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SYSTEMS AND METHODS FOR SLEEP

APNEA DETECTION FROM BREATHING
SOUNDS

BACKGROUND

US 9,345,432 B2

PRIORITY INFORMATION 5

The present application is a continuation of International
Patent Application No. PCT/US10/62294 filed on Dec. 29,
2010, which claims priority to U.S. Provisional Patent Appli-
cations Nos. 61/326,733 filed Apr. 22, 2010 and 61/290,602 10
filed Dec. 29, 2009, the entire disclosures of each of which are
hereby incorporated by reference.

15

The present invention generally relates to the medical con-
dition of obstructive sleep apnea, and relates in particular to
systems and methods for detecting obstructive sleep apnea in
the awake state.

Obstructive sleep apnea (OSA) is caused by the collapse of 20
the tongue and soft palate onto the posterior pharyngeal wall,
which obstructs the airway intermittently during sleep. Loud
snoring, in combination with obesity, is known to be highly
predictive of OSA. Symptoms of OSA are known to include
pauses or reduction in breathing during sleep, having an unre- 25
freshed feeling after sleep, and excessive daytime sleepiness.
OSA has been reported to be associated with serious health
consequences due to the increasing risk of cardiovascular
disease, stroke, hypertension, arrhythmias, diabetes, and
sleep deprived driving accidents. The prevalence of sleep 30
apnea is reported to be not well defined due to an expected
high level of under diagnosis; it has been estimated that about
20% of the adults in the United States have OSA, of whom
only about 10% have been diagnosed.

The conventional diagnosis of OSA relies on testing done 35
during an overnight sleep study using polysonmography. A
value referred to as the apnea hypopnea index (AHI) is the
average number of apneas and hypopneas per hour of sleep
determined from the polysonmographic study. The AHI index
values have been used to classify OSA as mild (AHI-5-15), 40
moderate (AHI-15-30), and severe (AHI>30). While apnea is
defined as the cessation of airflow for more than 10 seconds,
the definition of hypopnea is yet to be standardized. In addi-
tion to the original (Chicago) definition of hypopnea that
requires either >50% airflow reduction or a lesser airflow 45
reduction with associated >3% oxygen desaturation or
arousal, two other stricter definitions have been used by oth-
ers. The overnight polysonmographic study is highly special-
ized, expensive and time consuming, which has contributed
in part to the under diagnosis of OSA. 50

Several simplified portable devices have been developed to
facilitate unattended home-based sleep studies for the diag-
nosis of OSA. These devices may typically be used at the
individual's own home, thereby obviating inconvenience and
the high cost of using a sleep laboratory study. A guideline 55
established by the Portable Monitoring Task Force of the
American Academy of Sleep Medicine suggests that such
devices can be used in patients with a high pretest probability
of moderate to severe OSA, but are not appropriate for gen-
eral screening of asymptomatic populations (see Clinical 60
guidelines for the use of unattended portable monitors in the
diagnosis of obstructive sleep apnea in adult patients, by N.
A. Collop, W. M. Anderson, B. Boehlecke, D. Claman, R.
Goldberg, D. J. Gottlieb, D. Hudgel, M. Sateia and R.
Schwab, J. Clinical Medicine, v. 3, no. 7, pp. 737-747 65
(2007)). A 2010 review of the effectiveness of home-based
sleep studies concludes that more outcome-oriented studies
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are needed to resolve the controversy surrounding the appro-
priateness of home-based sleep studies (see Are sleep studies
appropriately done in the home?, by P. D. Gay and P. A.
Selecky, Respiratory Care, v. 55, no. 1, pp. 66-75 (2010)).

The article Rapid screening test for sleep apnea using a
non-linear and non-stationary signal processing technique,
by J. Salisbury and Y. Sun (the present inventors), Medical
Engineering and Physics, v. 29, no. 2, pp. 150-157 (2007),
discloses a method to detect OSA from a 5-minute daytime
recording of the nasal airway pressure. Due to the non-linear
and non-stationary nature of the signal, the Hilbert-Huang
transform (see The empirical mode decomposition and the
Hilbert spectrum for non-linear and non-stationaly time
series analysis, by N. E. Huang, Z. Shen, S. R. Long, M. C.
Chu, H. H. Shih and A. Zheng, Proceedings of the Royal
Society of London, Series A, no. 454, pp. 903-995 (1998))
was used to extract signals intrinsic to OSA. The Hilbert
spectrum was centered around 1.5 Hz for normal subjects and
shifted upward in frequency scale with increased likelihood
of OSA. Although this study did find that it was possible to
obtain a marker for OSA from data collected in the waking
state, the methodology has not been fully successful in accu-
rately identifying OSA conditions in all subjects and requires
extensive computation.

The article Posture-Dependent Change of Tracheal Sounds
at Standardized Flows in Patients With Obstructive Sleep
Apnea, by H. Pasterkamp, J. Schafer and G. Wodicka, Ameri-
can College of Chest Physicians, v. 110, no. 6, pp. 1493-1498
(1996), discloses performing measurements of the tracheal
sound intensity (TSI) from a subject in order to detect
increased sound levels when a patient is in a supine position,
thereby indicating increased flow resistance in the trachea.
The analysis of the data involved determining an average
power spectrum of tracheal sounds within low (0.2 to 1 KHz),
medium (1 to 2 KHz), and high (2 to 3 KHz) frequency bands
for each subject. The study found that at the same inspiratory
flow, the increase in tracheal sound intensity from upright to
supine position was greater in OSA patients than in control
subjects. The control subjects, however, were significantly
younger, not obese and did not include snorers. There remains
a need, therefore, for an efficient and effective sleep apnea test
system and method that may readily detect sleep apnea for a
subject in a waking state during daytime in the office of a
primary-care physician.

SUMMARY

In accordance with an embodiment, the invention provides
a method of detecting obstructive sleep apnea in subject. The
method includes the steps of placing a head of an electronic
stethoscope at the subject's suprastemal notch, providing an
electrical signal representative of the sounds detected by the
head of the electronic stethoscope within a frequency range,
determining an obstructive sleep apnea index based on a ratio
of the amount of the electrical signal that is associated with a
frequency below a cut-off frequency with respect to a total
amount of energy associated with the entire frequency range,
and identifying the subject as having obstructive sleep apnea
if the obstructive sleep apnea index is above a window maxi-
mum or below a window minimum.

In accordance with another embodiment, the invention
provides a method of detecting obstructive sleep apnea in
subject that includes the steps of placing a head of an elec-
tronic stethoscope at the subject's suprastemal notch, provid-
ing an analog electrical signal representative of the sounds
detected by the head of the electronic stethoscope within a
frequency range, receiving the analog electrical signal and
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providing a digitized electrical signal that is representative of
the analog electrical signal with the frequency range, apply-
ing a fast Fourier transform to the digitized electrical signal,
determining an obstructive sleep apnea index based on a ratio
of the amount of the electrical signal that is associated with a
frequency below a cut-off frequency with respect to a total
amount of energy associated with the entire frequency range,
identifying the subject as having obstructive sleep apnea if the
obstructive sleep apnea index is above a window maximum or
below a window minimum, and identifying the subject as not
having obstructive sleep apnea if the obstructive sleep apnea
index is within a window defined by the window maximum
and the window minimum.

In accordance with a further embodiment, the invention
provides a system for detecting obstructive sleep apnea in
subject. The system includes an electronic stethoscope hav-
ing a head for application to a subject, a processor and a
display. The processor is for determining an obstructive sleep
apnea index based on a ratio of the amount of the electrical
signal that is associated with a frequency below a cut-off
frequency with respect to a total amount of energy associated
with the entire frequency range, and for determining whether
the obstructive sleep apnea index is above a window maxi-
mum or below a window minimum. The display is for pro-
viding an identification of whether the subject has obstructive
sleep apnea responsive to whether the obstructive sleep apnea
index is above the window maximum or below the window
minimum.

BRIEF DESCRIPTION OF THE DRAWINGS

The following description may be further understood with
reference to the accompanying drawings in which:

FIG. 1 shows an illustrative diagrammatic view of an OSA
detection system for use in accordance with an embodiment
of the present invention;

FIG. 2 shows an illustrative flowchart of a process of OSA
detection in accordance with an embodiment of the present
invention;

FIG. 3 shows an illustrative flowchart of a process for the
OSA index determination step of FIG. 2 in accordance with
an embodiment of the present invention;

FIGS. 4A-4C show illustrative graphical views of fre-
quency spectrums of breathing sounds for a normal subject
and two OSA subjects respectfully;

FIG. 5 shows an illustrative graphical view of OSA index
values for seven normal subjects and eleven OSA subjects;

FIG. 6 shows an illustrative diagrammatic view of an OSA
detection system for use in accordance with another embodi-
ment of the present invention;

FIG. 7 shows an illustrative diagrammatic view of an OSA
detection system for use in accordance with a further embodi-
ment of the present invention;

FIG. 8 shows an illustrative graphical view of a frequency
spectra of a subject preoperative and after having undergone
palatouvuloplasty; and

FIG. 9 shows an illustrative graphical view of both preop-
erative and postoperative breathing sounds and spectrograms
of a palatouvuloplasty subject.

The drawings are shown for illustrative purposes only.

DETAILED DESCRIPTION

The invention involves identifying that the soft tissues and
anatomical structures causing OSA in the sleeping state also
contribute to detectable changes of breathing sounds
recorded in the waking state coming from the area of the

US 9,345,432 B2
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subject's suprastemal notch, which is between the subject's
stemocleidomastoid muscles, and inferior to the subject's
larynx (the large visible dip bordered by the subject's clavicle
notches and the manubrium of the sternum). The analysis

5 involved a prospective human study to collect breathing
sounds from normal and OSA subjects, and the identification
of an appropriate OSA marker from the breathing sounds by
applying various linear and nonlinear signal analysis tech-
niques.

io As shown in FIG. 1, an electronic stethoscope 10 was used
to record breathing sounds from the suprastemal notch 12
with the subject 14 lying in a flat-supine position. The elec-
tronic stethoscope 10 (such as a JABES stethoscope sold by
GSTeclmology of Seoul, Korea) includes an internal micro-

15 phone and outputs an analog electrical signal. The analog
electrical signals were provided (via cable 16) to a digital to
analog converter within a digital audio recorder 18, which
was in communication with a personal computer 20 that
included an output display 22. In other embodiments, the data

20 may be transferred to a processing system through a variety of
known techniques, such as wireless transfer, the use of uni-
versal serial bus (USB) data storage devices, or other personal
data devices.

The frequency range of the electronic stethoscope 10 was
25 set to the wide mode, between 20 Hz and 800 Hz, which

includes both the low frequency range from the bell and the
high frequency range from the diaphragm of a conventional
stethoscope. The digital audio recorder 18 was, for example,
a Zoom H4 hand-held digital audio recorder (sold by Zoom

30 Corporation of Tokyo, Japan). The recording mode was set at
the WAV format with 44.1 KHz sampling and 16-bit quanti-
zation.

As shown in FIG. 1, with the subject lying in a flat supine
position, the stethoscope head 24 was placed over the sub-

35 ject's suprastemal notch 12, between the subject's stemo-
cleidomastoid muscles, and inferior to the subject's larynx.
The subject 14 was asked to relax and take 6-8 deep breaths
through the mouth during the data acquisition. The acquisi-
tion time was about 15 seconds, depending on the subject's

40 respiratory rate. The acoustic data was stored on a memory
card in the hand-held recorder and uploaded to a personal
computer via a USB port for subsequent analyses.

Data was collected from 7 normal subjects (AHI<5) and 11
OSA subjects (AHI5). To identify a suitable marker for OSA

45 several parameters were systematically studied. While non-
linear parameters such as fractal correlation and information
dimension were indicative, a simple and reliable marker came
from the frequency spectrum. For normal subjects, the fre-
quency spectrum showed a prominent peak at 40 Hz with a

50 secondary peak at 500 Hz. For OSA subjects, the frequency
spectrum changed in two distinct ways, either shifting the
prominence to the 500 Hz peak or concentrating all energy in
the 40 Hz peak with almost no higher-frequency components.
Based on this observation the OSA Index was defined as the

55 percent signal energy below 100 Hz in the frequency spec-
trum. If the OSA Index was either below 25% or above 80%,
the subject was considered at risk of OSA. The detection
algorithm yielded one false positive and no false negative,
showing 100% sensitivity and 86% specificity. This study

60 characterized OSA-related changes in frequency spectra of
breathing sounds and demonstrated the feasibility of a screen-
ing test for OSA during routine checkups at a physician's
office. Such a screening device could be easily incorporated
into the design of a standard stethoscope.

65 The data analysis was done on the personal computer 20
using the Matlab Signal Processing Toolbox program (sold by
Mathworks, Inc. of Natick, Mass.). The digitized breathing
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signals were first decimated by a factor of 8, resulting in a
sampling rate of 5,512.5 Hz. The data set consisted of 18 data
segments, again, 7 from normal subjects and 11 from OSA
subjects. Initially, during the search for an OSA marker, the
empirical mode decomposition was used to decompose each
data segment into an ensemble of intrinsic mode functions
(IMF's). The subsequent data analyses were applied to the
original data segment, a specific IMF, or a combination of
selected IMF's.

In order to identify an appropriate marker for differentiat-
ing OSA subjects from normal subjects, the data set was
systematically processed with a variety of linear and nonlin-
ear signal analysis techniques. The use of fast Fourier trans-
form (FFT) analyses was employed to analyze the data (see
The fast Fourier transform and its applications, by J. W.
Cooley, P. A. W. Lewis, and P. D. Welch. IEEE Trans Educa-
tion 12(1):27-34, 1969).

A variety of other techniques may be employed in other
embodiments for analyzing the data in certain applications,
including for example, fractal correlation techniques (see
Fractal correlation in heterogeneous systems, by J.
Bassingthwaighte and R. Bever, Physica D: Nonlinear Phe-
nomena v. 53, no. 1, pp. 71-84, 1991), capacity dimension
techniques (see Asymptotic dimension of a hyperbolic space
and capacity dimension of its boundary at infinity, by S.
Buyalo, St. Petersburg Math J v. 17, pp. 267-283, 2006), and
information dimension techniques (see Information dimen-
sion, information overload and decision quality, by M.
Hwang and J. W. Lin, Journal of Information Science, v. 25,
pp. 213-218, 1999). Parameters based on the aforementioned
techniques may be extracted from the data segments and/or
their IMF's. Each parameter may be examined for its ability to
separate the OSA subjects from the normal subjects for cer-
tain applications. 35

FIG. 2 shows an illustrative flowchart of a process of OSA
detection in accordance with an embodiment of the present
invention. The process begins (step 100) with a caregiver
positioning the stethoscope head 24 over the subject's
suprastemal notch 12 (as shown in FIG. 1). The sounds from 40
the subject breathing are then received (step 102), and are
converted to analog electrical signals by the stethoscope 10
(step 104). The analog electrical signals are provided to the
digital audio recorder 18 where they were digitized (step
106), and a sampling rate was applied to the digitized data 45
(step 108). The digital audio recorder then provided to the
personal computer 20 where a fast Fourier transform (HT)
analysis was performed to provide frequency domain data
(step 110). The frequency domain data was then analyzed to
provide an OSA index (step 112). If the OSA index was less 50
than or equal to a window minimum (W„,,,) of for example,
25% (step 114), the system would indicate that the subject
was at risk of having OSA (step 120). If the OSA index was
greater than or equal to a window maximum (W,„„) of for
example, 80% (step 116), the system would indicate that the 55
subject was also at risk of having OSA (step 120). For
example, therefore, if the OSA index was greater than 25%
(step 114) but less than 80% (step 116), then the system would
indicate that the person appears to not have an OSA condition
(step 118) in accordance with an embodiment of the inven-
tion. An indication of whether the subject has an OSA con-
dition is provided on the display 22 of FIG. 1.

Table 1 below summarizes the demographic data, body
mass index (BMI) and apnea-hypopnea indexes (AHI) for the
control group (7 normal subjects) and the experimental group
(11 OSA subjects). A 2-tailed unpaired t-test showed that
there was no significant difference in age between the two

5

10

6
groups (P-0.36). There was a significant difference in the
body mass index (BMT) between the two groups (P<0.05).

Age

TABLE 1

E x2fm,, fm„x

Sex BMI AHI

Normal (n = 7) 55 -± 18 (38-91) 4M, 3F 25.5 -± 3.4 <5 or

asymptomatic

OSA (n = 11) 63 -± 14 (43-84) 9M, 2F 31.3 -± 6.4 23 -± 16 (9-54)

Fractal correlation, capacity dimension, information
15 dimension, and FFT, were found to be effective for detecting

OSA. Fractal correlation, capacity dimension, and informa-
tion dimension were indicative of OSA only when they were
extracted from selected sections of the data segments; they

20 failed to provide accurate detection of OSA when data seg-
ments in their entirety were used. The most reliable and
accuracy marker came from the frequency spectrum, which
was obtained by applying FFT to the entire original data
segment. It was not necessary to use the empirical mode

25 decomposition to extract EIVIF's from the original data seg-
ment.

Figure shows the steps taken to determine the OSA index
(step 112 in FIG. 2). First, the total energy of the recorded
signal over a wide range of (f to f), for example 20 Hz30
to 800 Hz (or 0 Hz to 800 Hz), is determined (step 200) as

(step 200). Then the amount of energy of the measured signal
below a cut-off frequency (f) of, for example, 100 Hz, is
determined (step 202) as

E x2imi—

Then the following ratio is determined and multiplied by 100
(step 204)

E x2
fmiJ

E x

The process then returns (step 206) to the method in FIG. 2
at step 114.

The frequency spectrum of the breathing sound X (w),
60 where w—l

consecutive time windows over the relevant data segment
(typically about 15 s). The size of the FFT window was
chosen to be 1024 samples (or 186 ms), resulting in a fre-
quency resolution of 2.69 Hz. The OSA Index was therefore,

65 defined as the percent signal energy below 100 Hz on the
frequency spectrum of the breathing signals. For the above
specific example, therefore:



0-100 KHz

7

OSA Index (go) = X
0-800 KHz

Two thresholds were therefore used to detect OSA accord-
ing to the following: If 25%<OSA Index<80%, then the sub-
ject does not have an OSA condition. If the OSA Index 25%
or the OSA Index80%, then the subject is at risk of having an
OSA condition. The sensitivity of the FFT window size was
tested by setting it to either 512 or 2048. In each case the
resulting OSA Index was exactly the same as that obtained
with the 1024 window.

The identification of the OSA marker was based on an
observation of the characteristic patterns of the frequency
spectra of breathing sounds associated with the normal and
OSA subjects. As shown in FIG. 4A, the typical frequency
spectrum from normal subjects had a prominent peak below
100 Hz (as shown at 300), usually centered about 40 Hz. A
less prominent peak appeared (as shown at 302) in the higher-
frequency range, usually centered about 500 Hz. For OSA
subjects, the frequency spectrum changed into two distinctly
different patterns As shown in FIG. 413, the first OSA pattern
showed an up-shift of the frequency components, making the
500 Hz peak the prominent one (as shown at 306), while the
peak between 0 and 100 Hz was reduced (as shown at 304). As
shown in FIG. 4C, the second OSA pattern changed in a
totally opposite way. Almost all signal energy was concen-
trated in the 40 Hz peak (as shown at 308), typically between
10 and 70 Hz, with very little or no frequency components
above 100 Hz.

As shown in FIG. 5, the OSA Index was computed for the
7 normal subjects (Ni to N7) as shown at 310, and 11 OSA
subjects (Si to 511) as shown at 312. Two thresholds at 25%
and 80%, respectively, were used to define the detection
zones for true positive (TP) shown at 314 and 316, true
negative (TN) shown at 318, false positive (FP) shown at 320
and 322, and false negative (FN) shown at 324. This detection
algorithm yielded one FP (subject N6) and no FN, showing
100% sensitivity and 86% specificity.

In accordance with an embodiment, therefore, the inven-
tion identifies that the soft tissues causing obstructive sleep
apnea also contribute to detectable changes of breathing
sounds recorded in the waking state. The frequency up-shift
may be related to the fundamental frequency with associated
harmonics of the soft palate vibration, which are typically
under 500 Hz. The reason for the frequency down-shift may
be related to the reduction of high frequencies of obstructed
snoring in hypopnea-dominated subjects. The frequency
spectrum of the detected sounds has been found to provide a
robust, repeatable and accurate marker for detecting OSA in
accordance with invention. In an embodiment, the OSA Index
was defined as the percent signal energy below 100 Hz in the
frequency spectrum of the breathing sound. An OSA Index
either below 25% or above 80% was considered a risk factor;
the resulting detection algorithm showed 100% sensitivity
and 86% specificity. The invention provides that it is feasible
to accurately detect OSA based on breathing signals recorded
in the waking state.

Although the above study was based on a small data set (7
normal and 11 OSA subjects), the subjects' demographic data
was very consistent with that reported in the literature. The
BMI was 25.5-±3.4 for the control group and 31.3 -±6.4 for the
OSA group, comparable to 27.0 and 30.2, respectively, found
in the Sleep Heart Health Study on 6132 subjects as reported
in Association of Sleep-Disordered Breathing, Sleep Apnea,
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and Hypertension in a Large Community-Based Study, by F.
J. Nieto, T. B. Young, B. K. Lind, E. Shahar, J. M. Samet, S.
Redline, R. B. DrAgostino, A. B. Newman, M. D. Lebowitz,
and T. G. Pickering, Journal of the American Medical Asso-

5 ciation, no. 283, pp. 1829-1836 (2000). In certain reports,
BMI has been suggested as a predictor for OSA, yet in the
above study using BMI>28 to detect OSA, resulted in a rela-
tively weak predictor with 64% sensitivity and 71% specific-
ity.

io Because snoring is indicative of OSA, several previous
studies were devoted to the analysis of snoring sounds
recorded with a stethoscope, or the analysis of breathing
sounds of a patient standing versus lying down. Advantages
of the present approach include that the required duration of

15 recording is relative short, about 15 s depending on the sub-
ject's respiratory rate, and that the procedure is performed by
a medical expert, thereby avoiding the concern of lacking
supervision as raised for home-based sleep studies with por-
table monitoring devices.

20 FIG. 6, for example, shows an OSA detection system in
accordance with another embodiment of the invention that is
similar to that shown in FIG. 1 but includes the digital audio
recorder, personal computer and display functionality in one
specialized device. In particular, an electronic stethoscope

25 350 has a head 352 for application to a subject's suprastemal
notch as discussed above. The electronic stethoscope 350
includes an output cable 354 having a coupling adaptor 356
for attaching to a port 358 of an OSA detection unit 360. The
OSA detection unit 360 includes a processor that specially is

30 programmed to carry out the steps discussed above with
reference to FIGS. 2 and 3. An indication of whether the
subject has an OSA condition is provided on the display 362.
The system may therefore be provided in a convenient, por-
table kit.

35 FIG. 7 shows an example of an OSA detection system in
accordance with a further embodiment of the invention that is
also similar to that shown in FIG. 1 but includes the digital
audio recorder, personal computer and display functionality
in the stethoscope itself. In particular, an electronic stetho-

40 scope 380 has a head 382 for application to a subject's
suprastemal notch as discussed above. The electronic stetho-
scope 380 includes an internal OSA detection unit 384 that
specially is programmed to carry out the steps discussed
above with reference to FIGS. 2 and 3. An indication of

45 whether the subject has an OSA condition is provided on the
display 386. The system may therefore be provided in a
convenient, unitary electronic stethoscope specially designed
for detecting OSA condition.

The present invention differs from the method disclosed in
50 The empirical mode decomposition and the Hilbert spectrum

for non-linear and non-stationary time series analysis, by N.
E. Huang, Z. Shen, S. R. Long, M. C. Chu, H. H. Shih and A.
Zheng, Proceedings of the Royal Society of London, Series
A, no. 454, pp. 903-995 (1998) at least in that the acoustic

55 signal of the breathing sound is used instead of the nasal
airway pressure. The higher frequency range of the acoustic
signals has the advantages of reducing the data acquisition
time significantly and permitting the collection of data via a
stethoscope a standard instrument familiar to all physi-

60 cians. In addition, the resulting signal processing technique is
entirely different and much simpler, allowing for the integra-
tion of the OSA detection system into an electronic stetho-
scope using an inexpensive embedded processor, as discussed
above.

65 The present invention is significantly different from the
aforementioned methodology employed by Pasterkamp et al.
(Posture-Dependent Change of Tracheal Sounds at Standard-
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ized Flows in Patients With Obstructive Sleep Apnea, by H.
Pasterkamp, J. Schafer and G. Wodicka, American College of
Chest Physicians, v. 110, no. 6, pp. 1493-1498 (1996)) in at
least the following aspects.

1. Difference in instrumentation: Pasterkamp et al. used a
piezoelectric accelerometer attached with double-sided
adhesive tape over the trachea in the midline between
cricoid and suprastemal notch, whereas the present
invention employs a standard stethoscope positioned
right at the superstemal notch.

2. Difference in the acoustic frequency range: Pasterkamp
et al. employed a low-pass filter with a cut-off frequency
at 50 Hz, whereas the present invention includes the low
frequencies from 20 Hz and up. This difference is sig-
nificant I that it has a profound consequence as the study
showed that a peak around 40 Hz in the frequency spec-
trum of the breathing sound provides an important char-
acteristic in detecting OSA.

3. Difference in the detection approach: Pasterkamp et al.
used the absolute sound level (i.e. TSI) as a marker for
OSA, whereas the present invention uses the relative
distribution of low (around 40 Hz) vs. high (around 500
Hz) frequencies as a marker for OSA. Thus, the use of
the relative spectral distribution has the advantage of
higher reliability and avoiding the need for calibrating
the absolute level of the recorded sound.

4. The present invention is based on a new finding of two
drastically different ways of spectral changes in OSA
subjects, which was not reported by Pasterkamp et al. or
any other researchers. One group of OSA subjects
showed an up-shift of acoustic energy to the 500 Hz
peak, while the other group of OSA patients showed an
down-shift of acoustic energy with essentially no signals
above 100 Hz. This new clinical finding provides the
basis of the present invention and results in a simple but
accurate way of detecting OSA with the subjects in the
awake state.

One of the subjects in the above study had OSA, which was
later successfully treated with a surgical procedure to remove
parts of the palate and/or the uvula. The surgical procedure is
called palatouvuloplasty. The availability of both preopera-
tive (S5) and postoperative (N5) recordings from this subject
provided a unique opportunity to investigate the effects of
palatouvuloplasty on breathing sounds. FIG. 8, for example,
shows the preoperative spectrum (shown at 400) overlapped
with the postoperative spectrum (shown at 402) for compari-
son. The prominent peak at 500 Hz of the preoperative spec-
trum was significantly suppressed after the surgery. The post-
operative spectrum showed a prominent peak around 40 Hz
and a secondary peak around 200 Hz.

To probe further about when these frequency components
occur during the respiratory cycle, the spectrograms were
computed by use of the short-time Fourier transform. FIG. 9
shows the preoperative (shown at 500) and postoperative
(shown at 502) breathing sounds were shown for a respiratory
cycle with an inspiration followed by an expiration. FIG. 9
also shows (at 510 and 512 respectively) plots of the corre-
sponding spectrograms. The preoperative spectrogram
(shown at 510) showed intense activities around 500 Hz dur-
ing expiration, which disappeared in the postoperative spec-
trogram (shown at 512). The postoperative spectrogram
showed some activities spread around 200 Hz during inspi-
ration (as shown at 514).

FIG. 8 therefore shows how palatouvuloplasty changed the
frequency spectrum of breathing sounds from an up-shift
pattern to a normal pattern. The spectrograms in FIG. 9 fur-
ther indicated when specific frequency components occurred
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during the respiratory cycle. It is interesting to note that the
frequency components corresponding to a specific peak in the
frequency spectrum occurred either during inspiration or dur-
ing expiration, but not both. This observation suggests the

5 presence of temporary locality of breathing sounds and the
different dynamics between inspiration and expiration.

Those skilled in the art will appreciate that the above
described embodiments may be changed and modified with-
out departing from the spirit and scope of the present inven-
tion.10

What is claimed is:
1. A method of detecting obstructive sleep apnea in a sub-

15 ject, said method comprising the steps of:
placing a head of an electronic stethoscope over the sub-

ject's suprastemal notch when said subject is in an
awake state;

providing an electrical signal representative of breathing
20 sounds detected by the head of the electronic stetho-

scope within a frequency range, the breathing sounds
corresponding to a patient breathing through their
mouth;

determining, by a processor, an obstructive sleep apnea
25 index based on a ratio of an amount of energy of the

electrical signal that is associated with a frequency
below a cut-off frequency with respect to a total amount
of energy associated with the entire frequency range,
wherein the amount of energy associated with the fre-

30 quency below the cut off frequency and the total amount
of energy associated with the entire frequency range are
each determined from a frequency spectrum of the elec-
trical signal, wherein information regarding the fre-
quency associated with the electrical signal are assessed

35 in the frequency domain where frequency information
from the frequency domain is used for calculating a
spectral energy distribution of frequencies of the elec-
trical signal to detect obstructive sleep apnea based on
the spectral energy distribution of frequencies of the

40 electrical signal; and
identifying, by the processor, the subject as having obstruc-

tive sleep apnea if the obstructive sleep apnea index is
above a window maximum or below a window mini-
mum.

45 2. The method as claimed in claim 1, wherein said cut-off
frequency is about 100 Hz.

3. The method as claimed in claim 1, wherein said fre-
quency range is between about 20 Hz and about 800 Hz.

4. The method as claimed in claim 1, wherein said window
50 maximum is about 80%.

5. The method as claimed in claim 1, wherein said window
minimum is about 25%.

6. The method as claimed in claim 1, wherein said method
further includes the step of identifying, by the processor, the

55 subject as not having obstructive sleep apnea if the obstruc-
tive sleep apnea index is within a window defined between the
window maximum and the window minimum.

7. A method of detecting obstructive sleep apnea in a sub-
ject, said method comprising the steps of:

60 placing a head of an electronic stethoscope over the sub-
ject's suprastemal notch when said subject is in an
awake state;

providing an analog electrical signal representative of
breathing sounds detected by the head of the electronic

65 stethoscope within a frequency range, the breathing
sounds corresponding to a patient breathing through
their mouth;
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receiving, by a recorder, the analog electrical signal and

providing a digitized electrical signal to a processor that
is representative of the analog electrical signal with the
frequency range;

applying, by the processor, a fast Fourier transform to the
digitized electrical signal;

determining, by the processor, an obstructive sleep apnea
index based on a ratio of an amount of energy of the
electrical signal that is associated with a frequency
below a cut-off frequency with respect to a total amount
of energy associated with the entire frequency range,
wherein the amount of energy associated with the fre-
quency below the cut off frequency and the total amount
of energy associated with the entire frequency range are
each determined from a frequency spectrum of the elec-
trical signal, wherein information regarding the fre-
quency associated with the electrical signal are assessed
in the frequency domain where frequency information
from the frequency domain is used for calculating a
spectral energy distribution of frequencies of the elec-
trical signal to detect obstructive sleep apnea based on
the spectral energy distribution of frequencies of the
electrical signal;

identifying, by the processor, the subject as having obstruc-
tive sleep apnea if the obstructive sleep apnea index is
above a window maximum or below a window mini-
mum; and

identifying, by the processor, the subject as not having
obstructive sleep apnea if the obstructive sleep apnea
index is within a window defined by the window maxi-
mum and the window minimum.

8. The method as claimed in claim 7, wherein said cut-off
frequency is about 100 Hz.

9. The method as claimed in claim 7, wherein said fre-
quency range is between about 20 Hz and about 800 Hz.

10. The method as claimed in claim 7, wherein said win-
dow maximum is about 80%.
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11. The method as claimed in claim 7, wherein said win-
dow minimum is about 25%.

12. A system for detecting obstructive sleep apnea in a
subject, said system comprising:

5 an electronic stethoscope having a head for application to
the subject;

an electrical signal representative of breathing sounds
detected by the head of the electronic stethoscope within
a frequency range below a cut-off, the breathing sounds

10 corresponding to a patient breathing thru their mouth;
a processor for determining an obstructive sleep apnea

index based on a ratio of an amount of energy of the
electrical signal that is associated with the frequency
below a cut-off frequency with respect to a total amount

15 of energy associated with the entire frequency range,
and for determining whether the obstructive sleep apnea
index is above a window maximum or below a window
minimum, wherein the amount of energy associated
with the frequency below the cut off frequency and the

20 total amount of energy associated with the entire fre-
quency range are each determined from a frequency
spectrum of the electrical signal, wherein information
regarding the frequency associated with the electrical
signal are assessed in the frequency domain where fre-

25 quency information from the frequency domain is used
for calculating a spectral energy distribution of frequen-
cies of the electrical signal to detect obstructive sleep
apnea based on the spectral energy distribution of fre-
quencies of the electrical signal; and

30 a display for providing an identification of whether the
subject has obstructive sleep apnea responsive to
whether the obstructive sleep apnea index is above the
window maximum or below the window minimum.

13. The system as claimed in claim 12, wherein said pro-
cessor and said display are provided within the electronic
stethoscope.


