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CHAPTER 4

ABSTRACT

AIM

To investigate the effect of frequently reported between-individual (viz., age, gender, body
mass index [BMI], and apnea-hypopnea index [AHI]) and within-individual (viz., sleep stage
and sleep position) snoring sound-related factors on snoring sound parameters in temporal,
intensity, and frequency domains.

METHODS

This study included 83 adult snorers (mean + SD age: 42.2 + 11.3 yrs; male gender: 59%) who
underwent an overnight polysomnography (PSG) and simultaneous sound recording, from
which a total of 131,745 snoring events were extracted and analyzed. Data on both between-
individual and within-individual factors were extracted from the participants’ PSG reports.

RESULTS

Gender did not have any significant effect on snoring sound parameters. The fundamental
frequency (FF; coefficient =-0.31; P = 0.02) and dominant frequency (DF; coefficient =-12.43;
P < 0.01) of snoring sounds decreased with the increase of age, and the second formant
increased (coefficient = 22.91; P = 0.02) with the increase of BMI. Severe obstructive sleep
apnea (OSA; AHI > 30 events/hour), non-rapid eye movement sleep stage 3 (N3), and
supine position were all associated with more, longer, and louder snoring events (P < 0.05).
Supine position was associated with higher FF and DF, and lateral decubitus positions were
associated with higher formants.

CONCLUSION

Within the limitations of the current patient profile and included factors, AHI was found
to have greater effects on snoring sound parameters than the other between-individual
factors. The included within-individual factors were found to have greater effects on snoring
sound parameters than the between-individual factors under study.

KEYWORDS

obstructive sleep apnea, snoring sound, acoustic analysis, apnea-hypopnea index, sleep
stage, sleep position
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EFFECTS OF DEMOGRAPHIC AND SLEEP-RELATED FACTORS ON SNORING SOUND PARAMETERS

INTRODUCTION

Snoring is a common sleep condition, affecting up to 78% of adult men and 59% of adult
women'. Snoring sound is generated when air passes through a narrow upper airway
and leads to the vibration of soft tissue(s). Because of the disturbing nature, snoring is
considered as a social nuisance, which may lead to impaired sleep quality of a bed partner
and even to marital disharmony?. However, previous studies also reported the informative
nature of snoring sound in, for example, detecting the presence of obstructive sleep apnea
(OSA)%; a prevalent sleep disorder that has been reported to be associated, amongst others,
with systemic diseases like cardiovascular disease®.

As a variable acoustic phenomenon, snoring sound fluctuates over time®. Both between-
individual factors, e.g., age®, gender®®, body mass index (BMI)®", and apnea-hypopnea
index (AHI; the index of the severity of OSA)*#2'® and within-individual factors, e.g., sleep
stage and sleep position®®", are frequently reported to affect snoring sound. 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 (either between-individual or within-individual) was not adjusted for the other snoring
sound-related factors. This may lead to biased results and may explain some conflicting
results reported by previous studies. For example, some studies reported positive linear
associations between AHI and snoring sound intensity (decibel; dB) or frequency (hertz;
Hz)®'214 while other studies found that there is no or only a weak association between AHI
on the one hand and snoring sound intensity and snoring rate (i.e., proportion of snoring
time in total sleep time) on the other hand®®'®, Conflicting results were also reported by
studies on the association between snoring sound intensity and gender®™. In addition,
although several previous studies found positive associations between snoring sound
intensity on the one hand and age® and BMI®" on the other hand, it is not unlikely that these
significant associations will disappear after adjusting for other between-individual snoring
sound-related factors. The above-mentioned evidence suggests the importance of taking
other between-individual factors into consideration in studies on snoring sound. As for
within-individual factors, previous studies reported the high variability of snoring sound in
relation to sleep stage and sleep position®, but the effect of sleep stage and sleep position
on snoring sound parameters has not been quantified.

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 sound, and will help clinicians to better identify patients who
need attention for their snoring, especially for the benefit of their bed partners. Therefore,
the present study aimed to comprehensively investigate the effect of frequently reported
snoring sound-related factors (both between-individual [viz., age, gender, BMI, and AHI]
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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. Given
that all previous studies reported significant associations between within-individual factors
and snoring sound parameters, while conflicting findings on between-individual factors
and snoring sound parameters were reported, we hypothesized that, compared with
between-individual factors, within-individual factors have greater effects on snoring sound
parameters. In addition, we hypothesized that there is no linear association between snoring
sound intensity on the one hand and age and BMI on the other hand after controlling for
other between-individual factors.

METHODS

PARTICIPANTS

This prospective, observational study included adult patients (> 18 yrs) who underwent an
overnight polysomnography (PSG) and simultaneous sound recording at the Department of
Clinical Neurophysiology of the OLVG (Amsterdam, The Netherlands) between July 2020
and December 2021 for snoring and potential OSA. Only patients who provided informed
consent for using their data for scientific purpose were included for analysis. This study was
approved by OLVG local ethical committee (study number: WO 19.079) and registered at the
Netherlands Trial Register (trialregister.nl; ID: NL8398).

POLYSOMNOGRAPHY

Ambulatory PSG recordings (SOMNOscreen Plus, Randersacker, Germany) were performed in
accordance with the standard protocol of the hospital. The PSG recordings included 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 monitoring. All PSG recordings were manually scored
according to the standard criteria (the American Academy of Sleep Medicine [AASM], version
2.6, 2020)"® by an experienced sleep technician. Sleep stage (viz., non-rapid eye movement
sleep stage 1-3 [N1-3] and rapid eye movement sleep [REM]) and sleep position (viz., supine,
left lateral decubitus position, right lateral decubitus position, and prone) were determined
over a standard epoch length of 30 s. Apnea was defined as a reduction > 90% in nasal airflow
pressure signal lasting for > 10 s. Hypopnea was defined as a reduction > 30% in nasal airflow
pressure signal lasting for > 10 s, associated with an oxygen desaturation > 3%. Participants
with an AHI > 5 events per sleep hour were identified as OSA patients, participants with an
AHI <5 events per sleep hour were identified as primary snorers.

SOUND RECORDING
A digital audio recorder with non-contact microphone (ZOOM H5, Zoom Corporation, New
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York, USA) was used to record snoring sounds during PSG. The recorder has a fairly flat
frequency characteristic between 20-20,000 Hz. Before recording, the recording chain was
calibrated using a sound calibrator (Testo 0554.0452, Testo Ltd, Alton Hampshire, UK), which
produced a reference sound pressure level (94 dB [0 dB = 20 pPa], 1 kilohertz [kHz] sinusoidal
wave). The recorder was placed on a microphone stand (one meter high) at the snorer side
of the head end of the bed. The microphone stand was approximately 20 cm from the bed to
prevent direct contact noises. The microphone side was pointed at the snorer.

RECORDING PREPARATION

All digital sound recordings were transferred to a computer and were pre-processed using
Audacity (version 3.1.3, Dominic Mazzoni, Fremont, USA), a free digital audio editor. The
original recordings with a sampling frequency of 44.1 kHz were digitally down-sampled
to 22 kHz as a compromise between the desired frequency range and data size and
processing time. In the present study, snoring sounds were analyzed in three domains,
viz., the temporal domain, the intensity domain, and the frequency domain. For analyses
in frequency domain, the 22 kHz sound recordings were used to keep the fidelity. For
analyses in temporal and intensity domains, all sound recordings were digitally filtered by
an A-weighting curve in Audacity to obtain A-weighted sound pressure level (A-weighted
decibel; dBA), which better reflects the hearing characteristics of humans than dB by
attenuating the low frequency components of the signal™.

IDENTIFICATION OF SNORING EVENTS

After pre-processing, all A-weighted sound recordings were input into R (Vienna University
of Economics and Business, Vienna, Austria), a free programming language, for analysis. As
the first step, intensities of the A-weighted sound recordings were averaged over intervals
of 1/30 of a second based on the root mean square (RMS) amplitudes to obtain an intensity
envelope of the sounds. Then, a custom algorithm was used to identify snoring events.
The algorithm recognized snoring events based on the variation of sound intensity, viz.,
increasing more than 3 dBA in 0.5 s was deemed as the ascending part of the waveform of
snoring events and decreasing more than 3 dBA in 0.5 s was deemed as the descending
part (Figure 1a). For each snoring event, a start point and an end point were identified. The
start point was the sample from which sound intensity increased more than 3 dBA in the
next 0.5 s. The sample from which sound intensity decreased more than 3 dBA in the past
0.5 s was identified as the end point (Figure 1b). Each identified start point was matched
with following end point as a snoring event. For inspiratory snoring, a respiratory cycle
consisted of a snoring event (the inspiration period) and the following expiration period,
viz., the relatively quiet period between two consecutive snoring events (Figure 2a). For
inspiratory and expiratory snoring, the relatively quiet period between two consecutive
snoring events is short (Figure 2b). A custom set of criteria were found to be applicable to
distinguish snoring events from noises. Hence, snoring events that fulfilled the following set
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of criteria were finally included for acoustic analyses:

1) The duration of a snoring event was longer than 1s and shorter than 5 s;

2) The duration of the corresponding respiratory cycle of a snoring event was longer
than 2 s and shorter than 6 s;

3) The maximal intensity of a snoring sound was higher than 40 dBA,

4) The crest factor (the peak RMS amplitude of a snoring event divided by the mean
RMS value of the snoring event?®) was used to indicate how high the peak of a
snoring event was. It was accepted when the value was higher than 5;

5) The relative difference in sound intensity between a snoring event and the
following quiet period (the RMS value of a snoring event divided by the RMS value
of the following quiet period) was higher than 1.2.

To evaluate the accuracy of the custom algorithm for the identification of snoring events,

for each overnight sound recording, 30 identified snoring events were randomly selected
using R and auditorily monitored by a trained investigator (ZH).

60dB 60dB

50dB 50d8

40d8 40d8

Start point

\

End point

30d8 30d8

0.5s © 05s

a b

Figure 1. a) Waveform of a snoring event. The left side of the waveform is the ascending part where
snoring sound intensity increases and the right side is the descending part where snoring sound
intensity decreases. b) The start and end points of a snoring event identified by the custom algorithm.
The two red dotted lines and the two blue dotted lines represent two 0.5 s windows. For a 0.5 s
window, during which sound intensity increases more than 3 dBA, the first sample of the window (red)
is identified as the start point of a snoring event; during which sound intensity decreases more than 3
dBA, the last sample of the window (blue) is identified as the end point of a snoring event.
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Inspiratory snoring Inspiratory and expiratory snoring
LT—l_T_' ‘_T_l_Y_J
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Figure 2. a) Inspiratory snoring. b) Inspiratory and expiratory snoring. For inspiratory snoring, a
respiratory cycle consisted of a snoring event (the inspiration period) and the following expiration
period, viz., the relatively quiet period between two consecutive snoring events. For inspiratory and
expiratory snoring, in addition to the snoring sound during inspiration period, snoring sound can also
be heard during expiration period and the relatively quiet period between two consecutive snoring
events is short.

DATA EXTRACTION

Data on age, gender, BMI, and AHI were extracted from participants’ PSG reports. As for
the within-individual factors, according to the time points in PSG data and the start time of
snoring events, the corresponding sleep stage and sleep position were extracted for each
snoring event. In addition, snoring events per hour of sleep (snoring index; events/hour) in
each sleep stage and sleep position, the ratio between the duration of a snoring event and
the duration of corresponding respiratory cycle (snoring time ratio; in percentage), and the
duration of snoring events (in seconds) were calculated as snoring sound parameters in the
temporal domain; the maximal and mean intensities (dBA) of snoring events were calculated
as snoring sound parameters in the intensity domain; and dominant frequency (DF; Hz),
fundamental frequency (FF; Hz), and the first three formants (F1, F2, F3; Hz) were calculated
as snoring sound parameters in the frequency domain, using the “seewave” R-package?'.

SAMPLE SIZE CALCULATION

Both between-individual and within-individual factors were included in the present study.
Since analyses on within-individual factors required a larger sample size than those on
between-individual factors, sample size calculation in the present study was based on within-
individual factors. Sample size calculation was performed based on within-subjects ANOVA
using G*Power 3.1 (Franz Faul, University of Kiel, Germany). The following parameters were
used for calculation: effect size was 0.25 (partial eta square was 0.06 [medium]), significance
level was 0.05, power was 0.8, number of measurements was 4 (both for sleep stage and
for sleep position; see above, Polysomnography), correlation among repeated measures
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was 0.5, and nonsphericity correction was 0.8. This resulted in a minimum sample size of 41.

STATISTICS

In descriptive statistics, ratio and interval data were presented as mean + SD; nominal and
ordinal data were presented as percentages. In the present study, as multiple snoring events
can be extracted from the recording of a participant, a multilevel dataset was obtained,
i.e., snoring events (level 1) were nested within individuals (level 2). To adjust for the fact
that multiple snoring events from one participant were not independent of each other,
generalized linear mixed model (GLMM) was used to evaluate effects of both between-
individual factors (level 2 variables; age, gender, BMI, and AHI) and within-individual factors
(level 1 variables; sleep stage and sleep position) on snoring sound parameters. In the
GLMM, snoring sound parameters in the temporal, intensity, and frequency domains were
set as targets, and age, gender, BMI, AHI, sleep stage, and sleep position were included
as fixed effects. In addition, intercepts were included in both fixed and random effects.
Pairwise comparison was enabled for categorical variables (viz., gender, AHI, sleep stage,
and sleep position) as to investigate the difference in snoring sound parameters between
different groups. Significance level was set as 0.05. Analyses were conducted using the
IBM SPSS Statistics 27 software package (IBM Corp, Chicago, USA).

RESULTS

A total of 88 participants received PSG and simultaneous sound recording between July
2020 and December 2021, and were included in the present study. Of the 88 participants,
three were excluded due to technically failed PSG and two were excluded due to excessive
background noises in sound recordings. The other 83 participants were finally included
for analysis. Of the 83 participants, 79 were inspiratory snorers and four were inspiratory
and expiratory snorers. In the present study, a custom R algorithm was used to recognize
snoring events. An example of recognizing snoring events in an overnight sound recording
using the custom algorithm is shown in Figure 3. From the 83 overnight sound recordings,
the algorithm identified 131,745 sound clips as snoring events. To evaluate the accuracy of
the algorithm, 2,490 (30*83) identified snoring events were randomly selected using R and
listened to. Of the 2,490 selected snoring events, 2,236 were snoring events and the other
254 were noises (viz., sounds of heavy breath, television, duvet, groaning, cough, mobile
phone, walking, and door shutting), suggesting an accuracy of 89.8%. The descriptive
statistics of participants and snoring events are shown in Table 1.

Effects of between-individual and within-individual factors on snoring sound parameters in

the temporal domain are shown in Table 2. It was found that AHI, sleep stage, and sleep
position significantly affected snoring sound parameters in the temporal domain, while age,
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gender, and BMI did not. For AHI, after adjusting for all the other factors, primary snorers
and moderate OSA patients were found to have significantly fewer snoring events than
mild and severe OSA patients. In addition, the duration of snoring events and the snoring
time ratio of patients with severe OSA were significantly longer resp. higher than those
from other OSA patients and primary snorers. For sleep stage, after adjustment, snorers
were found to have the most and the longest snoring events in N3, followed by N2 and
REM, while N1 was associated with the fewest and the shortest snoring events. For sleep
position, after adjustment, supine position was associated with the most and the longest
snoring events, while snorers were found to have the shortest snoring events and the
fewest snoring events in left and right lateral decubitus positions, respectively.
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Figure 3. An example of recognizing snoring events in an overnight sound recording using the custom
algorithm. In both panels, Y axis indicates the intensity of sound and X axis indicates time. In the upper
panel, black lines represent recorded sounds and red lines represent either the start point or the end
point of a snoring event. The blue square box in the upper panel was enlarged in the lower panel,
in which consecutive red squares indicate consecutive snoring events that are recognized by the
algorithm.
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Table 1. Descriptive statistics of participants and snoring events

Participant-level data (N = 83)

Age (mean + SD; year) 422 +1.3
Gender (N; %)
- Female 34 (41%)
- Male 49 (59%)
BMI (mean + SD; kg/m?) 275+6.2
AHI (mean + SD; events/hour) 14.6 +£19.9
- Severity (N; %)
<5 (no OSA) 33(39.8%)
5-14 (mild OSA) 27 (32.5%)
15-29 (moderate OSA) 10 (12%)
>30 (severe OSA) 13 (15.7%)
- AHI by gender (mean + SD)
Female 1.3+18.8
Male 16.9 +20.4
- AHI by sleep stage (mean + SD)
REM 1".0+15.3
NREM 85+15.2
- AHI by sleep position (mean + SD)
Supine 21.8+284
Non-supine 49+67
Snoring event-level data (N = 131,745)
Temporal domain
Snoring index (mean + SD; events/hour) 3874 +£1901
Snoring time ratio (mean + SD; %) 543174
Duration (mean + SD; s) 21+07
Intensity domain
Maximal intensity (mean + SD; dBA) 488+ 76
Mean intensity (mean + SD; dBA) 428+5.9
Frequency domain
FF (mean £ SD; Hz) 192.8 £ 21.9
DF (mean + SD; Hz) 5961+ 800.3
F1(mean + SD; Hz) 1206.7 £ 820.6
F2 (mean + SD; Hz) 27799 £ 1162.6
F3 (mean + SD; Hz) 4330.3 +1496.9

AHI = apnea-hypopnea index, BMI = body mass index, dBA = A-weighted sound pressure level, DF = dominant
frequency, F1-3 = the first three formants, FF = fundamental frequency, Hz = hertz, NREM = non-rapid eye movement
sleep, OSA = obstructive sleep apnea, REM = rapid eye movement sleep

Effects of between-individual and within-individual factors on snoring sound parameters in

the intensity domain are shown in Table 3. AHI, sleep stage, and sleep position were found

to have significant effects on snoring sound parameters in the intensity domain, while age,

gender, and BMI were not. For AHI, after adjusting for all the other factors, severe OSA

patients were found to have significantly higher maximal and mean snoring sound intensities

than other OSA patients and primary snorers. For sleep stage, after adjustment, snorers

were found to have the highest maximal and mean snoring sound intensities in N3, followed
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by N2 and REM, while N1 was associated with the lowest maximal and mean snoring sound
intensities. For sleep position, after adjustment, snorers were found to have the highest
maximal and mean snoring sound intensities in supine position, followed by prone and left
lateral decubitus positions, while right lateral decubitus position was associated with the

lowest maximal and mean snoring sound intensities.

Table 2. Effects of between-individual and within-individual factors on snoring sound parameters in
the temporal domain

Snoring index Snoring time ratio Duration
Continuous variables  Coefficient (95% CI) 2 Coefficient (95% Cl) P Coefficient (95% Cl) P
Age -1.96 (-6.65 — 2.72) 041 -0.22(-0.41-0.03) 0.20 0.00 (-0.01 - 0.00) 0.36
BMI 4.85 (-4.44 —14.14) 0.31  011(-0.27 — 0.49) 0.56 0.01(-0.01-0.02) 0.23
Categorical variables Mean + SD (events/hour) P Mean + SD (%) 2 Mean + SD (s) 2
Gender 0.38 0.87 0.20
- Female 224.29+4477 47.93+1.84 1.89+0.06
- Male 271.20+£34.42 48.30+1.42 1.97+0.04
AHI 0.01 <0.01 <0.01
- No OSA 126.26+45.20 #* 42.6141.87 * 178+0.06 *
- Mild OSA 275.66+46.06 46.4441.89 * 1.84£0.06 *
- Moderate OSA 193.00+£77.00 46.22+316 * 1.98+0.10 *
- Severe OSA 396.06469.61 57.21+2.85 211+0.09
Sleep stage <0.01 <0.01 <0.01
- N1 32.92429.87 # 447241.26 N 1.83+0.04 #N
-N2 274.94+29.62 n 47.84+1.22 " 1.95+0.04 n
-N3 525.91+29.62 * 51.87£1.22 * 2.05+0.04 *
-REM 223.05+29.64 48.0541.22 1.89+0.04
Sleep position <0.01 <0.01 <0.01
- Supine 284.36+29.63 # 50.64+1.22 # 1.99+0.04 #
- Left 246194+29.64 A 46.0641.22 A 1.85+0.04 A
- Right 219.94+29.64 * 47.48+1.22 * 1.89+0.04 *
- Prone 240.49+29.74 48.29+1.24 1.99+0.04

AHI = apnea-hypopnea index, BMI = body mass index, N1-3 = non-rapid eye movement sleep stage 1-3, OSA =
obstructive sleep apnea, REM = rapid eye movement sleep.

For gender: # indicates significant difference versus male;

For AHI, # indicates significant difference versus mild OSA, » indicates significant difference versus moderate OSA,
and * indicates significant difference versus severe OSA;

For sleep stage, # indicates significant difference versus N2, ~ indicates significant difference versus N3, and *
indicates significant difference versus REM;

For sleep position, # indicates significant difference versus left, * indicates significant difference versus right, and *
indicates significant difference versus prone.
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Table 3. Effects of between-individual and within-individual factors on snoring sound parameters in
the intensity domain

Maximal intensity Mean intensity
Continuous variables Coefficient (95% Cl) P Coefficient (95% Cl) P
Age 0.01(-0.08 — 0.10) 0.88 0.00 (-0.07 — 0.07) 0.99
BMI 0.09 (-0.09 — 0.27) 0.33 0.05 (-0.08 — 0.19) 0.46
Categorical variables Mean + SD (dBA) P Mean + SD (dBA) P
Gender 0.34 0.31
- Female 45.31+0.86 40.04+0.65
- Male 46.2910.66 40.84+0.50
AHI <0.01 <0.01
- No OSA 43.98+0.87 * 38.99+0.66 *
- Mild OSA 44.02£0.89 * 39.27+0.67 *
- Moderate OSA 45.43+1.48 * 39.94+112 *
- Severe OSA 4976+1.34 43.57+1.01
Sleep stage <0.01 <0.01
-N1 43.74+0.59 #M 38.76+0.44 #
- N2 46.58+0.57 e 41.01+0.43 n
-N3 48.70+0.57 * 42.91£0.43 *
- REM 4416+0.57 39.09+0.43
Sleep position <0.01 <0.01
- Supine 46.87+0.57 #1* 41.25+0.43 #7*
- Left 4474+0.57 n 39.62+0.43 -
- Right 4510+0.57 * 39.84+0.43 *
- Prone 46.47+0.58 41.06+0.44

AHI = apnea-hypopnea index, BMI = body mass index, dBA = A-weighted decibel, N1-3 = non-rapid eye movement
sleep stage 1-3, OSA = obstructive sleep apnea, REM = rapid eye movement sleep.

For gender: # indicates significant difference versus male;

For AHI, # indicates significant difference versus mild OSA, » indicates significant difference versus moderate OSA,
and * indicates significant difference versus severe OSA,

For sleep stage, # indicates significant difference versus N2, * indicates significant difference versus N3, and *
indicates significant difference versus REM;

For sleep position, # indicates significant difference versus left, * indicates significant difference versus right, and *
indicates significant difference versus prone.

Effects of between-individual and within-individual factors on snoring sound parameters in
the frequency domain are shown in Table 4. It was found that age, BMI, sleep stage, and
sleep position significantly affected snoring sound parameters in the frequency domain,
while gender and AHI did not. After adjusting for all the other factors, FF and DF were found
to decrease with the increase of age, while F2 was found to increase with the increase of
BMI. After adjustment, in general, snoring sounds during N1 and REM had higher frequency
(Hz) than those from N2 and N3. For sleep position, after adjustment, snoring sounds during
supine position were found to have higher FF and DF than those during other positions,
while lateral decubitus positions were associated with higher formants than supine and
prone positions.
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CHAPTER 4

DISCUSSION

The present study aimed to investigate the effect of between-individual and within-individual
factors on snoring sound parameters in temporal, intensity, and frequency domains. The
main findings were that severe OSA, N3 stage, and supine position were associated with
more, longer, and louder snoring events. For snoring sound parameters in the frequency
domain, FF and DF were found to decrease with an increase of age, while F2 was found
to increase with an increase of BMI. Gender did not have any significant effect on snoring
sound parameters.

In previous studies, associations between snoring sound on the one hand and age, gender,
and BMI on the other hand were frequently reported®". However, in the present study, age
and BMI were found to affect only some of the snoring sound parameters in the frequency
domain, and gender did not have any significant effect on snoring sound parameters. A
possible explanation for this discrepancy is that, as mentioned in the introduction, previous
studies mainly focused on one-on-one associations, but did not take other snoring sound-
related factors into consideration. In other words, some previously reported associations
were not adjusted for other snoring sound-related factors and, as we hypothesized, these
associations disappeared after adjustment. In the present study, the associations between
the FF, DF, and F2 of snoring sound on the one hand and age and BMI on the other hand
may be explained by the effect of age and BMI on the collapse site in the upper airway??23,
which was found to be associated with the frequency of snoring sound?*. Despite the fact
that age and BMI can affect several snoring sound parameters in the frequency domain,
the authors would like to hypothesize that age, gender, and BMI are more likely to be
associated with the presence of snoring, but not with snoring sound itself. Future studies
are needed to test this hypothesis.

Regarding AHI, it was found that, in general, severe OSA patients have more, longer, and
louder snoring events than other OSA patients and primary snorers. This finding suggests
that clinicians should pay more attention to severe OSA patients, because they are more
likely to generate socially unacceptable snoring sounds. The present study also suggests
that, compared with age, gender, and BMI, AHI is a more important factor that should be
taken into consideration in future studies on snoring sound. It needs to be noted that snoring
sound parameters in the frequency domain were reported to be informative enough to
contribute to the identification of the collapse site in the upper airway?4, but no association
was observed in the present study between AHI and snoring sound parameters in the
frequency domain. It is possible that the collapse site in the upper airway is more associated
with the frequency of snoring sound, while AHI is more associated with the intensity of
snoring sound, because both the present study and previous studies®? found a significant
association between AHI and snoring sound intensity. Future studies are needed to test
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this hypothesis. In addition, the associations between AHI and snoring sound parameters in
temporal and intensity domains further indicate the possibility to predict the presence and
severity of OSA based on snoring sound parameters.

For within-individual factors, a finding of interest regarding sleep position is that, although
previous study reported that there was no difference in the collapse site in the upper airway
between different positions?®, the present study found significant differences between left
and right lateral decubitus positions in the frequency and intensity of snoring sound. To
the best of the authors’ knowledge, this is the first study that reports such differences, and
no previous finding could explain such differences. Based on the current results, viz., right
lateral decubitus position is associated with fewer but longer and louder snoring events
than left lateral decubitus position, snorers seem to breathe more slowly but more forcefully
in right lateral decubitus position than in left lateral decubitus position. This may be due to
the fact that the volume of the left lung is smaller than that of the right lung, resulting in a
lower tidal volume when the left lung is functioning as the dependent lung (viz., the lowest
part of the lung in relation to gravity; in left decubitus lateral position) than when the right
lung is functioning as the dependent lung (in right decubitus lateral position)?¢. Alveoli in the
dependent lung region are more compliant to dilate and therefore capable of more oxygen
exchange, while ventilation is less efficient in non-dependent lung regions since alveoli in
these regions are less compliant?’. Future studies are needed to investigate the difference
in respiration/snoring between right and left lateral decubitus positions, which may further
improve the understanding of the position dependence of snoring and/or OSA". In addition,
although position-dependent snorers/OSA patients may have better response to positional
therapy?®, positional therapy should be recommended to all snorers, because, in general,
snorers generate fewer and lower-intensity snoring events in lateral decubitus positions
than in supine and prone positions. This is in accordance with previous study that snorers
have more and louder snoring sounds in supine position than in the other positions™, which
may be due to the fact that supine position is associated with increased airway collapsibility
(Table 1)?°. The change of the dimension of the upper airway may also explain the effect
of sleep position on snoring sound parameters in the frequency domain, because, as
mentioned above, the frequency of snoring sound was associated with the collapse site in
the upper airway?..

The impact of sleep stage on snoring sound, however, cannot be explained by the change
of the dimension of the upper airway. Previous studies reported that the upper airway is
more collapsible during REM than during NREM32°3', Carberry et al. further reported that, in
both healthy individuals and OSA patients, the collapsibility of the upper airway during REM
was higher than those during N2 and N3 (REM>N2>N3) due to decreased upper airway
muscle activities®?, suggesting that there should be more and louder snoring sounds during
REM than during N2 and N3. However, the present study found that snorers had more,
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louder, and longer snoring events during N3 and N2 than during REM (N3>N2>REM), which
is consistent with previous studies®%3°. Compared with the anatomical factor, the functional
factor is a more likely reason. NREM was found to be associated with higher ventilatory
drive than REM3°, and it is reasonable to assume that higher ventilatory drive leads to
higher intensity of snoring sound. It is also possible that, due to more collapsible upper
airway and lower respiratory drive during REM (Table 1), there are more apneic events and
consequently fewer snoring events during REM than during N2 and N3. This is especially
likely to occur in patients with moderate and severe OSA. However, the above-mentioned
reasoning may only partially explain why snorers had more, longer, and louder snoring
events during N3 and N2 than during REM. Future studies are needed to investigate the
physiological mechanism behind this finding. All in all, based on the present study, within-
individual factors seem to have greater effects on snoring sound than between-individual
factors, suggesting that future studies should pay more attention to the association between
within-individual factors and snoring as to provide more insight into the pathogenesis of
snoring, and even of OSA.

This study inevitably has some limitations. Firstly, the majority of the study population
consisted of primary snorers and mild OSA patients, and only 27.7% of the study population
were moderate and severe OSA patients. As a consequence, the results in the present
study may be applicable to the current patient profile only. Secondly, the present study
only included a few of the most frequently reported factors that are associated with snoring
sound. Data on other factors, such as the collapse site in the upper airway, were not
collected.

CONCLUSION

Within the limitations of the current patient profile and included factors, AHI was found
to have greater effects on snoring sound parameters than the other between-individual
factors. The included within-individual factors were found to have greater effects on snoring
sound parameters than the between-individual factors under study.
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