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(57) Abstract: Systems and methods for detecting
a general breathing event and for anticipating an
onset of an obstructive sleep apnea (OSA) event.
The method for detecting a general breathing
event includes receiving a plurality of signals from
at least one microphone (401). The method also
includes determining a one-sided power spectral
density from the received signals (408). The
method further includes distinguishing each re-
ceived signal as either a breath signal or a back-
ground noise signal (415). The method still further
includes calculating a breath signature by process-
ing each breath signal (420).
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CROSS-REFERENCE TO RELATED APPLICATION({S) AND
CLAIM OF PRIORITY
[0001] The present application is related to U.s.

Provisional Patent Application No. 61/276,597, filed September
14, 2009, entitled "“SYSTEM AND METHOD FOR DETECTING THE ONSET
OF AN OBSTRUCTIVE SLEEP APNEA EVENT”. Provisional Patent
Application No. 61/276,597 is assigned to the assignee of the
present application and is hereby incorporated by reference
into the present application as if fully set forth herein.
The present application hereby claims priority under 35 U.S.C.

§119(e) to U.S. Provisional Patent Application No. 61/276,597.
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TECHNICAL FIELD
[0002] This disclosure is generally directed to sleep apnea
and more particularly to systems and methods for anticipating
the onset of an obstructive sleep apnea event.

BACKGROUND

[0003] Apnea 1s the cessation of breathing (at least 80%
reduction in air flow)}, marked by a drop in blood oxygen
saturation of at least 3%, arousal often associated with
gasping, and an adrenergic response (initiated by a survival
reflex in which epinephrine/adrenaline gets dumped into the
blood stream increasing blood pressure and heart rate). Sleep
apnea is the cessation of breathing during sleep. Sleep apnea
is a common sleep disorder that affects over twelve million
(12,000,000) people in the United States. Persons with sleep
apnea may stop and start breathing several times an hour while
sleeping. Each individual episcde of the cessation of
breathing is referred to as a sleep apnea event.
[0004] Two other sleep disorders related to apnea are
hypopnea (characterized by incomplete narrowing of the airway
resulting in a flow of 50 to 80% of baseline, drop in blood
oxygen saturation of 3%, sometimes arousal, and sometimes an
adrenergic response which always leads to arousal) and RERA,
(Respiratory Effort Related Arousal, characterized by
increasing respiratory effort leading to arousal but without
the blood chemistry changes seen in apnea/hypopnea}.
[0005] When a person stops breathing during sleep the:
person’s brain soon senses that oxygen levels in the blood are
low and carbon dioxide levels in the blood are high. The
brain then sends emergency signals to the body to cause the
body to try to increase gas exchange in the lungs to increase
the amount of oxygen and to decrease the amount of carbon
dioxide. The body’s autonomic physiological reflexes initiate

survival reactions such as gasping for air, the production of
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enzymes to constrict arteries to increase blood pressure, and
the production of enzymes to increase heart rate. The person
will then wusuvally gasp for air and thereby restore the
effective gas exchange of oxygen and carbon dioxide in the
lungs. This causes the sleep apnea event to end.

[0006] The brain may also cause the body’s autonomic
physiological reflexes to release large amounts of adrenaline
in order to stir the person to gasp for air. Over a period of
time repeated rushes of adrenaline in the body can have
negative effects and can lead to heart damage and other
medical problems.

[0007] Often the person wakes up while gasping for air.
Even if the person does not become conscious while gasping for
air, the body’s sleep state 1is interrupted and the body is
physiologically stressed during each sleep apnea event. Sleep
apnea events can occur multiple times during a period of
sleep. That is, the process of ceasing to breathe, becoming
physiologically stressed, and gasping for air may be repeated
numerous times during a period of sleep. Successive sleep
apnea events cause a person To exXperience many short
interrupted periods of sleep.

[0008] Interrupted periods of sleep can produce varying
levels of fatigue, lack of energy, and daytime sleepiness.
Other symptoms may include restless sleep, loud and sometimes
heavy snoring, morning headaches, irritability, mood changes,
behavior changes, and similar emotional or physical disorders.
While mild forms of sleep apnea may exist without apparent
harm to the individual, severe cases may lead to such
conditions as weight gain, impotency, high blood pressure,
stroke, mental problems, memory loss, and even death.

[0009] There are two forms of sleep apnea. The two forms
are central sleep apnea and obstructive sleep apnea. At the

present time, central sleep apnea and obstructive sleep apnea
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are thought to originate from two different sources. Central
sleep apnea appears to be linked to a malfunction of the brain
that interferes with neurological signals that normally
control the breathing process. Obstructive sleep apnea 1is
caused by a blockage of the breathing airway that completely
stops the flow of air to and from the lungs. A common form of
obstructive sleep apnea occurs when fleshy tissue in a
sleeping person’s throat collapses and seals off the
pharyngeal airway. A condition called mixed sleep apnea
results when central sleep apnea events and obstructive sleep
apnea events alternate.

[0010] Successful treatment for obstructive sleep apnea
must ensure that a person’s breathing passages remain open
during sleep. The simplest treatments include weight
reduction, change in body position while sleeping, avoidance
of alcohol, avoidance of sedatives, and similar changes in
lifestyle. When anatomical obstructions are found to be the
source of obstructive sleep apnea, surgery may be required for
removal of enlarged tonsils, enlarged adenoids, excess tissue
at the back of the throat, and similar types of obstructions.
In more extreme caseé, an opening may be created in the
trachea in order to bypass the obstruction that is blocking
the airway during sleep.

[0011] One device for the treatment of obstructive sleep
apnea 1s a device that pumps positively pressurized air into a
mask worn over the nose. This device provides what is known as
nasal continuous positive airway pressure (CPAP). When the
mask and air flow are properly adjusted, the air pressure
opens the upper air passage enough to prevent snoring and
obstructive sleep apnea. The disadvantages of +the CPAP
treatment include 1) discomfort and sleep disruption caused by
the nose mask and the mechanism for connecting the mask fto the

alr pumping device, 2} original and on-going cost for the
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apparatus, and 3} inconvenience when the sleeping location
changes.

[0012] Therefore, there 1s a need in the art for an
improved system and method for treating obstructive sleep

apnea.
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SUMMARY
[0013] A system and method for detecting a general
breathing event are provided. The method includes receiving a
plurality of signals from at least one microphone. The method

also includes determining a one-sided power spectral density
from the received signals. The method further includes
distinguishing each received signal as one of: a signal
assoclated with a breath and a signal associated with a
background noise. The method still further includes
calculating a breath signature by processing each signal
associated with a breath.

[0014] A system and method for anticipating an onset of an
obstructive sleep apnea (0OSA}) event are provided. The method
includes receiving signals associated with a plurality of
breaths. The method also includes calculating an average
reduced total power of each of the breaths. The method
further includes determining a linear least-square-fit of a
power curve assocliated with the average reduced total power of
the breaths. The method still further includes, based on the
average reduced total power and the linear least-sguare-fit,
categorizing each breath as one of: a positive breath (a
breath in which no O0SA event is predicted) and a negative
breath (a breath which may be scon followed by an OSA event).
[0015] Before undertaking the DETAILED DESCRIPTION below,
it may be advantageous to set forth definitions of certain
words and phrases used throughout this patent document: the
terms “include” and T“comprise,” as well as derivatives
therecf, mean inclusion without limitation; the term “or,” is
inclusive, meaning and/or; the phrases “associated with” and
“associated therewith,” as well as derivatives thereoi, may
mean tc  include, be included within, interconnect with,
contain, be contained within, connect to or with, couple to or

with, be communicable with, cooperate with, interleave,
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juxtapose, be proximate to, be bound to or with, have, have a
property of, or the like; and the term “controller” means any
device, system or part thereof <that controls at least one
operation, such a device may be implemented in hardware,
firmware or software, or some combination of at least two of
the same. It should be noted that the functionality
associated with any particular controller may be centralized
or distributed, whether locally or remotely. Definitions for
certain words and phrases are provided throughout this patent
document, those of ordinary skill in the art should understand
that in many, if not most instances, such definitions apply to
prior, as well as future uses of such defined words and

phrases.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0016] For a more complete understanding of this disclosure
and its features, reference 1is now made to the following
description, taken in conjunction with the accompanying
drawings, in which:
[0017] FIGURE 1 depicts a list of patient information for
patients inveolved in a sleep study;
[0018] FIGURE ZA depicts a scatter plot and a histogram for
one patient in the sleep apnea detection study, according to
one embodiment of the present disclosure;
[0019] FIGURE 2B depicts a second scatter plot and
histogram for one patient in the sleep apnea detection study,
according to one embodiment of the present disclosure;
[0020] FIGURE 3 depicts a device for anticipating the onset
of an obstructive sleep apnea (0SA) event, according to one
embodiment of The present disclosure;
[0021] FIGURES 4A, 4B, and 4C depict a method for detecting
general events, according to one embodiment of the present
disclosure;
[0022] FIGURE 5 depicts a method for predicting the onset
of an apnea event, according to one embodiment of the present
disclosure; and
[0023] FIGURE 6 depicts a graph illustrating threshold
lines separating positive and negative data points, and false
and true data points, according to one embodiment of the

present disclosure.
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DETAILED DESCRIPTION
[0024] The present disclosure provides a system and method
for anticipating the onset of an obstructive sleep apnea
event. Prior art systems and methods are directed toward
detecting and treating an obstructive sleep apnea event after
the obstructive sleep apnea event has occurred. The system
and method described herein 1is able to anticipate and
terminate the onset of an obstructive sleep apnea event before
the obstructive sleep apnea event fully develops. That is,
the onset of an obstructive sleep apnea event can be predicted
or anticipated before the sleeping person actually stops
breathing. This allows steps to be taken to prevent the
obstructive sleep apnea event from occurring.
[0025] In order to develop the system and method disclosed
herein, a study was performed on a number of patients. In the
study, microphones where placed arcund each patient’s neck,
and sounds received by the microphones were recorded while the
patient slept. FIGURE 1 lists the code name, sex, age, and
other associated properties, including the number of intervals
of silence that are ten seconds or longer, for certain
patients in the study.
[0026] FIGURE 2A depicts a scatter plot and a histogram for
one patient in the sleep apnea detection study, according to
one embodiment of the present disclosure, The scatter plot
and histogram are produced using all breath data points
collected during an overnight sleep study of the patient.
[0027] The scatter plot depicts breath power of the patient
in dB versus the time-to-event in minutes. The y-axis in the
scatter plot 1is "“AVERAGE REDUCED TOTAL POWER [dB].” The
average reduced total power, a scalar guantity associated with
each breath, is calculated to be near zero when a person is
not breathing and to be noticeably greater when a person is

breathing, so that a data analyzer, such as a computer
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program, can easily tell whether the person is breathing or
not at any given moment. A method for calculating the average
reduced total power is described herein in detail.

[0028] Analysis performed in the study shows that a breath
can be detected by examining signals in a frequency range of
approximately 200 Hz to 800 Hz. The sound data recorded by
the set of microphones placed around each patient’s neck are
processed for noise removal and for minimizing spectral
leakage that degrades the gquality of freguency-domain data.
The pre-processed data in a time domain are converted to a
power spectrum by using a Fast Fourier Transform technique
(described in greater detail below). After subtracting noise
in the power spectrum, the power spectrum is integrated over
the frequency range of interest {(i.e., 200-800 Hz} and then
divided by the freguency range to yield the average reduced
total power. Thus, when a person is not breathing, the
background noise contained in the sound data is subtracted off
to yield a zero wvalue for the average reduced total power.
However, when a person is breathing, the breath signal in the
frequency range is averaged, which vyields a nonzero value for
the average reduced total power.

[0029] The x-axis in the scatter plot is “TIME-TO-EVENT
[Minutes] .” The time-to-event of a breath is calculated by
subtracting the start time of the nearest apnea event
occurring after the breath from the time of that breath, so
that the time-to-event is always negative. Every breath of a
sleep study is associated with the time-to-event and average
reduced total power.

[0030] The 3D histogram has x-, y-, and z-axes that are
labelled as “TIME-TO-EVENT”, “REDUCED TOTAL POWER", and
“COUNT", respectively. Note that the 3D histogram plot is

presented with the time-to-event axis running in the opposite
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direction (compared with that of the scatter plot) to reveal
the details near the origin.

[0031] The count, found on the z-axis of the histogram, is
the number of data points found in the given histogram bin.
When a breath data peint is added to the histogram, its bin
location 1is calculated from the time-to-event and average
reduced total power. The count of the corresponding bin is
increased by one for a data point. By examining the
distribution of the count over the histogram range near zero
time-to-event, one can identify the signature of the onset of
apnea events. In our analysis, the onset signature is the
high count of data points at low reduced total power, i.e.,
weakening of breath.

[0032] FIGURE 2B depicts a second scatter plot and
histogram for one patient in the sleep apnea detection study,
according to one embodiment of the present disclosure. The
scatter plot and histogram are based on the same data points
as those in FIGURE ZA. However, the scatter plot and
histogram of FIGURE 2B include measurement of a slope on one
axis, instead of average reduced total power. The slope at a
given time-to-event is taken from a linear fit of the breath
data points shown in the scatter plot of FIGURE Z2A that occcur
over a rolling time interval (e.g., twenty seconds, which
corresponds tec approximately five breaths). A negative slope
implies the breath powers are decreasing over time. pa
positive slope implies the breath powers are increasing over
time.

[0033] In order to facilitate anticipation of obstructive
apnea events, it may be helpful to first detect general
events, which are defined as something other than noise. Some
examples of a general event are a conversation, a breath, a
cough, etec. In order to perform data analysis that will

detect a general event, the pre-processed data shown in a time
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domain in FIGURE 2ZA is converted to a power spectrum using
Fast Fourier Transform techniques. 2 forward Fourier
Transform to convert a continucus signal h(t) from a time

domain to a fregquency domain is:

[0034]  H(f)= [ h(t) exp(2mft) s

[0035] Since the signal data from the microphones are

sampled into discrete data points, a discrete Fecurier

Transform technigue is used. First, discrete signal sampling
OCCurs:

[0038] h,=hit), t, =kA

[0037] where k = {0, 1, 2, .., N-1}, N is the number of
samples taken during the sampling interval (e.g., 256
samples), and A is the sampling interval in seconds. Then, a

forward Fourier Transform technique computes H, at fp=n/NA
where n = {-N/2, .., N/2}. (Note that the frequency spacing is
inversely proportional to the sampling interval for a fixed
number of samples, i.e., f; - f,.1 = 1/NA.) It is noted that H,
is related to H(f,) via:

[0038] H(f)=A-H,

[0039] Next, a power spectrum P(f), called a “one-sided

power spectral density”, is determined:

(00401 P(N=|HO +HENP

[00471] The forward Fourier Transform of one o©r more
Gaussian functions can be calculated analytically, yielding an
exact closed-form formula. One or more Gaussian functions may
be used to verify the forward Fourier Transform technique.
[0042] FIGURE 3 depicts a device for anticipating the onset
of an obstructive sleep apnea (0SA) event, according to one
embodiment of the present disclosure.

[0043] Device 300 includes a soft, pliant collar 310 that

is worn around the neck of a patient 320. The collar 310
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includes four microphones 311-314 and a microcontrcller 315.
In certain embodiments, the microcontroller 315 may include a
battery or other power supply configured to power the
microcontroller 315 and the microphones 311-314. In other
embodiments, the battery or other power supply may be external
to the microcontroller 315 and/or the collar 310.

[0044] When one cor more of the microphones 311-314 detect
acoustic changes associated with the advent of an apneic or
hypopneic event or other physiological condition, the one or
more microphones 311-314 transmit signals associated with the
acoustic changes to the microcontroller 315. The
microcontreocller 315 then processes the signals as described
below in order to predict the onset of the 0SA event.

[0045] Althcough FIGURE 3 depicts one embodiment of a device
for anticipating the onset of an 0SA event, other embcediments
are within the scope of this disclosure. For example,
although collar 310 is depicted with four microphones 311-314,
it will be understood that more or fewer microphones may be
used. As another example, microcontroller 315 may include
other hardware, software, or firmware configured to process
acoustic signals. More specifically, microcontroller 315 may
include one or more processors and one or more memeries
configured to store data related to the acoustic signals. One
or more of these elements may be external to collar 310.

[0046] FIGURES 4A, 4B, and 4C depict a method for detecting
general events, according to one embodiment of the present
disclosure. Because the signal level of normal breaths is
near the noise floor, the separation of general event signals
from the noise is not an easy task. However, the following
method enables distinguishing the general event signals from
noise. In certain embodiments, the method may be implemented
as an algorithm or computer program in a data processing

system.
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[0047] The initial steps of the disclosed method relate to
data sampling and noise reduction. First, raw sound data from

one or more microphones (e.g., microphones 311-314) located on
or near a sleeping person is sampled (step 401). Because the
detection of apnea events must occur quickly to be helpful,
the raw sound data 1is ™“live” (i.e., concurrent with the
present moment) or reflects a very short delay. In one
advantageous embodiment, the raw data is sampled at a rate of
96,000 Hz.

[0048] Next, 1in order to reduce the noise and to remove
pops, a median filter is applied (step 402). In one

advantageous embodiment, the median filter has a magnitude of

7 points.

[0049] Next, the raw data is resampled at a lower rate
(step 403). As noted earlier, the frequency spacing is
inversely proportional to the sampling interval. With a lower

sampling rate (and thereby longer sampling interval), the
frequency spacing gets smaller. This 1implies more Fourier
transformed data points available in the frequency range of
our interests. Thus resampling at a lower rate results in a

more detailed frequency spectrum of the scund data.

[0050] In one advantageous embodiment, the raw data is
resampled &t a rate of 4800 Ez. To improve the quality of
resampling, a Lanczos filter is employed. In certain

embodiments, the Lanczos filter has a radius equal to 1.5
times the sample window. Thus, 1in certain advantageous
embodiments, the down-sampling ratioc (e.g., 96,000 Hz tc 4800
Hz, or 20:1) with the Lanczos filter results in a 6l-point
filter (2 x the 1.5 radius x the 20:1 ratio + the 1 midpoint).
In certain embodiments, the use of the resampling filter can
be very important in isolating breath signals from the noise.
In other embodiments, data may be sampled only at the lower

rate, thus obviating the need for sampling at the higher rate.
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[0051] The next few steps relate to computation of a one-
sided power spectral density. As time passes, the resampled

data continues to be collected to form a data window (step

404). In certain embodiments, the data window consists of 256
data points. Consecutive data windows in the time domain
overlap substantially. For example, in one advantageous
embodiment, the consecutive windows overlap 84%. The

overlapping helps to make the change in the fregquency spectrum
smooth enough for detection of a signal rising up from the
background.

[0052] Next, the data points are normalized by dividing
them by a fixed constant to make them fall in a range
numerically reasonable for analysis (step 4005). For example,
in certain embodiments, the data acquisition system may 24
bits in width. By setting the normalization constant to
65,536, all values will fall within the range of [-256, 256].
[0053] Next, each data window is multiplied by & window
function to minimize the spectral leakage (step 406). In
certain embodiments, the window function may be a Kaiser
window having a value alpha = 6.0. Next, a discrete Fourier
transform 1is performed (step 407). In certain embodiments,
the discrete Fourier transform is performed using 256 bins in
accordance with the number of data points in the data window.
[0054] Next, a cne-sided power spectral density is

calculated in dB using the formula

[0055] 10 * log(P/Pg)

[0056] where P is the sum of powers at given positive and
negative frequencies (step 408). It is noted that Py is unity
numerically but includes physical units. If the power is zero

before taking the logarithm, the corresponding value in dB
would be negative infinity, which would destroy the pedestal
estimate. This may be prevented by enforcing a minimum power

value. In certain embodiments, based on an average of twenty
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channels and a normalization factor eqgual to 65,536, a
practical minimum for the power is found to be -94.50 dB. If
the power of a channel 1is smaller than the minimum, the

minimum value is assigned.

[0057] The next few steps relate to distinguishing a signal
from background noise. In step 409, a copy 1is made of the
one-sided power spectral density. The copy may be referred to

as the “auxiliary spectral density.”

[0058] Next, the auxiliary pedestals of all frequency
channels are updated (step 410). The auxiliary pedestals
represent the noise floor when there is no signal. This step

is performed by keeping track of a number of points (e.g., 128
points) per channel for trending the average and standard
deviation, then adding a new data point, then updating the
average and standard deviation. In certain embodiments, a new
point is always accepted (i.e., no outliers are rejected).

[0059] Next, the auxiliary pedestal average is subtracted

from the auxiliary spectral density for each channel (step

411). This produces a pedestal-adjusted auxiliary spectral
density.
[0060] Next, the auxiliary total power 1is obtained by

integrating the pedestal-adjusted auxiliary spectral density

(step 412).
[0061] Next, the auxiliary total power is divided by the
integration range (e.g., 2400 Hz) (step 413). The resulting

value may be referred to as the “unfiltered noise index.”
[0062] Next, a real-time low-pass filter is applied to the
unfiltered noise index (step 414). In certain embodiments,
the low-pass filter has a cut-off frequency of 0.375 Hz. The
filter output may be referred to as the “filtered noise index”
or simply the ™noise index.”

[0063] Next, the wvalue of the noise index 1is considered

(step 415). If the noise index is lower than a threshold,
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(e.g., 0.0 dBj}, it is considered to be in the background. For
background noise, the spectrum pedestals are updated as
detailed below (step 416), and then the zlgorithm starts over
to detect a breath. If it rises above the threshold and
remains so for a period of time, a breath is considered to
have occurred.

[0064] The spectrum pedestals are updated as follows (step
416). Similar to step 410, this step is performed by keeping
track of a number of points (e.g., 128 points) per channel for
computing the average and standard deviation, then adding a
new data point, then updating the average and standard
deviation. In certain embodiments, a new point 1is always
accepted (i.e., no outliers are rejected). Then the pedestal
high and low levels are updated to plus and minus 1.28 times
the standard deviation, respectively. It is noted that 1.28
is an exemplary value, and other values may be used. It is
also noted that the average is not included in the calculation
of the high and low levels since the levels deal with an
adjusted spectral density.

[0065] Next, the breath detection algorithm switches from a
noise-processing state to a Dbreath-processing state, if
necessary (step £417). In certain embodiments, only two states
exist: breath-processing state and noise-processing state. 1In
certain embodiments, the algorithm may already be in the
breath-processing state, in which case no switch is necessary.
The only alternate state is the noise-processing state. The
algeorithm switches its state to a breath-processing state

according to the logic described in steps 409-415.

[0066] The next steps relate to processing of a breath
signal. In step 418, the one-sided power spectral density
obtained in step 408 1is now used. A spectrum pedestal
estimator is also used. The spectrum pedestal is different

from the auxiliary pedestal employed in steps 409-412.
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[0067] Next, the pedestal average is subtracted from the
one-sided power spectral density (step 419). This produces a

pedestal-adjusted spectral density.
[0068] Next, the breath signature is calculated (step 420).
In order to calculate the breath signature, the pedestal-

adjusted spectral density is examined over a frequency range

(step 420.1). In advantageous embodiments, the frequency
range is 200 Hz to 800 Hz. Then, the channel wvalues are
averaged within the frequency range (step 420.2). Only those

values that are, for example, 1.0 dB beyond the pedestal low

and high enter the averaging process. Other wvalues are
treated as zero. Then a real-time low-pass filter is applied
to the signature (step 420.3). In advantageous embodiments,

the cut-cff frequency of the low-pass filter is set to 0.375
Hz. It is noted that the breath signature has the units of

dB, which 1is inherited from the pedestal-adjusted spectral

density.
[0069] Next, the reduced total power is determined (step
421) . The reduced total power 1is determined by integrating

the pedestal-adjusted spectral density to obtain a total
power, then dividing the total power by the integration range.
In advantageous embodiments, the integration range is equal to
2400 Hz.

[0070] Next, two or mocre consecutive breaths that are less
than a specified time interval apart are consolidated to one
breath (step 422). The noise data between the consolidated
breaths is not included in the pedestal calculation of this
section. In certain embodiments, the specified time interval

is equal to 0.0 second, thus no breaths are consolidated.

[0071] Next, 1in certain embodiments, short breaths are
discarded (step 423). A breath must be longer than a
threshold wvalue, or it 1s considered a short breath. The

threshold wvalue may be set accordingly. In certain
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embodiments, the threshold is 0.0 second. Thus, no breaths
are short breaths.
[0072] Next, in order to measure the strength of a breath
signal, an average signature 1is determined (step 424). The

average signal 1is determined by integrating the signature over
the duration of the corresponding breath (i.e., the signature
integral), then dividing the signature integral of a breath by
its duration in seconds. Note that the signature integral has
units of dB*second, and the average signature has units of dB.

[0073] Next, in certain embodiments, in addition to
computing the average signature, the method may find the
maximum signature value, also called the “peak signature”,
during the course of a breath (step 425). The peak signature
value may also serve as an indicator of breath strength. It
is noted that steps 424 and 425 may be applied to the reduced
total power to obtain the reduced total power integral, the
average reduced total power, and the peak reduced total power.

[0074] The detection method shown in FIGURE 4 includes
several parameters that may be fine-tuned to improve results.
For example, the resampling rate in step 403 may be modified
to other wvalues (e.g., 1800 Hz, 2000 Hz, 2200 Hz, etc.). The
radius of the Lanczos filter may be modified to 2.0 or 2.5
times the sample window, for example. The overlap of data
windows may be medified to other wvalues (e.g., 88%, 092%,
etc.). The alpha value of the Kaiser window may be changed to
7 or 8, for example. Other values may be used to improve the
detection method.

[0075] FIGURE 5 depicts a method for anticipating the onset
of an apnea event, according to one embodiment of the present
disclosure. If the anticipation of an apnea event is made
sufficiently early, intervention can be made to improve the

sleep gquality for the sleeping person. In certain
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embodiments, the method may be implemented as an algorithm or
computer program in a data processing system.

[00786] First, one or more breaths are detected, and the
average reduced total power for each breath 1is calculated
(step 501). In advantagecus embodiments, the average reduced
total power 1is calculated according tc the method for
detecting general events, as described above and shown in
FIGURE 4.

[0077] Next, the average reduced total power of each breath
over a particular time interval 1is examined (step 502). In
advantageous embodiments, the time interval may comprise the
most recent twenty seconds. Such an interval may span
approximately five breaths. In certain embodiments, the
length of the time interval may be changed up or down for
better results.

[0078] Next, a linear least-square-fit is determined for
the time vs. the average reduced total power curve (step 503).
The resulting curve is used for trending. The slope of the
curve from the fit can be negative, positive, or =zero. The
three cases correspond tc the situation where the breath power
is decreasing, increasing, or indeterminate, respectively.
[0079] Next, the breath is categorized based on the average
reduced total power and the slope from the fit (step 504). If
the average reduced total power 1is Jgreater than a threshold
value P,, the breath 1is considered toc be negative. If the
slope 1s greater than a threshold wvalue S., the breath 1is
considered to be negative. If neither the average reduced
total power nor the slope 1is greater than its respective
threshold, the breath is considered to be positive. Thus, a
breath 1s considered to be positive if its power is weak
(average reduced total power not greater than P.) and if the
breath power has been decreasing over a time interval (slope

not greater than S.).
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[0080] in addition to the positive or negative
classification of a breath, it 1is necessary to determine
whether a positive breath 1is actually true, in which case an
apnea event follows, or false where no apnea event follows.
One approach is to introduce a threshold 1. in time-to-event.
The time-to-event of a breath is calculated by subtracting the
start time of the nearest apnea event occurring after the
breath from the start time of the breath, so that the time-to-
event is always negative. Since the time-to-event serves to
measure the distance of the breath from its nearest apnea
event, comparison of the time-to-event with +threshold T,
determines if an onset indicator is true or false.

[0081] Next, using the three thresholds P., S, and 1., the
number of data points for true negatives, false positives,
false negatives, and true positives are counted (step 505).
The numbers are denoted as TN, FP, FN, and TP, respectively.
FIGURE 6 depicts‘this in graphical form. In the graph, the
threshold P, is shown as a horizontal line. Points of data
below the line are considered positive, while points of data
above the line are considered negative. The threshold Tt1. is
shown as a vertical line. The wvertical line separates true
negatives from false negatives, and false positives from true
positives, as shown in the graph.

[0082] Next, in step 506, the sensitivity of the apnea-

prediction algorithm is calculated via a formula:

TP
[0083] Sensitivity = —————x100%
TP+ FN
[0084] Next, in step 507, the specificity of the apnea-

prediction algorithm is calculated via a formula:

TN
0085 Specificity = ————x100%
L0085 pectficlty = o mp 100
[0086] Generally, there is a trade-off between sensitivity

and specificity. In certain embodiments, high sensitivity
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(e.g., greater than 90%) may be achieved at the cost of low
specificity. For example, in one test, the sensitivity was as

high as 94.6% at the cost of low specificity. 1In another test

using different thresholds, the sensitivity decreased to
74.8%, but the specificity increased to 43.1%. In certain
embodiments, even higher levels of specificity (e.g., greater

than 90%) may be achieved. This may be useful if the sleeping
person’s breathing is characterized by many hypopnea events.
[0087] The method disclosed herein 1s excellent in the
detection of true positive events (sensitivity). In order to
improve specificity (i.e., decrease the false positive rate),
a specificity improvement algorithm can be used. The
specificity improvement algorithm is tuned to the patient and
calibrated when he or she 1is awake and breathing normally.
These "normal" breaths are then characterized. After the
disclosed method is used and an event 1is detected, the
specificity improvement algorithm is applied. If the breath
is determined to be a "normal" breath, the event is cancelled.
[0088] Table 1 depicts sensitivity and specificity at
various thresholds in the sleep study of a particular patient.
The values were obtained using a time-to-event threshold 1. of
-3.0 min for true/false classification. Although not shown in
Table 1, it was observed that the sensitivity and specificity
tend to be more responsive to the slope threshold S. than to

the time-to-event threshold 1.
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Average Slope Sensitivity Specificity
reduced total threshold (%) (%)
power threshold (dB/sec)

(dB)
20.83 0.0 71.8 40.9
8.33 0.0 70.6 41 .4
4.16 0.0 66.7 43.5
8.33 +0.04 90.2 11.9
6.25 +0.04 88.7 12.6

Table 1
[0089] Although the methods disclosed herein have been

described with respect to anticipation and prevention of
obstructive sleep apnea events, it is noted that these methods
may be used and/or adapted for wuse in the anticipation,
detection, and prevention of other sleep disorders (e.qg.,
hypopnea and RERA) and other medical conditions. For example,
for asthma, the disclosed methods may be used to detect the
narrowing of the airway passages in the lungs, thus providing
warning of a dangerous deterioration in respiratory function.
For cystic fibrosis, the disclosed methods can be used to
detect the occurrence of mucus plugs. For emphysema, the
disclosed methods can be used to detect labored breathing
suggestive of a severe pulmonary challenge. For prevention of
a stroke, after establishment of baseline values, the
disclosed methods can be used to detect changes in spectral
power suggestive that plaque buildups were becoming deranged.

[0090] The disclosed methods may also be useful in

industrial applications or in any other processes involving
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fluids, gases or liquids, where the detection of changes in
the power spectrum of flow would be suggestive of an anomaly
requiring attention.

[0091] It may be advantageous to set forth definitions of
certain words and phrases used throughout this patent
document. The term “couple” and its derivatives refer to any
direct or indirect communication between two or more elements,
whether or not those elements are in physical contact with one

r

another. The terms “transmit,” “receive,” and “communicate,”
as well as derivatives thereof, encompass both direct and
indirect communication. The terms “include” and “comprise,”

as well as derivatives thereof, mean inclusion without

Y rr

limitation. The term “or” is inclusive, meaning and/or. The
phrases “assoclated with” and “associated therewith,” as well
as derivatives thereof, may mean to include, be included
within, interconnect with, contain, be contained within,
connect to or with, couple to or with, be communicable with,
cooperate with, interleave, Jjuxtapose, be proximate to, be
bound to or with, have, have a property o0f, or the like. The

term “controller” means an device system or art thereof
r r

that controls at least one operation. A controller may be
implemented in hardware, firmware, software, or some
combination of at least two of the same. The functionality

associated with any particular controller may be centralized
or distributed, whether locally or remotely.

[0092] While this disclosure has described certain
embodiments and generally associated methods, alterations and
permutations of these embodiments and methods will be apparent
to those skilled in the art. Accordingly, the above
description of example embodiments does not define or
constrain this disclosure. Other changes, substitutions, and

alterations are also possible without departing £from the
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spirit and scope of this disclosure, as defined by the

following claims.
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WHAT IS5 CLAIMED IS:

1. An method for detecting a general breathing event,
the method comprising:

receiving a plurality of signals from at least one
microphone;

determining a one-sided power spectral density from the
received signals;

distinguishing each received signal as one of: a signal
associated with a breath and a signal associated with a
background noise; and

calculating a breath signature by processing each signal

associated with a breath.

2. The method as set forth in Claim 1, wherein the step
of receiving the plurality of signals from the at least one
microphone comprises:

sampling raw sound signals from the at least one
microphone at a first rate;

applying a filter to the raw sound signals to reduce
noise; and

resampling the raw sound signals from the at least one
microphone at a second rate, the second rate lower than the

first rate.

3. The method as set forth in Claim 1, wherein the step
of determining the one-sided power spectral density from the
received signals comprises:

forming a data window using resampled sound signals, the
data window comprising a plurality of data points;

multiplying the data window by a window function;

performing a Fourier transform on the data window; and
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determining the one-side power spectral density from a

result of the Fourier transform.

4. The method as set forth in Claim 1, wherein the step
of distinguishing each received signal comprises:

determining a pedestal-adjusted auxiliary spectral
density;

integrating the pedestal-adjusted auxiliary spectral
density to obtain an auxiliary total power;

determining a filtered noise index using the auxiliary
total power;

categorizing each received signal as a signal associated
with a breath if the filtered noise index is greater than a
threshold; and

categorizing each received signal as a signal associated
with a background noise if the filtered noise index is less

than the threshold.

5. The method as set forth in Claim 1, wherein the step
of calculating a breath signature further comprises:

calculating a pedestal-adjusted spectral density using
the one-sided power spectral density;

examining the pedestal-adjusted spectral density over a
frequency range; and

filtering the pedestal-adjusted spectral density using a

low-pass filter.

6. The method as set forth in Claim 1, further
comprising the steps of:

for each signal associated with a breath, determining if
the breath is a short breath; and

determining a peak signature for each breath that is not

a short breath.
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7. A system for detecting a general breathing event,

the system comprising:
at least one microphone; and
a processor in communication with the at least

microphone, the processor configured to:

one

receive a plurality of signals from the at least one

microphone;

determine a one-sided power spectral density from

the received signals;

distinguish each received signal as one of: a signal

associlated with a breath and a signal associated with a

background noise; and
calculate a breath signature by processing

signal associated with a breath.

8. The system as set forth in Claim 7, wherein

processor is further configured to:

each

the

sample raw sound signals from the at least one microphone

at a first rate;

apply a filter to the raw sound signals to reduce noise;

and
resample the raw sound signals from the at least
microphone at a second rate, the second rate lower than

first rate.

9. The system as set forth in Claim 7, wherein
processor is further configured to:

form a data window using resampled sound signals,
data window comprising a plurality of data points;

multiply the data window by a window function;

perform a Fourier transform on the data window; and

one

the

the

the

determine the one-side power spectral density from a

result of the Fourier transform.
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10. The system as set forth in Claim 7, wherein the
processor is further configured to:

determine a pedestal-adjusted auxiliary spectral density:;

integrate the pedestal-adjusted auxiliary spectral
density to obtain an auxiliary total power;

determine a filtered noise index using the auxiliary
total power;

categorize each received signal as a signal associated
with a breath i1f the filtered noise index is greater than a
threshold; and

categorizing each received signal as a signal associated
with a background noise 1f the filtered noise index is less

than the threshold.

11. The system as set forth in Claim 7, wherein the
processor is further configured to:

calculate a pedestal-adjusted spectral density using the
one-sided power spectral density;

examine the pedestal-adjusted spectral density over a
frequency range; and

filter the pedestal-adjusted spectral density using a

low-pass filter.

12. The system as set forth in Claim 7, the processor
further configured to:

for each signal associated with a breath, determine if
the breath 1s a short breath; and

determine a peak signature for each breath that is not a

short breath.
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13. A method for anticipating an onset of an obstructive
sleep apnea (0OSA) event, the method comprising:

receiving signals associated with a plurality of breaths;

determining an average reduced total power of each of the
breaths;

determining a linear least-square-fit of a power curve
associated with the average reduced total power of the
breaths; and

based on the average reduced total power and the linear
least-square-fit, categorizing each breath as one of: a

positive breath and a negative breath.

14. The method as set forth in Claim 13, wherein the
average reduced total power is determined over a predetermined

time interval.

15. The method as set forth in Claim 13, wherein the
signals associated with the plurality of breaths are received
from at least one microphone adjacent a neck of a sleeping

person.

16. The method as set forth in Claim 13, wherein the
step of determining the average reduced total power comprises:

determining a pedestal-adjusted spectral density;

integrating the pedestal-adjusted auxiliary spectral
density over an integration range to obtain a total power; and

dividing the total power by the integration range.
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17. A system for anticipating an onset of an obstructive
sleep apnea (OSA) event, the system comprising:
at least one microphone; and
a processor 1n communication with the at least one
microphone, the processor configured to:
receive signals associated with a plurality of
breaths;
determine an average reduced total power of each of
the breaths;
determine a linear least-square-fit of a power curve
associated with the average reduced total power of the
breaths; and
based on the average reduced total power and the
linear least-square-fit, categorize each breath as one

of: a positive breath and a negative breath.

18. The system as set forth in Claim 17, wherein the
average reduced total power is determined over a predetermined

time interval.

15. The system as set forth in Claim 17, wherein the
signals associated with the plurality of breaths are received
from at least one microphone adjacent a neck of a sleeping

person.

20. The system as set forth in Claim 17, wherein the
processor is further configured to:

determine a pedestal-adjusted spectral density;

integrate the pedestal-adjusted auxiliary spectral
density over an integration range to obtain a total power; and

divide the total power by the integration range.
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