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Study Objectives: Sound level meter is the gold standard approach for snoring evaluation. Using this approach, it was established that snoring intensity
(in dB) is higher for men and is associated with increased apnea-hypopnea index (AHI). In this study, we performed a systematic analysis of breathing and
snoring sound characteristics using an algorithm designed to detect and analyze breathing and snoring sounds. The effect of sex, sleep stages, and AHI on

snoring characteristics was explored.

Methods: We consecutively recruited 121 subjects referred for diagnosis of obstructive sleep apnea. A whole night audio signal was recorded using
noncontact ambient microphone during polysomnography. A large number (> 290,000) of breathing and snoring (> 50 dB) events were analyzed. Breathing
sound events were detected using a signal-processing algorithm that discriminates between breathing and nonbreathing (noise events) sounds.

Results: Snoring index (events/h, SI) was 23% higher for men (p = 0.04), and in both sexes Sl gradually declined by 50% across sleep time (p < 0.01)
independent of AHI. Sl was higher in slow wave sleep (p < 0.03) compared to S2 and rapid eye movement sleep; men have higher Sl in all sleep stages than
women (p < 0.05). Snoring intensity was similar in both genders in all sleep stages and independent of AHI. For both sexes, no correlation was found between

AHI and snoring intensity (r= 0.1, p = 0.291).

Conclusions: This audio analysis approach enables systematic detection and analysis of breathing and snoring sounds from a full night recording. Snoring

intensity is similar in both sexes and was not affected by AHI.
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INTRODUCTION

Breathing sounds are generated by air turbulence in the upper
airway due to increased airway resistance during sleep."”’ Inspi-
ratory breathing sounds can vary significantly across sleep and
between subjects; in some cases the sounds may be soft (sound
intensity <40 dB), but in others it can be loud.® !¢ Intense breath-
ing sounds are commonly referred to as snoring.'**~'® The most
accepted estimate for the prevalence of chronic snoring is 40%
in adult men and 20% in adult women, although the variability
is extremely large.'® Early work has shown a poor correlation
between measured loudness of snoring and subjective apprecia-
tion by different observers. It is recognized that to a large extent
snoring is “in the ear of the beholder”."

Several studies have addressed the issue of detection of
snoring sounds from a recorded audio signal during sleep us-
ing signal processing and pattern recognition algorithms.'®-2
Recently, we showed that audio-based features, extracted
from audio recordings, can accurately detect, not only snoring
sounds, but also sleep breathing sound events (intensity > 20
dB) even in a very quiet environment, with accuracy > 98%.'°
We also found that more than 97% of the snoring events oc-
curred during inspiration; expiratory sound events are not
common, confirming earlier reports.”?' This approach of de-
tection of breathing sounds was further validated to reliably
estimate apnea-hypopnea index (AHI)** and sleep-wake activ-
ity in laboratory and at-home environments.***’

BRIEF SUMMARY

Current Knowledge/Study Rationale: It is commonly thought

that snoring intensity is greater for men than for women and it

is correlated with apnea-hypopnea index (AHI); however, these
claims were not critically investigated. In this study, we performed a
systematic analysis of breathing and snoring sound characteristics
using a novel signal-processing algorithm and analyze breathing and
snoring sounds.

Study Impact: Here, we used an objective valid breathing and
snoring feature analysis and provided evidence that although snoring
index is sex dependent, snoring intensity is similar across sexes and
is not correlated with AHI.

It is commonly known that snoring intensity (dB) is
higher for men than for women'?' and it is correlated with
AHIL>13152128 However, some studies reported that there was
no difference in the maximal snoring sound intensity between
women and men.” To our knowledge, these claims were not
completely investigated because the sound level meter that has
been used in all of these studies captures all the sounds in the
room and not just the relevant inspiratory sounds of snoring.
Obstructive sleep apnea (OSA) is associated with fragmented
sleep that affects the overall sound due to movement noises,
expiratory sounds not related to snoring, coughs, etc. It is pos-
sible that the reported correlation between AHI and sound
intensity*? are not solely related to snoring per se. In the cur-
rent study we extracted inspiratory breathing-sound features
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Figure 1—Block diagram of audio data handling and
analysis.
Whole-night audio signal

Audio recording device
(ambient microphone)

v

Signal enhancement
(noise reduction)

v

Breathing sound detection
(Inhale events)

v

Breathing sound characteristics
(feature extraction)

v

Data and statistical analysis

Whole-night audio signal, acoustic signals were recorded using
a noncontact directional microphone connected to a digital audio
recording device that was synchronized with polysomnography (PSG)
recordings. Signal enhancement, following the completion of the PSG
study, the audio signal was enhanced by a background noise reduction
algorithm. Breathing sound detection, using audio signal processing
and pattern recognition techniques, inhale sound events (> 20 dB) were
distinguished from irrelevant noises, such as movements, linen noises,
and speech. Breathing sound events were automatically located and
segmented. Breathing sound characteristics, acoustic features such
as sound intensity (dB), breathing sound duration (sec), breathing
energy (dB x sec), and frequency centroid (Hz) were calculated for each
inhale breathing sound event. Data and statistical analysis, breathing
sound features were analyzed separately for women and men in the
comparison and obstructive sleep apnea (OSA) groups.

during sleep, from the time and frequency domain, using a
validated approach that enables discrimination between inspi-
ratory breathing and snoring sounds (the signal of interest) and
other sounds (noise events).!” Here, we analyzed the effect of
sex, OSA severity, and sleep stages on the feature characteris-
tics of inspiratory breathing and snoring sounds during whole-
night polysomnography (PSG).

METHODS

Setting

The study was conducted in the university affiliated sleep-
wake disorder center and biomedical signal-processing
laboratory. The Institutional Review Committee of Soroka
University Medical Center approved this study protocol
(protocol number 10621).
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Subjects

We consecutively recruited a total of 121 adults aged 19
through 86 y (41/80 women/men) referred to the Sleep-Wake
Unit for routine PSG study for sleep disorders diagnosis be-
tween February 2009 and March 2012. Subjects reported to the
laboratory at 20:30 and were discharged at 06:00 the follow-
ing morning. They were encouraged to maintain their usual
daily routine and to avoid any caffeine and/or alcohol intake on
the day of the study. The questionnaires were completed prior
to the PSG study. Each individual’s lifestyle, sleeping habits,
and clinical history were recorded using a standardized self-
administered questionnaire.**=? The Epworth Sleepiness Scale
(ESS) was used to evaluate daytime sleepiness.*

Polysomnography Study

The laboratory environment was sleep-friendly according to
recommendations of the National Sleep Foundation.** PSG
study (SomniPro 19 PSG, Deymed Diagnostic, Hronov, Czech
Republic) included electroencephalography (referential deri-
vations, international 10-20 system, C3/A2, C4/Al, and O2/
Al, Ol1/A2), electrooculography, electromyography, electro-
cardiography, respiratory activity (abdomen and chest effort
belts — respiratory inductance plethysmography), and oxygen
saturation. Simultaneous video monitoring was digitally re-
corded. An apnea was defined as > 90% decrease in the am-
plitude of airflow. Hypopnea was defined as > 50% decrease
in the amplitude of airflow associated with an arousal and/
or > 4% oxygen desaturation. A minimum event duration of
10 sec was required. AHI was calculated as the number of re-
spiratory events per hour of sleep. OSA group was defined as
AHI > 10 events per hour; AHI < 10 events per hour was de-
fined as the comparison group. Scoring®* was done by a trained
technologist and underwent a second scoring by one of the
investigators (AT).

Sound Acquisition

Acoustic signals were recorded using a non-contact directional
microphone (RODE, NTG-I1, Silverwater, Australia) placed
1 m above the bed and connected to a digital audio recording
device (Edirol R-4 Pro, Bellingham, WA, USA). The acquired
audio signals were stored along with the PSG signals for later
analysis. Each recorded signal was digitized and synchronized
with PSG study onset to enable full night audio signal acquisi-
tion. Sound intensity (dBA) calibration of the audio-recorded
signals was performed using a sound generator (sinus wave at 1
kHz) and an A-weighted sound level meter (Quest Technology
2700, Orlando, FL, USA). This calibration process was care-
fully validated across data collection. Audio signal processing
was performed using MATLAB (R-2012b, The MathWorks,
Inc, Natick, MA, USA).

Sounds Analysis

We developed a system for analyzing breathing and snoring
sound properties comprising a non-contact microphone, digi-
tal audio recording device, and an algorithm that calculates
breathing features from a whole-night audio signal (Figure 1).
After the conclusion of the PSG study, the audio signal was
enhanced by a background noise reduction algorithm.'®?
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Figure 2—An example of 15-sec interval of audio signal.
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Left column illustrates loud snoring signal; right column illustrates very quiet breathing. (A) Raw audio signal; note that the quiet breathing (right panel) is
hidden by the background noise (amplitude was magnified for this display). (B) The corresponding spectrogram (frequency components) of the raw audio
signal in (A). (C) Same audio signals following background noise reduction and inhale breathing detection (in red); note that the very quiet breathing sounds
were detected (right panel). (D) The corresponding spectrogram of the filtered audio signal in (C).

Using audio signal processing and pattern recognition tech-
niques, breathing sound events were automatically located,
segmented, and isolated using our breathing detection sys-
tem' that can detect low intensity (> 20 dB) breathing sounds
(Figure 2). Because there is a considerable amount of breath-
ing sound events below 40 dB (and above 20 dB), for the pur-
pose of this study the analysis was performed for the entire
set of detected breathing sounds (range: 20—85 dB). Breathing
sounds may occur during inspiration and/or expiration. We
analyzed the inspiratory sounds events since 97.5 + 2.2% of
noisy breathing cycles during sleep occurred during inspira-
tion and these events were much louder than the expiratory
sound events.'” This system was validated to distinguish
breathing sounds from irrelevant noises, such as movements,
linen noises, speech, and other interferences. This system’s
average detection rate (accuracy) was 98.2% with sensitivity
of 98.0% (breathing sound as a breathing sound) and specific-
ity of 98.3% (noise as noise)."” In the absence of a conclusive
definition, the following description of snoring was defined

377

for this study: snoring is relatively loud breathing sounds
(> 50 dB) during sleep.""

Using the detected breathing events, four acoustic features
were developed and extracted per subject (Figure 3). These
four features are calculated from the time and spectral do-
mains for each inhale breathing sound event. The features are:
(1) sound intensity (dB), (2) event duration (sec), (3) acoustic
energy (dB x sec), and (4) frequency center of mass (frequency
centroid, Hz). For further details about feature equations, see
the online supplementary file in Dafna et al.'®

Data and Statistical Analysis

Statistical analyses were performed using SPSS software
(IBM, Armonk, New York, USA) for Windows (version 20).
Continuous variables are presented as mean with standard
deviation; comorbidities are presented as prevalence percent-
age. From the whole-night audio recordings, inhaled breathing
sound features were extracted and sound features were ana-
lyzed for women and men in the two groups. The number of

Journal of Clinical Sleep Medicine, Vol. 12, No. 3, 2016



A Levartovsky, E Dafna, Y Zigel et al. Whole Night Respiratory Sounds Analysis

Figure 3—Example of breathing features analyzed.
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(A) Audio signal of one inhale breathing sound; (B) Sound intensity curve of the audio signal associated with breathing loudness as perceived by the
human ear; (C) Spectrogram of the audio signal (kHz). Data are presented in a color map, hot colors represent high amplitudes; (D) Spectrum of the audio
signal, calculated from the segmented audio signal (in A). The arrow indicates the frequency centroid (center of mass). Dashed vertical lines represent the
automatic segmentation of the sound event and the duration feature. The energy (in B) is indicated by the area under the intensity curve.

breathing and snoring sounds index was calculated per hour
of sleep and separately for stage 2 (S2), stage 3 + stage 4 (slow
wave sleep, SWS), and rapid eye movement sleep (REM). The
percent of breaths leading to snoring (% snoring) was calcu-
lated for each sleep stage. The Mann-Whitney U test was used
to determine the statistical significance of all the continuous
variables, including patient characteristics, PSG features, and
acoustic parameters of breathing sounds. Two-way analysis of
variance (ANOVA-2) for repeated measures was used to ex-
amine the effect of sex and sleep time (hours) on breathing or
snoring index (events/h) during sleep, using post hoc compari-
sons by Tukey test. Pearson correlation was used to examine
the relationships between breathing or snoring sound features
and patient characteristics such as age, AHI, and number of
arousal (Ar) and awakening (Aw) events per hour of sleep (Ar +
Aw index). For the correlation analysis, the values of breathing
or snoring sound features were calculated as an average value
for each subject, using the entire breathing sound event dataset,
and the upper quarter and top 1% of most loud sound events
dataset. In order to explore the noises that may be related to
sleep fragmentation that are associated with OSA, Pearson
correlation was used for the analysis of nonbreathing sounds
(average intensity value of top 10% of noise events) and their
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relation to AHI. In order to avoid technician-induced noises in
the study, the noise analysis was conducted between lights off
and lights on. Data are presented as mean + standard error of
the mean unless indicated otherwise. The null hypothesis was
rejected at the 5% level.

RESULTS

Subjects

The demographics and PSG findings of the subjects included
in this study are shown in Table 1. Women with OSA are 10y
older than women without OSA (p < 0.05) and men with OSA
have higher body mass index (BMI) compared to men without
OSA (p < 0.05). All groups had similar total sleep time and
sleep efficiency. However, as expected, both men and women
with OSA had 250% more Ar + Aw index events compared to
comparison groups (p < 0.01).

The whole night mean respiratory rate (calculated from in-
ductance plethysmography) was 16.4 + 2.5 (breaths/min) and
no significant differences were found between sexes or groups.
The AHI of women and men of the comparison group were
4.9 + 2.6 (events/h) and 6.7 + 2.7 (events/h), respectively, with
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Table 1—Subject characteristics.

Comparison Group OSA Group

Women (n=25) Men (n=18) Pv Women (n=16)  Men (n=62) Pv
Age (y) 519+135 51.2+151 0.9 60.9 £ 11.6* 549+ 14.6 0.1
BMI (kg/m?) 32777 296 4.1 0.2 331145 31.8+4.9° 0.6
ESS (score) 96+54 10.2+6.8 0.9 96+58 93+52 0.8
TST (min) 330.8+414 316.4 £ 684 0.8 3415575 340.9+£58.8 0.9
Sleep efficiency (%) 78+10.5 75.1+£14.9 0.4 768+ 11.7 80.4 £13.1 0.1
WASO (min) 59+41.6 57.9 £ 39.7 0.9 60.6 + 46.1 50.5+43.5 0.2
Ar+Aw index (events/h) 135+6.5 15.9+6.5 0.1 342+16.6 40.1+£18.8 0.2
S1(%) 23+28 3+49 0.8 2+26 2+37 0.6
S2 (%) 70+13.4 764 +17.4 0.08 73.56 £ 10.0 756 £11.5 0.5
SWS (%) 132+938 11.6 £ 14.6 0.3 9+74 8.74+84 0.7
REM (%) 145+89 9.1+8 0.04 15.44 £ 8.43 13.71+£98 0.4
AHI (events/h) 49+26 6.7+27 0.03 22+159 28+ 17 0.1
Too (%) 47+142 44+£96 0.5 12.6 £18.3 175+24.8 0.7
Des. Index (events/h) 6.3+45 9454 0.04 262226 271.7+16.1 04
Nadir Sa0, (%) 877144 86.6 £5.7 0.6 78.81+8.3 785+ 11.0 0.9
Tobacco smoking (yes) 36% 50% 04 44% 53% 0.6
Habitual snoring (yes) 44% 72% 0.07 56% 68% 0.4

*p < 0.05 comparing women or men between groups. Values are mean + standard deviation or prevalence (%). AHI, apnea hypopnea index; Ar + Aw index,
number of arousal and awakening events per hour of sleep; BMI, body mass index; ESS, Epworth Sleepiness Scale; Pv, p value comparing women with
men within group. REM, rapid eye movement sleep; SWS, slow wave sleep (S3+4); Sa0,, saturation of oxygen; TST, total sleep time; WASO, wake after

sleep onset.

no significant sex differences. Both women and men with
OSA had significantly higher AHI relative to the comparison
group (p <0.01). Ar+ Aw index positively correlated with AHI
(r=10.91, p <0.001). Both sexes in the OSA group spent more
time with oxygen saturation below 90% (p < 0.01), had higher
desaturation index > 4% (p < 0.01), and lower nadir saturation
of oxygen (p < 0.01) relative to the comparison group. Both
groups reported similar tobacco smoking and habitual snoring
with no sex differences.

Acoustic Characteristics of Breathing Sounds

Detection of total breathing sound (intensity > 20 dB) events
during sleep was statistically similar in both sexes regardless
of OSA. The total number of detected breathing sound events
during sleep for women in the comparison group and OSA
group was 2,428 + 340 (events) and 2, 744 + 296 (events), re-
spectively, and for men 2,278 + 410 (events) and 2,476 + 151
(events), respectively. In both sexes breathing sound index was
higher in the second hour of the PSG study in comparison to
the first hour (p = 0.04; Figure 4A). Breathing sound index
did not change during the duration of the PSG study in both
sexes (Figure 4A). Table 2 summarizes acoustic characteris-
tics of the breathing sounds. No significant differences were
found between comparison and OSA groups regarding mean
breathing sound index and intensity in both sexes. Men with
OSA have longer breathing duration (p < 0.05) and higher en-
ergy (p <0.05) compared to men in the comparison group. The
frequency centroid was higher in men with OSA compared to
women with OSA (p < 0.05) during S2. During REM, men
with OSA have longer breathing duration (p < 0.05) and higher
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Figure 4—Breathing and snoring index for each hour of
sleep.
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(A) Breathing sound (> 20 dB) index of all subjects. (B) Snoring (> 50
dB) index of all subjects. (C) Snoring index of the comparison group. (D)
Snoring index of the OSA group. #significant change of breathing sound
index between second and first hour of sleep in both sexes (p = 0.04);
*significant sex differences (p = 0.01). Snoring index (B) significantly
declined during sleep (p < 0.01). Significant differences were determined
by two-way analysis of variance. Values are mean + standard error of
the mean

energy (p < 0.05) than women with OSA. In the comparison
group, no differences were found in breathing intensity 45+ 1.1
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Table 2—Analysis of breathing sounds during sleep.

Comparison Group OSA Group
Women Men Pv Women Men Pv

S2

Breathing sound index (events/h) 386 + 50 389 + 59 0.9 433 +54.5 3771227 0.2

Intensity (dB) 453+1.2 45+1.6 0.5 458+1.8 479+0.8 0.5

Duration (sec) 14 +0.04 1.3+0.05 0.5 1.4 +0.08 1.5+0.04" 0.3

Energy (dBsec) 62927 614+36 0.5 64.6 £3.7 721 £2.7* 0.2

Frequency centroid (Hz) 3655 + 61 3651 + 68 0.9 3568 + 64.3 3750 +£32.2 0.02
SWS (S3+4)

Breathing sound index (events/h) 400 + 64.4 404 £ 66.5 0.9 573775 489 +40.6 0.3

Intensity (dB) 458 +1.3 456+19 0.8 447+22 488+0.9 0.1

Duration (sec) 1.4 +0.06 1.4 +£0.07 0.9 1.4 +0.08 1.5+0.04 0.2

Energy (dBsec) 62.6+29 64.3+4.7 0.8 63.5+4.8 753+29 0.09

Frequency centroid (Hz) 3582 +95.8 3710+70.2 0.5 3682 +92.5 3736 £40.9 0.6
REM

Breathing sound index (events/h) 405+ 614 399 £57.8 0.8 297 £50.8 349 £ 31.6 0.6

Intensity (dB) 41+£16 448+19 0.8 443+2 47+0.9 0.5

Duration (sec) 1.3+£0.06 1.4 £0.05 0.6 1.2+0.08 1.5+0.05 0.007

Energy (dBsec) 60 +4.2 63+4.6 0.7 536+4.6 729 +£2.9* 0.01

Frequency centroid (Hz) 3736 + 58.6 3569 + 76.6 0.3 3661 £ 55 3770 £ 39.4* 0.3

*p < 0.05. Values are mean + standard error of the mean. Breathing sound index, mean number of respiratory sound events that were detected (> 20 dB)
and analyzed during each hour (h) of sleep; Pv, p value, comparing women with men within group; REM, rapid eye movement; S2, stage 2; SWS, slow wave

sleep, stages 3 and 4.

Figure 5—Snoring index and intensity for each sleep stage.
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(SWS) and other sleep stages (p = 0.01). Significant differences were determined by two-way analysis of variance (ANOVA). Values are mean + standard

error of the mean. REM = rapid eye movement.

versus 46.1 + 2 dB, respectively, p = 0.6) between subjects with
BMI < 30 and subjects with BMI > 30.

Acoustic Characteristics of Snoring Sounds

The mean number of snoring events for women in the com-
parison group and OSA group was 594 + 127 and 1,042 + 265
(p = 0.14); for men in the comparison group and OSA group the
mean number of snoring events was 902 + 310 and 1,023 + 143
(p = 0.4), respectively. Snoring index was higher in SWS
(p < 0.03, ANOVA-2; Figure 5A) compared to S2 and REM;
men have higher snoring index than women in all sleep stages
(p <0.05, ANOVA-2). When combining the groups (OSA and
comparison group) and all sleep stages, the % snoring (relative
to inductance plethysmography determined respiratory rate) in
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men and women was 17.4 + 2.1% and 11.5 £ 2.0% (p < 0.05),
respectively. Although the average % snoring was higher in
OSA than in control groups (in S2 and SWS, Table 3) in both
sexes, it did not reach statistical significance.

In both sexes % snoring was higher in SWS compared to
stage S2 and REM (p < 0.01, Table 3). No significant differ-
ence in snoring intensity was found between sexes or sleep
stages (Figure 5B). Table 3 summarizes mean snoring sound
feature characteristics in sleep stages. No significant differ-
ences were found in snoring intensity, duration, and energy
between groups in both sexes at all sleep stages.

In all sleep stages frequency centroid was elevated (p < 0.01)
in men with OSA compared with men in the comparison group.
During REM, men with OSA have longer breathing duration
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Table 3—Analysis of snoring sounds (dB > 50) during sleep.

Comparison Group OSA Group
Women Men Pv Women Men Pv
S2
Snoring index (events/h) 89+ 18 129 + 46 0.8 165 + 45 156 + 21 0.9
% snoring 9+3 13+4 0.5 17+4 16+£3 0.9
Intensity (dB) 545+ 0.5 55+ 0.7 0.6 54.6+0.6 55.1+0.3 0.4
Duration (sec) 1.4 £0.06 1.6 £0.07 0.2 1.5+0.08 1.6 £0.05 0.3
Energy (dBsec) 75.7+3.7 85.4+4.2 0.1 794 +44 874127 0.1
Frequency centroid (Hz) 3249 + 121 3320 £ 89 0.9 3386 + 66.5 3539 + 38* 0.06
SWS (S3+4)
Snoring index (events/h) 139+ 38 158 + 46 04 216 £59 264 £ 37 0.8
% snoring 14+5 16+6 0.8 237 27+4 0.7
Intensity (dB) 548+0.8 55.7+0.8 0.4 542+0.3 55.3+ 0.4 0.3
Duration (sec) 1.4+0.08 1.5+0.09 0.5 1.6 £0.08 1.6 £0.05 0.3
Energy (dBsec) 757145 86.9+4.8 0.2 86.6 £5.6 89.8+3 0.3
Frequency centroid (Hz) 3322 £ 133 3203 + 138 0.7 3493 £ 98 3589 + 44* 0.3
REM
Snoring index (events/h) 97 £28 180 £ 61 0.3 137 £28 150 £ 22 0.7
% snoring 103 18+7 0.3 14+4 153 0.8
Intensity (dB) 548 0.6 56.1+1.1 0.6 542+04 549+ 0.4 0.9
Duration (sec) 1.5+0.08 1.4 +0.07 1 1.3+0.1 1.6 £0.05 0.03
Energy (dBsec) 798+ 4.7 80.8+4.6 0.7 69.2+58 90+3.3 0.02
Frequency centroid (Hz) 3485 + 93 3094 + 80 0.02 3375+ 37 3533 + 50* 0.1

*p < 0.01 comparing women or men between groups. Values are mean + standard error of the mean. Snoring index, mean number of snore sound events
that were detected and analyzed during each hour (h) of sleep; % snoring, percent of breaths detected as snore (dB > 50); Pv, p value, comparing women
with men within group; REM, rapid eye movement; S2, stage 2; SWS, slow wave sleep, stages 3 and 4.

(p = 0.03) and higher energy (p = 0.02) compared to women
with OSA. For all sleep stages, snoring index gradually de-
clined across sleep (p < 0.01, ANOVA-2; Figure 4B); men had
a significantly higher snoring index than women (p = 0.04,
ANOVA-2) during the second through fifth hours of PSG study.
Snoring in stages S2 and SWS showed a similar trend of de-
clined snoring index over time (data not shown). During REM,
men’s snoring index tended to gradually increase during the
last 4 h of PSG study. For women, no conclusive findings for
snoring index pattern during REM were found (due to small
sample size).

Figures 4C and 4D shows the snoring sound index for com-
parison and OSA groups, respectively. Women in the com-
parison group had a trend (p = 0.08, ANOVA-2) toward lower
snoring index than men in the comparison group (Figure 4C);
in the OSA group, both sexes had a similar snoring index
across the night (Figure 4D). Women with OSA have higher
snoring index (Figure 4D) than women in the comparison
group (p = 0.002, ANOVA-2; Figure 4C). In the OSA group,
no differences were found in breathing intensity (47.2 £ 1.4
versus 47.6 + 1, dB respectively; p = 0.8) or snoring intensity
(55.1 £ 0.9 versus 55 + 1 dB, respectively; p = 0.6) between
subjects with BMI < 30 and subjects with BMI > 30.

Pearson correlations showed no association between AHI
and mean breathing or mean snoring intensity (Figure 6A).
In addition, no association was found between AHI and upper
quarter (or top 1%) of snoring intensity (data not shown), dura-
tion (Figure 6B), or energy (Figure 6C). Frequency centroid
of breathing and snoring sounds (Figure 6D) correlated with
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AHI; r=0.28 (p < 0.001) and » = 0.4 (p < 0.01), respectively.
Ar + Aw index positively correlated with noise events sound
intensity (= 0.26, p < 0.01). No correlation was found between
breathing or snoring index and AHI: » = —0.009 (p = 0.923)
and = 0.04 (p = 0.7), respectively (Figure 5). Analyzing the
noise events by calculating the intensity of the top 10% of non-
breathing sounds from the whole-night audio signal, a positive
correlation (» = 0.25, p < 0.0001) between the noise events and
AHI was found.

DISCUSSION

This study used a novel and useful tool to objectively quantify
a whole night’s inhale breathing and snoring events. A large
number of breathing events were detected and analyzed. Most
studies have defined snores as acoustic events with sound in-
tensity exceeding a certain amplitude value.®**"'7 Some stud-
ies have defined snoring as acoustic events that contain an
oscillatory component® and some have explored only a selected
number of snores (usually loud events) and did not analyze the
whole sleep.?! Because snoring appears to be a subjective im-
pression,' and there is no valid definition,* we used the loud
(intensity > 50 dB) breathing sounds for the definition of snor-
ing.'*" In the current study more than 97% of breathing sound
events occurred during inspiration. This finding confirms
early reports showing that snoring occurs mainly during inspi-
ration, and that expiratory sound events are not common.*'%!:23
During sleep, upper airway resistance increases,'”’ leading to
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Figure 6—Correlation between breathing or snoring
features and apnea-hypopnea index (AHI).
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Left column represents breathing sound features and right column
represents snoring sound features. (A) Intensity. (B) Duration. (C)
Energy. (D) Frequency centroid. The feature values are calculated as the
mean value for each individual and presented as one data point. Vertical
dashed line indicates AHI = 10 (events/h).

amplification of air-pressure oscillations that are perceived as
typical breathing sounds.'®* These sounds can vary from quiet
(<40 dB) to very loud snoring in the same subject.” We found
that, on average, 45% of the respiratory events during sleep
generated air pressure oscillations that could be detected and
analyzed. Breaths “without a sound” (<20 dB) indicate that no
detectable air-pressure oscillation was present and these events
were not analyzed. The need for an agreed-upon approach to
extract and analyze whole-night snoring sounds is of major im-
portance to the field of sleep disordered breathing. We used a
novel robust snore detection algorithm'® that can capture and
analyze breathing sounds > 20 dB.

Journal of Clinical Sleep Medicine, Vol. 12, No. 3, 2016

Our approach includes comprehensive sets of features that
were selected using the feature selection algorithm. This al-
gorithm can also detect and analyze nonbreathing sounds
(noises), and discriminate these sound events from breathing
sounds. This unique approach is in contrast to earlier reports
that use a sound level meter without an algorithm that can
discriminate between relevant respiratory sounds and other
noises.®*12-14293638 Ty poth sexes, snoring index and % snoring
was higher in SWS and men have a significantly higher snor-
ing index and % snoring than women at all sleep stages. This
finding is compatible with other reports, which described that
snoring index was most prominent in SWS.*!336373 However,
our findings (Figure 5B) do not support earlier studies claim-
ing that snoring intensity is higher in SWS.?¢*

In our subjects AHI ranged from 0.3 to 80 (events/h) and
mean individual breathing intensity ranged from 20 to 65 (dB);
however, no correlation was found between mean (or upper
quarter or top 1%) breathing or snoring intensity and AHI. Our
finding is in contrast to earlier reports that found that snor-
ing intensity positively correlated with AHL.'>* Difference in
results can be related to the possibility that in our study the
subjects have less severe OSA than that reported by Maimon
and Hanly,?® who included 1,643 patients with AHI range of 10
up to 140 and snoring intensity of 38 to 80 dB; Hunsaker and
Riffenburgh® included 4,860 patients with AHI range of 0 to
120 and snoring intensity of 50 to ~90 dB. Bland and Altman*
established that correlation coefficient critically depends on
the range of data: if this is wide, the correlation will be greater
than if it is narrow. Moreover, most previous studies used the
output of a sound level meter that captures all sounds in the
testing room. Therefore, our data suggests that the association
between snore intensity and OSA severity found in earlier re-
ports'>? could be related to noise events that are not related
to snoring per se. As expected, our OSA patients have frag-
mented sleep that produces sounds associated with sleep frag-
mentation, such as bed movements, coughs, etc. Indeed, we
found a positive correlation between noise intensity and AHI,
and noise intensity and Ar +Aw index.

Because the spectral characteristics of snoring sounds are
diverse, we chose to focus on analyzing the frequency (spec-
tral) centroid, since it is a relatively simple generic scalar
measure that reflects the center of mass of the spectrum. We
found positive correlation between both breathing and snoring
frequency centroid and AHI. This observation is reasonable,
because higher values of frequency components are associated
with narrower tubes*; indeed, OSA patients have a narrower
upper airway. Our findings are supported by previous stud-
ies that explored spectral properties of snoring sounds.? Perez
Padilla et al.** analyzed snoring sounds from a small sample
of nonapneic heavy snorers and OSA patients. It was found
that the ratio of power above 800 Hz to power below 800 Hz
could be used to separate snorers from patients with OSA — the
OSA snorers had higher frequencies. McCombe et al.¥* dem-
onstrated that the OSA group displayed a substantially larger
high frequency sound component than the non-OSA group.
In another study Herzog et al.** found that patients with pri-
mary snoring revealed peak intensities between 100 and 300
Hz. OSA patients showed peak intensities above 1000 Hz; they



confirmed the presence of a high frequency snoring sound pat-
tern in OSA patients compared to simple snores.

We included subjects who represent a diverse population
that is typical to our region, across a wide range of ages, BMI,
AHI, but are not strictly a generalizable population. In our
study, a large number of breathing and snoring events were
analyzed from relatively small number of patients (n = 121).
Further studies are needed to reinforce our findings on a larger
sample of patients. We recognize that this study is based on
a single PSG in each patient; further studies are required to
determine individual night-to-night variability of breathing
and snoring sound properties in laboratory and at-home set-
tings. It is generally accepted that snoring and AHI are very
dependent on the body position.** Further studies are needed
to explore the effect of body position on breathing and snor-
ing sound characteristics. We used a noncontact microphone
to record breathing and snoring sounds because this approach
enables more natural sleep that is not affected by equipment.
Some studies used a contact microphone that was taped to the
nasion' or to the trachea,? or used a microphone embedded in
a face mask.” Using an audio-based approach, it is important
to improve signal-to-noise ratio in order to capture the signals
of interest (breathing and snoring sounds). To achieve this, we
used an adaptive spectral subtraction technique that subtracted
the estimated background noise,'** which has minimal distor-
tion effect on sound intensity.**7

Clinical Implications

The “flood” of subjects presenting with snoring symptoms is a
major challenge to decision makers and is governed by preva-
lence and level of awareness of snoring morbidity.*® Reliable
snoring reporting cannot be made based solely on a patient’s
(or partner’s) history of noisy respiration during sleep,'*'*!°
or sleep laboratory technician reports'®; a large portion of
the subjects respond that they “do not know” if they snore.”
The need for an agreed-upon approach to extract and analyze
whole-night snoring sounds is of major importance to the field
of sleep disordered breathing. Here, a novel and valid tool was
used to systematically detect and analyze breathing and snoring
sounds from a full night recording. This system can capture all
the snoring sound events and, interestingly, on average the total
number of snoring sounds that were captured by this system
was less than 20% of the overall breathing sounds. This find-
ing indicates that most breathing sound events are less than 50
dB. Snoring index and % snoring were higher in men, and in
both genders snoring index and % snoring was higher in SWS.
Snoring index, % snoring and snoring intensity did not corre-
late with AHI, however. Frequency centroid of breathing and
snoring sounds correlate with AHI. Our data do not support
the common belief that snoring intensity (dB) is higher for men
than for women'*?' and is correlated with AHL'*'>?® An impor-
tant problem in dealing with objective respiratory sounds is the
comparison of the data of various investigators and correct in-
terpretation. This study shows that a snore detection system
can provide an objective quantitative measure for whole-night
snore patterns. Further studies are needed both to reinforce our
findings by recruiting subjects from primary care clinics and by
validating this screening tool in an at-home environment.
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Summary

Snoring is measured as part of routine PSG; however, there
is no consensus regarding the details of measurement, signal
analysis, and data interpretation. Here, we used an objective
valid breathing and snoring feature analysis and provided
evidence that although snoring index is sex dependent, snor-
ing intensity is similar across sexes and is not correlated with
AHI.

ABBREVIATIONS

AHI, apnea-hypopnea index
Ar, arousal

Aw, awakening

BMI, body mass index

dB, decibel

ESS, Epworth Sleepiness Scale
OSA, obstructive sleep apnea
PSG, polysomnography

SI, snoring index
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