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Abstract The analysis of snoring sounds has been in
focus for the past two decades. Conventional approaches
by fast Fourier transformation face various limitations and
demonstrate the necessity for alternative methods of
investigation. Psychoacoustic analyses which are common
for environmental noise analyses propose a potential
approach. The present study investigates the psychoacou-
stic qualities (loudness, sharpness, roughness) of three
different real snoring sounds (primary snoring, PS; Upper
airway resistance syndrome, UARS; obstructive sleep
apnea syndrome, OSAS) and their alterations under
increasing, artificially created sound pressure levels (SPL)
from 60-85 dB. PS and UARS were detected to obtain a
greater loudness as well as a higher increase under
increasing SPL than OSAS. The sharpness was higher in
PS and UARS, remaining stable under rising SPL com-
pared to OSAS. The intensities of roughness were at higher
levels for PS compared to URAS and OSAS, with an
increase of all snoring sounds under rising SPL. By merg-
ing the psychoacoustic qualities, an individual acoustic
fingerprint can be created to differentiate the three types
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of snoring. A potential application is proposed for the
analysis of snoring sounds during polysomnography as
well as for an adequate evaluation of the annoyance by
snoring sounds.

Keywords Snoring - Analysis - Psychoacoustic - OSAS -
UARS
Introduction

The acoustical analysis of snoring sounds has been in
focus of research during the last two decades [1, 6, 8-12,
17, 24, 26-28]. According to several authors, it seems
possible to distinguish between different types of snoring
like palatal or tongue base snoring. The vast majority of
studies perform a frequency analysis of the investigated
snoring sounds by fast Fourier transformation (FFT). By
means of FFT, the mean and peak frequencies as well as
power spectral bands can be obtained. Despite numerous
efforts, a sufficient determination of snoring sounds has
not been developed yet. Snoring sounds, which obviously
sound different to the listener, might reveal a similar
power spectrum during frequency analysis. This specific
flaw remains still a major problem for the acoustic evaluation
of snoring.

Apart from the regular FFT analysis, the determina-
tion of psychoacoustic parameters is in use, especially
for the investigation of environmental sounds [14-16,
20-23, 29, 33]. By means of psychoacoustic analysis,
the perceptual aspects of noise like annoyance can be
determined.

The aim of the present study was to evaluate the applica-
tion of psychoacoustic parameters for the analysis of snor-
ing sounds.
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Materials and methods
Recording of snoring sounds

Three snoring sounds which were subject to investiga-
tion were recorded during routine polysomnography in
male patients with suspected sleep disordered breathing.
The aim of the study was not to investigate the psychoa-
coustic properties of a large population sample, but to
establish a novel technique of investigation by means of
psychoacoustic analysis. Therefore, only three snoring
samples, which were clearly acoustically different, were
elected. Snoring samples were chosen on base of the
acoustical appearance and polysomnographic results.
Sample 1 (primary snoring, PS) was from a 45-year-old
patient with primary snoring without apnoeic events
(AHI: 1.2; Sao2 mean: 98.4%; oesophageal pressure
(cm H,0): at specific snoring episode, —5.1; mean,
—2.3). Sample 2 (upper airway resistance syndrome
snoring, UARS) was taken from a 47-year-old patient
with the clinical diagnosis of an upper airway resistance
syndrome (AHI: 3.7; Sao2 mean: 98.2%; oesophageal
pressure (cm H,O): at specific snoring episode, —20.4;
mean, —10.3).The authors are aware that the UARS is no
longer included in the new ICSD. Nevertheless, the
snoring sample was chosen as there is a difference
between PS and snoring during an obstructive sleep
apnea syndrome in terms of acoustical appearance and
pathogenesis. Sample 3 (obstructive sleep apnea snor-
ing, OSAS) was chosen from a 46-year-old patient with
an obstructive sleep apnea syndrome (AHI: 43.5; Sao2
mean: 86.4%; oesophageal pressure (cm H,O): at spe-
cific snoring episode, —33.7; mean, —20.8). All three
snoring samples were original snoring sounds of real
patient recordings. Sound recordings were performed by
an air coupled dual-diaphragm condenser microphone
(C3 Behringer, Willich, Germany) which was placed
30 cm in front of the patients’ mouths. A digital mixer
was used for recording the snoring sounds (Phonic Helix
Board FW 18 MKII Compact Mixer, Phonic Coopera-
tion, Tampa, FL, USA). Data acquisition was performed
by Adobe Audition II (Adobe Systems, Miinchen,
Germany).

Creation of snoring samples

All the three snoring samples were amplified according
to their peak sound pressure levels [Lpeak (dB)
SPL (sound pressure level)]. The peaks were amplified
to the levels 60, 65, 70, 75, 80 and 85dB
without filtering the specific frequencies. Amplification
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was performed by the software programme Adobe
Audition II.

Frequency analysis

Frequency analysis was performed by Adobe Audition II.
The peak intensities of the specific snoring sample were
detected (Fig. 1a, b, c) at all different levels of Lpeak (60—
85 dB).

Psychoacoustic analysis

Psychoacoustic analysis was performed by VIPER V 3.14
(Visual Perception of Audio Signals, CORTEX INSTRU-
MENTS GmbH). The parameters “loudness”, “roughness”
and “sharpness” were calculated of the specific snoring
sample under increasing SPLs.

Loudness

The parameter “loudness” describes the hearing perception
of a specific sound pressure as the magnitude of an auditory
sensation. The unit of loudness Nis sone. The loudness
level Ly of 40 phon (narrowband noise centred at 1 kHz)
with a sound pressure level of 40 dB equals 1 sone. A 10-
phon gain in the loudness level Ly doubles the loudness
N. The loudness level and the loudness were analysed in
accordance with DIN 45631 and ISO 532 B respectively
[4]: the time interval was fixed as 2 ms. The high temporal
resolution corresponds to the temporal resolution of the
human ear. For each time interval, the sound levels in 20
approximated critical bands were computed using a third
octave filter bank. The critical band levels were weighted
according to the transfer from the free sound field through
the outer- and middle ear. By a power law relationship, the
weighted critical band levels were transformed into specific
loudness values N'. Loudness N was calculated by integrat-
ing the specific loudness N’ [5].

Roughness

Fast modulation (between 20 and 300 Hz) in sounds is per-
ceived as roughness, e.g. rough voice, noise of a flying bee-
tle, electric motor or piston engine. The maximum of the
roughness for a 1-kHz tone is reached with modulating fre-
quencies by 70Hz. The unit of roughness is asper
(1 asper = 100 cA), referenced to a 1 kHz tone at 60 dB
sound pressure level that is frequency-modulated by a
70-Hz sine wave with a modulation factor of 1 (100%). The
instances of roughness were calculated in accordance with
a model of Aures [2].
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Fig. 1 Properties of snoring sound samples. a Snoring sample 1 (PS)
represents a snoring episode with predominately deep frequency spec-
tra with a peak intensity at 100 Hz. b Snoring sample 2 (UARS) rep-
resents a snoring episode with a high frequency spectrum with a peak

Sharpness

The parameter “sharpness” describes the perception of tim-
bre (tone colour), depending on the spectral envelope of the
sound. The sharper a noise sounds, the more the percentage
of high frequencies in the sound grows. Perceived sharp-
ness is proportional to spectral centre of gravity. Sharpness
is measured in acum referenced to narrowband noise cen-
tred at 1 kHz with a sound pressure level of 60 dB.

| I | | | I I | I I
Hz 275 55 110 220 440 880 1760 3520 704014080

intensity at 3,500 Hz. ¢ Snoring sample 3 (OSAS) represents a snoring
episode with spectra at 500 and 3,500 Hz. Left row recording track,
axis time (sec), intensity (dB); right row FFT, axis frequency (Hz),
sound pressure (dB)

Statistical analysis

Statistical analyses were performed by SPSS 18 (Chicago,
111, USA). The Mann—Whitney U test was performed where
appropriate. A probability level of 5% was considered as
significant. Approximately, 30,000 samples per noise were
statistically analysed. In needs to be mentioned that even
minimal differences between the specific noise samples or
the specific SPLs turn significant with such a high amount
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Table 1 Statistical analysis of the psychoacoustic parameters

Parameter Noise Sound pressure level (dB)

60 dB 65 dB 70 dB 75 dB 80 dB 85 dB
MD M SD MD M SO MD M SD MD M SD MD M SO MD M SD
Sharpness PS 1.66 122 0.85 167 123 083 168 126 079 1.66 127 0.77 182 192 033 182 195 037
UARS 2.03 150 091 202 150 091 198 147 0.88 196 1.51 081 204 2.05 0.14 1.89 145 0.85
OSAS 0.01 068 0.79 005 0.76 083 0.11 0.80 085 0.22 082 0.85 030 0.83 0.85 034 0.83 0.85
Roughness PS 15.06 28.07 30.53 19.13 33.81 35.07 25.76 43.28 41.87 32.98 52.84 48.44 39.15 59.41 51.79 46.72 66.09 53.24
UARS 550 7.18 6.62 9.05 9.23 7.67 20.06 16.02 10.69 24.47 19.34 12.06 29.92 24.68 14.53 36.33 31.16 18.11
OSAS 0.10 6.68 14.15 0.34 10.20 18.80 1.00 14.35 24.09 2.95 19.87 32.15 7.36 27.02 45.61 12.28 29.52 51.74
Loudness PS 1.77 220 2.19 259 3.00 288 461 488 445 793 8.18 7.23 1195 12.11 10.30 21.15 21.13 17.42
UARS 159 257 285 208 3.19 345 4.09 562 570 549 731 7.21 897 11.50 11.01 16.20 20.11 18.88
OSAS 0.00 080 1.82 0.00 1.32 274 0.03 2.06 396 0.06 322 590 0.12 505 8.88 0.18 6.50 10.52
Parameter Noise Mann—Whitney U test
60-65 dB 65-70 dB 70-75 dB 75-80 dB 80-85 dB
z P z P z p VA P VA P
Sharpness PS —0.18 0.859 —1.56 0.119 —-3.70 0.000 —76.89 0.000 —6.11 0.000
UARS —-5.99 0.000 —28.86 0.000 —0.07 0.944 —64.26 0.000 —87.45 0.000
OSAS —12.39 0.000 —5.94 0.000 —-2.69 0.007 —0.54 0.589 —0.36 0.719
Roughness PS —16.45 0.000 —22.64 0.000 —20.71 0.000 —13.30 0.000 —-22.15 0.000
UARS —26.99 0.000 —68.79 0.000 —40.05 0.000 —58.41 0.000 —55.94 0.000
OSAS —16.87 0.000 —15.55 0.000 —15.05 0.000 —14.32 0.000 —7.41 0.000
Loudness PS —-22.71 0.000 —34.42 0.000 —38.47 0.000 —41.80 0.000 —55.03 0.000
UARS —17.11 0.000 —35.76 0.000 —21.37 0.000 —43.20 0.000 —29.73 0.000
OSAS —14.80 0.000 —13.89 0.000 —13.45 0.000 —13.84 0.000 —9.06 0.000

The data describe an increase of the specific psychoacoustic parameter under increasing SPL level for the different snoring noises. The results of
the Mann—Whitney U test are given as Z and p values. Snoring noises of primary snoring (PS), snoring at upper airway resistance syndrome
(UARS) and obstructive sleep apnea syndrome (OSAS) are given

MD median, M mean, SD standard deviation

of values. Therefore, the obtained statistical data need to be
interpreted carefully.

under high SPL levels than UARS (Z and p values given in
Tables 1, 2). The increase in loudness for PS and UARS
was more intense than for OSAS (Fig. 2).

Results Sharpness

Frequency analysis (FFT) under rising Lpeak The sharpness for PS and UARS was higher than for
OSAS at all SPLs. The sharpness increased at high SPLs
for PS and OSAS, whereas the sharpness of UARS
tended to decrease (Z and p values given in Tables 1, 2)
(Fig. 3).

There was no change in the peak intensity of the FFT under
rising Lpeak (65—-85 dB) in all the three snoring samples.

Psychoacoustic analysis under rising Lpeak
Roughness
Loudness
The roughness of all the three snoring samples increased

Under rising Lpeak (dB), the snoring sample “OSAS”
revealed a lower loudness than the snoring samples “PS”
and “UARS”. PS revealed a higher loudness, especially
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under increasing SPLs. Sample PS revealed a greater
roughness than samples UARS and OSAS (Z and p values
given in Tables 1, 2) (Fig. 4).
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Table 2 Statistical analysis of the psychoacoustic parameters

Parameter SPL  Analysed samples per noise (N = 30,000) Mann—Whitney U test
@) PS UARS OSAS PS-UARS PS-OSAS UARS-OSAS

MD M SD MD M SD MD M SD z p z p z D

Sharpness 60 1.66 122 085 203 149 091 0.01 0.67 079 -=83.07 0.000 —90.30 0.000 —122.70 0.000
65 1.67 124 083 202 150 091 0.04 075 083 —87.87 0.000 —80.60 0.000 —120.03 0.000
70 1.68 126 080 198 148 0.88 0.1 0.80 0.85 —89.72 0.000 —73.39 0.000 —115.55 0.000
75 166 127 077 195 150 081 02 0.82 0.85 —103.51 0.000 —68.05 0.000 —137.89 0.000
80 1.82 192 033 204 205 0.14 031 083 085 —78.85 0.000 —150.25 0.000 —196.74 0.000
85 1.82 195 037 189 145 085 039 084 085 —16.61 0.000 —149.40 0.000 —115.68 0.000

Roughness 60 1498 28.13 3054 542 712 6.62 009 6.61 1409 —60.68 0.000 —94.05 0.000 —66.82 0.000
65 19.26 3391 3504 9.04 922 7.68 033 10.08 18.65 —67.17 0.000 —89.35 0.000 —47.69 0.000
70  26.00 43.25 41.83 20.08 16.04 10.69 1.03 1445 2424 —63.12 0.000 -91.36 0.000 —56.45 0.000
75 3321 52.86 48.33 24.45 19.28 12.08 2.82 19.63 31.89 —77.26 0.000 —93.98 0.000 —43.33 0.000
80  38.14 5892 51.78 29.93 24.65 1457 7.63 2690 4531 —69.15 0.000 —89.55 0.000 —41.95 0.000
85 4640 6581 53.25 36.40 31.23 18.08 13.08 29.83 52.15 —73.77 0.000 —107.60 0.000 —56.67 0.000

Loudness 60 177 220 219 156 255 284 000 078 1.77 —6.81 0.000 —89.35 0.000 —94.70 0.000
65 262 301 288 208 319 345 0.00 129 2.68 —-0.05 0962 —84.08 0.000 —83.54 0.000
70 458 488 445 409 563 570 003 206 3.99 —5.83 0.000 —87.52 0.000 —89.50 0.000
75 803 820 721 546 728 721 006 3.19 586 —1681 0.000 —9238 0.000 —82.28 0.000
80 11.93 12.04 1032 894 1149 11.03 0.12 5.07 893 —19.63 0.000 —114.51 0.000 —106.78 0.000
85  21.12 21.06 17.40 16.24 20.15 1888 0.21 6.46 1048 —2320 0.000 —128.72 0.000 —98.43 0.000

The data describe the difference between the three different snoring noises under increasing SPLs. The results of the Mann—Whitney U test are
given as Z and p values. Snoring noises of primary snoring (PS), snoring at upper airway resistance syndrome (UARS) and obstructive sleep apnea

syndrome (OSAS) are given

MD median, M mean, SD standard deviation

Psychoacoustic fingerprint

Merging the psychoacoustic parameters ‘“loudness”,
“sharpness” and “roughness”, a three dimensional diagram
can be created. The curves of the snoring samples differ
from each other and create a psychoacoustic fingerprint of
the specific noise (Fig. 5).

Discussion

The present results demonstrate that the perception of snor-
ing sounds depends on various psychoacoustic parameters.
Although the sound pressure levels are equal for the three
investigated snoring samples, the psychoacoustic parame-
ters “loudness”, “sharpness” and “roughness” alter under
increasing sound pressure levels. These individual changes
in psychoacoustic parameters enable the creation of “acous-
tic fingerprints” of snoring sounds to identify specific types
of snoring and to evaluate the degree of annoyance.

The frequency analysis by fast Fourier transformation
(FFT) has been described as a method to investigate snor-
ing sounds in the recent two decades [1, 6, 8, 10, 31, 32].

According to several authors, it seems to be possible to dis-
tinguish between palatal and tongue based snoring as the
two major sources of origin of snoring. In general, the
differences base mostly on the dominant frequency spectra
of the snoring sounds. Palatal snoring is reported to consist
of low frequency spectra (80-300 Hz), whereas tongue
based snoring reveals predominately higher frequency
spectra (1,000-4,000 Hz) [1, 3, 8, 10, 34]. Despite these
efforts, a precise acoustical discrimination between different
snoring sounds is still not possible in somnological stan-
dard diagnostic procedure. Moreover, the degree of annoy-
ance of specific snoring sounds is not possible to determine
the means of FFT.

The use of psychoacoustic parameters is predominately
present in environmental acoustic investigations like study-
ing traffic noise, aircraft noise and occupational environ-
ments to describe the degree of annoyance of a specific
noise [13, 25, 29, 30]. In medical use, psychoacoustic anal-
ysis of sounds has been only reported in few cases although
the use of psychoacoustic parameters seems to be an ade-
quate tool to classify a specific noise. Nielsen et al. [19]
investigated mechanical heart valve noises according
to their annoying potential to the listener and found the
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Fig. 2 Alteration of the psychoacoustic parameter “loudness” under
increasing sound pressure levels. All snoring samples show an increase
in loudness (y axis) under increasing SPLs (x axis). The loudness of
sample OSAS was lower than samples PS and UARS and increased to
a lower extent (median values of the specific sample shown; black PS,
red UARS, green OSAS)
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Fig. 3 Alteration of the psychoacoustic parameter “sharpness” under
increasing sound pressure levels. Snoring samples PS and UARS re-
vealed a high level of sharpness (y axis) for all SPLs (x axis), whereas
the sharpness of sample OSAS increased under rising SPLs. The sharp-
ness of sample OSAS was lower than sample PS and UARS (median
values of the specific sample shown; black PS, red UARS, green
OSAS)

loudness and sharpness of the valve noises, which are cru-
cial for the degree of annoyance. Haderlein et al. [7] used
psychoacoustic parameters for the evaluation of speech
quality of tracheoesophageal substitute voices after laryn-
gectomy.

@ Springer
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Fig. 4 Alteration of the psychoacoustic parameter “roughness” under
increasing sound pressure levels. The roughness (y axis) of all three
samples increased under increasing SPLs (x axis). Sample PS revealed
a greater roughness than sample UARS and OSAS (median values of
the specific sample shown; black PS, red UARS, green OSAS)
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Fig.5 Three dimensional plot of the psychoacoustic parameters

LLIT

“loudness”, “sharpness” and “roughness”. A psychoacoustic “finger-
print” of the three different snoring sounds is demonstrated. The SPL
is given as outlined number of the respective snoring sound. x axis:
sharpness, y axis: loudness, z axis: roughness (black PS, red UARS,
green OSAS)

Despite encouraging results in other medical fields in
describing the quality a specific noise, the analysis of snor-
ing sounds by psychoacoustic parameters is still a rarely
investigated field. A study by Ng and Koh [18] investigated
the degree of annoyance of 13 snoring samples estimated
by 25 individuals. Psychoacoustic parameters were also
used to classify different snoring sounds in combination
with the individual estimation of the listening person. The
parameters loudness, roughness and annoyance seem to be
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the best parameters to distinguish between apnoeic and
non-apnoeic snoring in the cited study.

It needs to be marked that polysomnography will remain
the gold standard for the detection of sleep related breath-
ing disorders. But the use of psychoacoustic analyses might
contribute to topo-diagnose the snoring noise and to evalu-
ate the degree of annoyance of a specific noise.

According to the present data, the assumption that the
loudness represents a crucial parameter for the annoyance
of snoring noises can be confirmed. The loudness and
roughness of the low-frequent rhythmic and high-frequent
rhythmic snoring samples increase to a bigger extent under
increasing SPL level compared to the high-frequent non-
rhythmic sample.

By merging the psychoacoustic parameters “loudness”,
“roughness” and “‘sharpness”, it is possible to create an
“acoustic fingerprint” of a specific noise. As demonstrated
in Fig. 5, the curves for each snoring noise differ in the plot-
ted diagram. Based on those results, psychoacoustic analy-
ses of a larger sample of snoring patients need to be
performed to verify the present preliminary data in a heter-
ogeneous group of snoring individuals.

Conclusion

The analysis of snoring sounds by psychoacoustic parame-
ters provides a promising approach to differentiate different
types of snoring sounds. Compared to conventional meth-
ods like FFT, a more precise description is obtained by cal-
culating “loudness”, “roughness” and ‘“‘sharpness”, which
cumulates in the creation of “psychoacoustic fingerprints”
of the snoring sounds. Psychoacoustic analyses could
be implemented in routine polysomnography for a sufficient
investigation of snoring sounds and could provide an
adequate tool to evaluate the annoyance by snoring noises.

Conflict of interest There is no conflict of interest for any of the
authors.
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