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Abstract
Purpose  The effect of snoring on the bed partner can be studied through the evaluation of in situ sound records by the bed 
partner or unspecialized raters as a proxy of real-life snoring perception. The aim was to characterize perceptual snore events 
through acoustical features in patients with obstructive sleep apnea (OSA) with an advanced mandibular position.
Methods  Thirty-minute sound samples of 29 patients with OSA were retrieved from overnight, in-home recordings of a 
study to validate the MATRx plus® dynamic mandibular advancement system. Three unspecialized raters identified sound 
events and classified them as noise, snore, or breathing. The raters provided ratings for classification certainty and annoy-
ance. Data were analyzed with respect to respiratory phases, and annoyance.
Results  When subdividing perceptual events based on respiratory phase, the logarithm-transformed Mean Power, Spectral 
Centroid, and Snore Factor differed significantly between event types, although not substantially for the spectral centroid. 
The variability within event type was high and distributions suggested the presence of subpopulations. The general linear 
model (GLM) showed a significant patient effect. Inspiration segments occurred in 65% of snore events, expiration segments 
in 54%. The annoyance correlated with the logarithm of mean power (r = 0.48) and the Snore Factor (0.46).
Conclusion  Perceptual sound events identified by non-experts contain a non-negligible mixture of expiration and inspira-
tion phases making the characterization through acoustical features complex. The present study reveals that subpopulations 
may exist, and patient-specific features need to be introduced.
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AHI	� Apnea–hypopnea index
ODI	� Oxygen desaturation index
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SI	� Snore Index
MAD	� Mandibular advancement device
FCMP	� Feedback-controlled mandibular 

positioner
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CI	� Confidence interval
Sd	� Standard deviation
Chi²	� Chi-square
Ln	� Natural logarithmic transform
K-W	� Kruskal–Wallis test
dB	� Decibel

Introduction

Obstructive sleep apnea (OSA) as part of the sleep disor-
dered breathing (SDB) spectrum [1], is a highly prevalent 
disorder in adults with progressive upper airway dysfunc-
tion during sleep [2, 3]. Most existing therapies for OSA 
are directed toward reversing the anatomical problem by 
increasing the patency of the upper airway (UA). The aim 
of these treatments is to restore and maintain a normal respi-
ration during inspiration and expiration [4] and consequently 
a lowering of the apnea–hypopnea index (AHI). In the litera-
ture, several terms are used for classification such as: normal 
breathing, non-snoring, snoring, and non-breathing sounds 
[5–7]. An attempt to characterize and classify the different 
snoring and breathing events can be approached from their 
acoustical features such as, e.g., Snore Index (SI = snores per 
hour of sleep), loudness, frequency and duration, formant 
analysis [8], and psycho-acoustical features (annoyance fac-
tor) [9, 10].

The assessment of (especially residual) snoring after 
treatment has rarely been explored in-depth with a mandibu-
lar advancement device (MAD). Stouder et al. in 2007 per-
formed one of the rare studies that examined forty patients 
with OSA and the effect of an oral appliance with mandibu-
lar advancement on several acoustical snoring parameters 
including frequency of snoring, average and peak loudness, 
and anatomic site of snoring (percentage of palatal or tongue 
base flutter). This study suggests that oral appliances with 
mandibular advancement may be an effective treatment 
for both palatal and tongue base snoring [11]. In 2014, 
Rohrmeier et al. subjected 25 raters to 55 sleep breathing 
sound samples of patients with OSA with the mandible in 
the rest position and asked them to rate psychoacoustic fac-
tors including certainty of rating in order to generate a dis-
tinction between snore sounds and normal breathing sounds 
[12].

The aim of the present study was to explore the effect 
of the automated dynamic mandibular titration system 
(MATRx plus®) oriented towards the increase of oxygena-
tion (i.e., achieving a reduction of ODI) on snoring and its 
characterization. The underlying hypothesis was that, when 
a remedy is provided with respect to the airflow based on 
a feedback-loop aiming at optimization of ODI, automati-
cally AHI will decrease and the sounds during sleep will be 
normal breathing sounds.

Material and methods

A convenience sample of 33 patients were selected from 
53 patients who previously participated in a clinical trial 
designed to validate the efficacy of the MATRx plus® in-
home feedback-controlled mandibular positioner (FCMP). 
The mandible was dynamically and progressively reposi-
tioned (anterior–posterior), under polysomnographic obser-
vation, without disturbing the patient based on the instan-
taneous measurement of the oxygen desaturation index 
(ODI) [13]. The audio signal was recorded by an add-on 
microphone (Panasonic omnidirectional electret condenser 
microphone, WM-61A, with the signal conditioned and digi-
talized at 22,050 Hz) mounted on the mandibular positioner. 
A 30-min episode was chosen from the 1st night one hour 
after the start of the study. During the episodes, the FCMPs 
were actively positioning the patient’s mandible in the pos-
terior–anterior direction [13]. Four patients were excluded 
due to technical issues with the audio recording files.

Patients (see Table  1) showed a mean OSA severity 
expressed by the ODI of 31.7 (SD 18.0) at baseline — see 
Table 1.

Three dental internship-students, ages 24–25 years from 
the University of Concepcion, Chile, 1 woman (BCA) and 2 
men (ACG and FMC), manually indicated the beginning and 
ending of sounds occurring in the 30-min episodes. They 
classified the sound signal recorded during the obtained 
time lapses into three categories: snore, breath, noise — 
a category for non-breathing or unidentifiable sounds. A 
classification certainty was attributed through a visual ana-
logue scale (VAS) consistent with previous studies with a 

Table 1   Demographics of the participants and baseline OSA charac-
teristics

Participants’ characteristics Mean (std)

Age (years) 48.7 (11.6)
Women/Men 3/26
BMI (kg/m2) 34.3 (5.8)
Baseline ODI (events/hr) 31.7 (18.0)
Baseline Snore (events/hr) 180.1 (205.2)
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numbered color scale ranging from zero (red-uncertain) up 
to ten (green-totally certain), and an annoyance scale rang-
ing from zero, red-extremely annoying up to ten, (blue-not 
annoying) [12]. At the moment of scoring, the raters had 
normal hearing (inquired statement, a hearing test was not 
performed) and were not familiar with a snoring bed partner.

The sound samples were played back sequentially on 
an identical laptop (Dell, Precision Mobile 5530, Xeon 
E-2176 M 6 Core 45 W 15.6 inch Ultra HD Touch IGZO4 
3840 × 2160) and headphone (BOSE Quiet Comfort 25) by 
means of the software Audacity for Windows (Audacity® 
2.3.1 2019). The sound pressure level was calibrated and 
identical for all raters. The evaluators scored separately in 
an identical quiet room.

In what follows, we refer to the time lapses indicated and 
the corresponding signal as sound events. An event started 
when at least one rater started the event and stopped when all 
raters ended the event. Each event was sub-divided based on 
the respiratory cycle, measured by nasal airflow, into inspira-
tory and expiratory sub-events called segments.

Acoustic features for each sub-event were calculated 
according to the following procedures: the sound signal was 
divided into 40-ms-long windows with 75% overlap and a 
time–frequency decomposition was performed to extract 
power and the spectral centroid of each window. A Snore 
Factor was defined to reflect the rough, percussive sound of 
soft tissues colliding that was associated with a snore. The 
Snore Factor was calculated by using a Hilbert transform 
to extract the sound envelope which was then zero-phase 
filtered using a 3rd-order bandpass Butterworth filter in the 
range from 20 to 80 Hz and computing the root-mean square 
value of the resulting signal across the whole event.

A descriptive study of acoustical frequency, sound power, 
spectral centroid, and Snore Factor (SF) of snore events and 
segments and exploratory general linear model (GLM) were 
followed by a classification effort based on data aggregated 
on patient level. For technical reasons, only segments with 
a duration above 0.04 s were considered in the analysis and 
events containing at least such a segment.

When considering only the events indicated by all raters, 
a Fleiss’ Kappa of 0.84 was observed (CI 95% [0.838; 
0.851]) for the classification in noise, snore, and breath. 
Moreover, the absolute classification certainty (certainty 
score 10) ranged from 64 up to 70% for snore events depend-
ing on the rater with an average of 8.8 (sd 1.4). For breath-
ing sounds, the absolute certainty ranged from 24% up to 
29% with an average of 8.5 (sd 1.5). The analysis is based 
on qualification agreement of at least two raters; e.g., if at 
least two raters indicated that an event is snoring, the event 
is considered to be a snoring event.

The statistical analysis and graph plotting were performed 
using Excel Office 365 (Microsoft Corporation), IBM SPSS 
Statistics 26.0.0.0 64-bit (IBM Corp.) and MatLab R2019b 
(MathWorks).

Results

A total of 12,526 sound events were identified by at least 
one rater. Out of these events, 89% (11,122) of events were 
determined by at least two raters in agreement with the qual-
ification and contained an expiration or inspiration phase of 
at least 0.04 s. These events consisted mostly of snore 6398 
(58%) and breathing events 3652 (33%) with a low number 
of general noise events 1072 (10%) — see Table 2.

When refining sound events based on inspiration and 
expiration, the number of time lapses to consider increased 
from 11,122 events up to 17,090 segments (54% increase). 
Snoring dominated with 59% of segments, followed by 
breathing sounds 33%, and a small percentage of noise 8%. 
There was a significant relation between inspiration and 
expiration on the sound type (Chi2 p < 10−6). The fraction of 
inspiration snore sound segments is about 10% higher than 
the fraction of expiration sound segments, respectively, 65% 
and 54%. The segments belonging to the aforementioned 
11,122 events were the basis for further characterization.

The skewness of Mean Power, Spectral Centroid, and 
Snore Factor ranged, respectively, 2.4–29.3, 1.2–1.6, and 

Table 2   Distribution of event 
type for events with events 
type determined by at least two 
raters in agreement with respect 
to the qualification and their 
refinement in sound segments

Events Total

Snore Breath Noise
6398 3652 1072 11,122
58% 33% 10%

Sound segments
Expiration 7498 4382 1071 12,951 76%

54% 41% 5%
Inspiration 6881 3720 754 11,355 66.44%

65% 33% 3%
Total 14,379 8102 1825 24,306

60% 33% 8%
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2.2–10.9 depending on segment type; snore or breath in 
combination with inspiration or expiration. In order to miti-
gate skewness and the presence of outliers, a natural loga-
rithmic transform (Ln) was applied. Table 3 represents the 
descriptive statistics for the transformed characteristics.

A full factorial repeated measures GLM with patient 
as a random effect and event type as a fixed effect was 
applied. All interaction effects (p < 0.0001) as well as the 
direct effects (p < 0.0001) were significant, except for the 
direct patient effect for the Ln Spectral Centroid (p = 0.54). 
For all acoustical features, the combination of classifica-
tion and phase (inspiration-expiration) depended on the 
patient. When applying the non-parametric Kruskal–Wallis 
test (K-W) all segment types and breathing phases differed 
significantly with respect to ln Mean Power, Ln Spectral 
Centroid, and Ln Snore Factor (p < 0.0001).

The boxplots representing the Ln Mean power and Ln 
Snore Factor for different segment types showed that there 
was a relatively high variability in combination with the 
presence of potential outliers, especially at the high end, 
despite the logarithmic transformation —– see Figs. 1a,  2 
and 3a.

In the Ln Mean Power, there was a significant difference 
between respiratory phases. For noise and breathing sounds, 
the inspiration Ln Mean Power was lower than for expira-
tion; on the contrary, for the snoring sounds the inspira-
tion Ln Mean Power was higher than for the expiration — 
Table 3, Fig. 1a.

While for inspiration snore sounds, the distribution was 
bimodal with peaks rather close to each other, for expira-
tion one peak may be observed that corresponds to the first 
peak for expiration, followed by a plateau towards the higher 
values — see Fig. 1b. For breathing sounds, a peak may be 
observed that corresponds to the snore peak, but the plateau 
was absent when breathing out — see Fig. 1c. For inspira-
tion, the bimodality was not explicitly present — see Fig. 1c.

For Ln Spectral Centroid, the distributions for all sound 
types and breathing phases were rather similar with outli-
ers to the left for all distributions — see Fig. 2a, b, and 
c. Although the overall K-W differences were significant 
(p < 0.0001), the difference between medians was rather 
small — see Table 3.

For snore sounds, the median Ln Snore Factor for breath-
ing in was somewhat higher than breathing out, but this dif-
ference was accompanied by substantial variability — see 
Table 3 and Fig. 3a. Breathing sounds had a lower median 
Ln Snore Factor than snore sounds, with a lower variability 
for breathing in and a substantial variability for expiration 
— see Table 3 and Fig. 3a. For breathing and snore sounds 
during expiration, the population could be subdivided into 
two subpopulations while for snore sounds during inspira-
tion, a very pronounced bimodal distribution was observed 
for breathing sounds, one modus remained of a rather promi-
nent peak — see Fig. 3b, and c.

When exploring the scatterplot of Ln Mean Power, Ln 
Spectral Centroid, and Ln Snore Factor for snore and breath 

Table 3   Overall descriptive 
statistics for sound segments of 
the logarithm of Mean Power, 
Spectral Centroid, and Snore by 
type and phase

Ln Mean Power Mean SE SD Median Skewness SE
Noise Expiration 7.02 0.06 2.05 7.19 0.06 0.07

Inspiration 6.32 0.08 2.25 5.68 0.54 0.09
Snore Expiration 5.76 0.02 1.62 5.53 0.64 0.03

Inspiration 6.54 0.03 2.19 6.18 0.27 0.03
Breath Expiration 5.49 0.02 1.58 5.26 0.57 0.04

Inspiration 4.48 0.01 0.84 4.41 0.91 0.04
Ln Spectral Centroid (Hz)

  Noise Expiration 7.35 0.03 0.97 7.53  − 2.10 0.07
Inspiration 7.32 0.04 1.05 7.49  − 1.93 0.09

  Snore Expiration 7.34 0.01 0.68 7.37  − 0.75 0.03
Inspiration 7.32 0.01 0.68 7.37  − 0.44 0.03

  Breath Expiration 7.46 0.01 0.71 7.50  − 0.83 0.04
Inspiration 7.73 0.01 0.67 7.58  − 0.24 0.04

Ln Snore Factor
  Noise Expiration  − 4.03 0.03 1.15  − 3.80  − 0.44 0.07

Inspiration  − 4.47 0.05 1.41  − 4.64 0.27 0.09
  Snore Expiration  − 4.61 0.01 1.18  − 4.71 0.53 0.03

Inspiration  − 4.33 0.02 1.48  − 4.55 0.28 0.03
  Breath Expiration  − 4.87 0.02 1.19  − 4.97 0.35 0.04

Inspiration  − 5.89 0.01 0.74  − 5.91 0.55 0.04
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Fig. 1   Aggregated Ln Mean 
Power (a) Boxplot of snore and 
breath sounds during inspiration 
and expiration. b Histogram 
of Ln Mean Power for snore 
sounds during inspiration and 
expiration. c Histogram of 
Ln Mean Power for breathing 
sounds during inspiration and 
expiration
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Fig. 2   Aggregated Ln Mean 
Power (a) Boxplot of snore and 
breath sounds during inspiration 
and expiration. b Histogram 
of Ln Mean Power for snore 
sounds during inspiration and 
expiration. c Histogram of 
Ln Mean Power for breathing 
sounds during inspiration and 
expiration
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Fig. 3   Aggregated Ln Snore 
Factor (a) Boxplot of snore and 
breath sounds during inspiration 
and expiration. b Histogram 
of Ln Mean Power for snore 
sounds during inspiration and 
expiration. c Histogram of 
Ln Mean Power for breathing 
sounds during inspiration and 
expiration

221Sleep and Breathing (2022) 26:215–224



1 3

sounds during inspiration and expiration, no clearly distinct 
groupings was found — see Fig. 4.

The average (over raters) annoyance and certainty of clas-
sification correlated significantly (p < 0. 10−10) with all three 
acoustical measures introduced. The Pearson and Kendall 
correlation between annoyance and Ln Snore Factor were 
highest (r = 0.48; t = 0.35) followed by the correlations with 
Ln Mean Power (r = 0.46; t = 0.33), and rather weak cor-
relations with Ln Spectral Centroid (r = 0.22; t = 0.13). All 
correlations with the certainty score were weak: Ln Mean 
Power r = 0.19, t = 0.13, Ln Spectral Centroid r = 0.13, 
t = 0.08, and Ln Snore Factor r = 0.20, t = 0.15.

Discussion

To our knowledge, most studies start from sound events 
defined by one or more OSA or sound specialists as a basis 
for further analysis, e.g., [6, 10, 12, 14, 15]. The use of raters 
without snoring experience or technical sound background 
has been used to mimic non-specialist bed partners. This 
is particularly useful if one wants to study partner — bed-
partner interactions and relate to the real in situ situation. 
Research is required to study the relation between the score 
of raters without snoring experience or technical sound 
background and scoring of bed partners.

In a previous paper, we found a high concordance with 
respect to the determination of sound events and their clas-
sification among raters, making the existence of a notion of 
“perceptual snoring” plausible [16]. Remarkably, the raters 
did not make a distinction between breathing in and breath-
ing out. All raters included both breathing phases regularly 
in one sound event. Perceptual snoring events do not cor-
respond to what, in general, has been considered as a sound 

event by OSAS or sound specialists. This might be impor-
tant when studying sound from a dyadic perspective [17], 
but when considering perceptual snoring events as basis for 
automatic characterization, the fact that expiration phases 
as well as inspiration phases were included in the events is 
a challenge. Acoustical features are expected to be different 
for breathing in and breathing out phases because of airflow 
direction [18].

The differences in Ln Mean Power between inspiration 
and expiration for observed snore and breath sounds are 
rather surprising in comparison with other studies such as 
Rohrmeier in 2014 and Levartovsky in 2016 [7, 12, 19]. 
Both claim that the expiration would be of lesser impor-
tance, even negligible. These differences, observed in our 
study, might be partially explained by the presence of the 
MAD and the degree of protrusion applied in combination 
with interaction between Ln Mean Power, microphone posi-
tioning with respect to the sound source and the room acous-
tics. Expiration snoring is present in up to 76% of snore 
segments, further investigations are needed to explore the 
influence of dynamic and partial protrusion on snoring in 
expiration as well as inspiration.

A possible approach to acoustical characterization is to 
subdivide the events according to expiration and inspira-
tion. Although the Ln Mean Power and the Snore Factor 
(SF) differ significantly between noise, snore, and breath 
for inspiration segments as well as expiration segments, 
the differences are not extreme, certainly when taking into 
account the variability. When looking more in-depth at the 
distributions, the occurrence of bimodality depending on 
the inspiration of expiration phase suggests the presence of 
patient subpopulations. This does not come as a surprise: 
differences in patients’ anatomy are bound to influence 
the airflow and sounds produced depending on the airflow 

Fig. 4   Scatterplot of Ln Mean 
Power, Ln Spectral Centroid, 
and Ln Snore Factor for snore 
and breath sounds during inspi-
ration and expiration
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direction, also the differences in recording conditions might 
contribute. Looking at the significant patient effect in the 
GLM, the modeling of patient-specific features and sleep 
circumstances might provide a step forward.

The subdivision based on breathing phases only, might 
be inadequate when attempting to develop discriminating 
acoustical features, due not only to uncertainty on transitions 
between inspiration and expiration, but also the presence of 
periods on intermittent absence of noise neglected by the 
raters. A way forward in the characterization-segmentation 
might be to determine representative selections of periods 
within the perceptual events that allow for stable acoustical 
features. Immediately, dB, often used as a criterion in snore 
definitions, comes to mind, although this criterion must 
be properly defined when considering in situ evaluations. 
Calibration-standardization has to be performed to counter 
differences in recording conditions.

A significant positive correlation exists between the 
power-related measure, the Snore Factor, and the annoy-
ance attributed to the events. Further research is required 
to confirm the relation with an annoyance score attributed 
to the segments rather than the events. The detection and 
subsequent elimination of snoring are expected to reduce 
annoyance of bed partners. Whether or not the elimination 
of snoring influences the clinical outcome for the snorer 
remains to be seen. In De Meyer et al. 2021, the inverse 
could not be established. When using the dynamic MAD 
(MATRx plus®) oriented towards the reduction of the ODI, 
snoring remained substantially present [16]. Future research 
is needed to establish whether or not treatment aimed at the 
reduction of snoring has importance for the clinical outcome 
of the snorer.

Conclusion

Perceptual sound events determined by non-experts con-
tain a mixture of non-negligible expiration and inspiration 
phases making the characterization through acoustical fea-
tures complex. This present study reveals that subpopula-
tions may exist, and patient-specific features need to be 
introduced.
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