should be recommended to all snorers, because generally snorers generate
fewer and lower-intensity snoring sounds in lateral decubitus positions than in supine and
prone positions. For research, given the significant association between snoring sound
parameters on the one hand and sleep stage and sleep position on the other hand, snoring
sound parameters may be used to predict sleep stage and sleep position. If it is feasible,
snoring sound analysis may provide an overview of a snorer’s sleep quality, which is more
patient-friendly and cost-effective than polysomnography (PSG). Besides, the association
between snoring sound parameters and AHI implies the possibility to predict the presence
and/or the severity of OSA based on snoring sound parameters.

FUTURE PERSPECTIVE

Although many studies have been performed to investigate snoring both as a condition
and as an acoustic phenomenon, much is still unknown about snoring. Below, a future
perspective on possible snoring studies is given.

Snoring as a condition
. Validated tools are needed to assess the presence and severity of (primary)
snoring;
. Studies with a large sample size and a longitudinal design are needed to investigate

194



GENERAL DISCUSSION

whether PS can develop into OSA, and which factors are involved in this process;
Studies are needed to further investigate the association between snoring and
other dental sleep conditions;

To understand the medical importance of PS, more studies are needed to
investigate the association between PS and other disorders like diabetes and
cardiovascular diseases;

Although this thesis focuses on snoring in adults, attention should also be given
to snoring in children and adolescents. Previous studies have reported the
impact of snoring on, among others, facial esthetics, academic performance,
and neurofunction of children and adolescents®”*8. Future studies are needed
to investigate how to prevent snoring in children/adolescents, how to recognize
snoring children/adolescents at an early stage, and how to treat snoring effectively.

Snoring as an acoustic phenomenon

Studies are needed to further investigate the effect of between- and within-
individual factors on snoring sound parameters;

The informative nature of snoring sounds in, for example, predicting the presence/
severity of OSA, the collapse site in the upper airway in OSA patients, and sleep
stage/position should be further explored;

Further studies are needed to determine which snoring sound parameters are
associated with the annoying nature of snoring sound.

CONCLUSIONS

As a dental sleep condition, snoring is prevalent in dental patients and is associated with

other dental sleep conditions. As an acoustic phenomenon, the variation, the annoying

nature, and the informative nature of snoring sounds are clinically useful. From this thesis,

the following conclusions can be drawn:

1.

Snoring is associated with higher probabilities of OSA, GERD, and headache
attributed to TMD. For snoring patients, dentists should screen and recognize these
potential comorbid conditions using questionnaires and/or clinical examinations,
and refer high-risk patients to physicians for further diagnosis and treatment.
(Chapter 2)

The prevalence of self-reported PS in SB patient is 7.3%, and no factor is associated
with the presence of PS in SB patients. (Chapter 3)

Within-individual factors (viz., sleep stage and sleep position) have greater effects
on snoring sound parameters than the between-individual factors under study
(viz., age, gender, BMI, and AHI). (Chapter 4)

The acoustic characteristics of snoring sounds are decisive for whether a snoring
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sound is annoying, and listeners’ personal experiences do not seem to play a
decisive role in their perceived annoyance of snoring sounds. (Chapter 5)
Available evidence points toward associations between snoring sound parameters
in the frequency domain and the collapse site in the upper airway. It is promising to
build a prediction model of the collapse site based on snoring sound parameters
and participant characteristics, but so far snoring sound analysis does not seem to
be a viable diagnostic modality for treatment selection. (Chapter 6)

It does not seem feasible 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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