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(57) ABSTRACT

The present disclosure pertains to a system (10) configured
to determine spectral boundaries (216, 218) for sleep stage
classification in a subject (12). The spectral boundaries may
be customized and used for sleep stage classification in an
individual subject. Spectral boundaries determined by the
system that are customized for the subject may facilitate
sleep stage classification with higher accuracy relative to
classifications made based on static, fixed spectral bound-
aries that are not unique to the subject. In some implemen-
tations, the system comprises one or more of a sensor (16),
a processor (20), electronic storage (22), a user interface
(24), and/or other components.

12
16

N

Sensor

i

32~ | Frequency
component

34~ Spectral
™~ boundary
component

36'\\ Sleep stage
component

!

User
interface

Electronic
storage

24

22



US 2017/0360361 A1

Dec. 21,2017 Sheet 1 of 4

Patent Application Publication

RS

4!

14

/

2oel]Ul
1250

%

T Ol

[44

abelo]s
21U0J323|3

juauodwod
abe)s doag|s

Juauodwod
Atepunoq
|enoads

juauodwod
Aduanbaug

y

10SuUaS

N

o1

jusuodwod
Aianoe
Alojeadsay

10SS900.d

~—o¢

~—z¢

~—0¢




Patent Application Publication  Dec. 21,2017 Sheet 2 of 4 US 2017/0360361 A1

VLFband
1 . LFband

3 280 290 292 282
Sleep Traditional  Subject Subject Traditional
- — - Wake Bl Bl Byr By
| 206 294 296
270 272 g N
220 200
0.06F '

]

(=
(]
o

(=
()
g

[
[eun]
(%)

o
(o]
N

S
()
—

[

0.2 o 03 0.4 0.5

Frequency [Hz] \
204

FIG. 2

N ___—>» Average normalized PSD [a.u.

()]

<[

—_
4

No
NO
—
No



Patent Application Publication  Dec. 21,2017 Sheet 3 of 4 US 2017/0360361 A1

300
\ O Boundary Bl
— Linear regression of Bl
O Boundary BYye
— — Linear regression of BY ¢
0.6 .
0.55F i

0.2 0.25 0.3 0.35
302 " /yMean respiratory frequency ® [Hz]

FIG. 3



Patent Application Publication  Dec. 21,2017 Sheet 4 of 4 US 2017/0360361 A1

Method
400

402\ Generate output signals that convey information
related to a respiratory wave amplitude metric.

'

404
N\ Transform the information
conveyed by the output signals.

'

406
AN Determine individual frequencies of
respiratory wave amplitude metric peaks.

'

408
N Determine an aggregated frequency.

'

Determine spectral boundaries.

'

Determine sleep stage.

FIG. 4



US 2017/0360361 Al

SYSTEM AND METHOD FOR
DETERMINING SPECTRAL BOUNDARIES
FOR SLEEP STAGE CLASSIFICATION

BACKGROUND

1. Field

[0001] The present disclosure pertains to a system and
method for determining spectral boundaries for sleep stage
classification.

2. Description of the Related Art

[0002] Assessment of sleep quality based on monitoring
sleep and wake phases during bedtime is known. Over-night
polysomnography (PSG) recordings with manually scored
hypnograms (done by sleep technicians) for analysis of sleep
architecture and occurrence of specific sleep-related prob-
lems is known. The analysis is performed based on fixed
spectral boundaries that are not individually adjusted for a
particular subject.

SUMMARY

[0003] Accordingly, one or more aspects of the present
disclosure relate to a system configured to determine spec-
tral boundaries for sleep stage classification in a subject. The
system comprises one or more sensors, one or more physical
computer processors, and/or other components. The one or
more sensors are configured to generate output signals that
convey information related to a respiratory wave amplitude
metric for a sleep session of the subject. The one or more
physical computer processors are configured by computer
readable instructions to transform the information conveyed
by the output signals in individual epochs of time into a
frequency domain; determine individual frequencies of
respiratory wave amplitude metric peaks within the indi-
vidual epochs of time; determine an aggregated frequency of
the respiratory wave amplitude metric peaks by aggregating
the individual frequencies of the respiratory wave metric
peaks within the individual epochs of time; determine the
spectral boundaries for sleep stage classification for the
subject based on the aggregated frequency; and determine
sleep stages of the subject during individual epochs of time
in a subsequent sleep session as a function of the aggregated
frequency of respiratory wave amplitude metric peaks using
the determined spectral boundaries.

[0004] Another aspect of the present disclosure relates to
a method to determine spectral boundaries for sleep stage
classification in a subject with a determination system. The
determination system comprises one or more sensors, one or
more physical computer processors, and/or other compo-
nents. The method comprises generating, with the one or
more sensors, output signals that convey information related
10 a respiratory wave amplitude metric for a sleep session of
the subject; transforming, with the one or more physical
computer processors, the information conveyed by the out-
put signals in individual epochs of time into a frequency
domain; determining, with the one or more physical com-
puter processors, individual frequencies of respiratory wave
amplitude metric peaks within the individual epochs of time;
determining, with the one or more physical computer pro-
cessors, an aggregated frequency of the respiratory wave
amplitude metric peaks by aggregating the individual fre-
quencies of the respiratory wave metric peaks within the
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individual epochs of time; determining, with the one or more
physical computer processors, the spectral boundaries for
sleep stage classification for the subject based on the aggre-
gated frequency; and determining, with the one or more
physical computer processors, sleep stages of the subject
during individual epochs of time in a subsequent sleep
session as a function of the aggregated frequency of respi-
ratory wave amplitude metric peaks using the determined
spectral boundaries.

[0005] Still another aspect of the present disclosure relates
to a system configured to determine spectral boundaries for
sleep stage classification in a subject. The system comprises
means for generating output signals that convey information
related to a respiratory wave amplitude metric for a sleep
session of the subject; means for transforming the informa-
tion conveyed by the output signals in individual epochs of
time into a frequency domain; means for determining indi-
vidual frequencies of respiratory wave amplitude metric
peaks within the individual epochs of time; means for
determining an aggregated frequency of the respiratory
wave amplitude metric peaks by aggregating the individual
frequencies of the respiratory wave metric peaks within the
individual epochs of time; means for determining the spec-
tral boundaries for sleep stage classification for the subject
based on the aggregated frequency; and means for deter-
mining sleep stages of the subject during individual epochs
of time in a subsequent sleep session as a function of the
aggregated frequency of respiratory wave amplitude metric
peaks using the determined spectral boundaries.

[0006] These and other objects, features, and characteris-
tics of the present disclosure, as well as the methods of
operation and functions of the related elements of structure
and the combination of parts and economies of manufacture,
will become more apparent upon consideration of the fol-
lowing description and the appended claims with reference
to the accompanying drawings, all of which form a part of
this specification, wherein like reference numerals designate
corresponding parts in the various figures. It is to be
expressly understood, however, that the drawings are for the
purpose of illustration and description only and are not
intended as a definition of the limits of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 illustrates a system configured to determine
spectral boundaries for sleep stage classification in a subject.
[0008] FIG. 2 illustrates a plot of average normalized
power spectral density as a function of frequency.

[0009] FIG. 3 illustrates an example of spectral boundaries
of a high frequency band determined for an individual
subject using a linear regression model.

[0010] FIG. 4 illustrates a method to determine spectral
boundaries for sleep stage classification in a subject with a
determination system.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

G
a

[0011] As used herein, the singular form of “a”, “an”, and
“the” include plural references unless the context clearly
dictates otherwise. As used herein, the statement that two or
more parts or components are “coupled” shall mean that the
parts are joined or operate together either directly or indi-
rectly, i.e., through one or more intermediate parts or com-
ponents, so long as a link occurs. As used herein, “directly
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coupled” means that two elements are directly in contact
with each other. As used herein, “fixedly coupled” or “fixed”
means that two components are coupled so as to move as one
while maintaining a constant orientation relative to each
other.

[0012] As used herein, the word “unitary” means a com-
ponent is created as a single piece or unit. That is, a
component that includes pieces that are created separately
and then coupled together as a unit is not a “unitary”
component or body. As employed herein, the statement that
two or more parts or components “engage” one another shall
mean that the parts exert a force against one another either
directly or through one or more intermediate parts or com-
ponents. As employed herein, the term “number” shall mean
one or an integer greater than one (i.e., a plurality).

[0013] Directional phrases used herein, such as, for
example and without limitation, top, bottom, left, right,
upper, lower, front, back, and detivatives thereof, relate to
the orientation of the elements shown in the drawings and
are not limiting upon the claims unless expressly recited
therein.

[0014] FIG. 1 illustrates a system 10 configured to deter-
mine spectral boundaries for sleep stage classification in a
subject 12. The spectral boundaries and/or other information
related to respiratory activity in subject 12 may be used for
sleep stage classification. This is because respiratory activity
is associated with autonomic nervous activity (ANA) and
breathing control which vary during sleep and wakefulness.
The information related to respiratory activity that is used
for sleep stage classification may be determined based on a
spectral analysis (e.g., using the spectral boundaries) of
respiratory effort by subject 12, for example. The spectral
analysis may include determining and/or otherwise analyz-
ing spectral powers in different frequency bands (bounded
by the determined spectral boundaries) including a very low
frequency (VLF) band, a low frequency (LF) band, and a
high frequency (HF) band, of respiratory signals from sub-
ject 12, and/or other analysis. Spectral boundaries deter-
mined by system 10 that are customized for subject 12 may
facilitate sleep stage classification with higher accuracy
relative to classifications made based on static, fixed spectral
boundaries that are not unique to subject 12. In some
implementations, system 10 comprises one or more of a
sensor 16, a processor 20, electronic storage 22, a user
interface 24, and/or other components.

[0015] Sensor 16 is configured to generate output signals
conveying information related to respiratory activity in
subject 12, cardiac activity in subject 12, movement of
subject 12, and/or other information. The respiratory activ-
ity, cardiac activity, and/or movement of subject 12 may
correspond to a respiratory effort of subject 12 and/or other
characteristics of subject 12. The respiratory activity, cardiac
activity, and/or movement of subject 12 may correspond to
a sleep stage of subject 12 and/or other characteristics of
subject 12. The sleep stage of subject 12 may be associated
with rapid eye movement (REM) sleep, non-rapid eye
movement (NREM) sleep, and/or other sleep. Sensor 16
may comprise one or more sensors that measure such
parameters directly and/or indirectly. For example, one or
more sensors 16 may generate an output based on a heart
rate of subject 12 (e.g., sensor 16 may be a heart rate sensor
located on the chest of subject 12, and/or be configured as
a bracelet on a wrist of subject 12, and/or be located on
another limb of subject 12), movement of subject 12 (e.g.,
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sensor 16 may include a bracelet around the wrist and/or
ankle of subject 12 with an accelerometer such that sleep
may be analyzed using actigraphy signals), respiration of
subject 12, and/or other characteristics of subject 12. In
some embodiments, respiratory signals may be measured
directly, for example with a chest belt and/or a nose cannula,
and/or may be derived from other signals such as photopl-
ethysmography (PPG) signals and/or heart rate, which can
be easily be measured, for example, with a wrist-worn
sensor device. Although sensor 16 is illustrated at a single
location near subject 12, this is not intended to be limiting.
Sensor 16 may include sensors disposed in a plurality of
locations, such as for example, within (or in communication
with) user interface 24, coupled (in a removable manner)
with clothing of subject 12, worn by subject 12 (e.g., as a
headband, wristband, etc.), positioned to point at subject 12
while subject 12 sleeps (e.g., a camera that conveys output
signals related to movement of subject 12), and/or in other
locations.

[0016] In some embodiments, sensor 16 is configured to
generate output signals conveying information related to an
amplitude and/or power of cardiac, respiratory, movement,
and/or other (e.g., respiratory effort) signals from subject 12.
The output signals may fluctuate with cardiac, respiratory,
and/or movement signal wave amplitudes and/or powers as
a function of time. In some embodiments, sensor 16 is
configured to generate output signals that convey informa-
tion related to a specific cardiac, respiratory, and/or move-
ment wave amplitude metric for a sleep session of subject
12. This specific cardiac, respiratory, and/or movement wave
amplitude metric may be and/or include a power spectral
density and/or other metrics of the cardiac, respiratory,
movement, and/or other (e.g., respiratory effort) signals
from subject 12, for example.

[0017] Processor 20 is configured to provide information
processing capabilities in system 10. As such, processor 20
may comprise one or more of a digital processor, an analog
processor, a digital circuit designed to process information,
an analog circuit designed to process information, a state
machine, and/or other mechanisms for electronically pro-
cessing information. Although processor 20 is shown in FIG.
1 as a single entity, this is for illustrative purposes only. In
some embodiments, processor 20 may comprise a plurality
of processing units. These processing units may be physi-
cally located within the same device, or processor 20 may
represent processing functionality of a plurality of devices
operating in coordination.

[0018] As shown in FIG. 1, processor 20 is configured to
execlte one or more computer program components. The
one or more computer program components may comprise
one or more of a respiratory activity component 30, a
frequency component 32, a spectral boundary component
34, a sleep stage component 36, and/or other components.
Processor 20 may be configured to execute components 30,
32, 34, and/or 36 by software; hardware; firmware; some
combination of software, hardware, and/or firmware; and/or
other mechanisms for configuring processing capabilities on
processor 20.

[0019] Tt should be appreciated that although components
30, 32, 34, and 36 are illustrated in FIG. 1 as being
co-located within a single processing unit, in embodiments
in which processor 20 comprises multiple processing units,
one or more of components 30, 32, 34, and/or 36 may be
located remotely from the other components. The descrip-
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tion of the functionality provided by the different compo-
nents 30, 32, 34, and/or 36 described below is for illustrative
purposes, and is not intended to be limiting, as any of
components 30, 32, 34, and/or 36 may provide more or less
functionality than is described. For example, one or more of
components 30, 32, 34, and/or 36 may be eliminated, and
some or all of its functionality may be provided by other
components 30, 32, 34, and/or 36. As another example,
processor 20 may be configured to execute one or more
additional components that may perform some or all of the
functionality attributed below to one of components 30, 32,
34, and/or 36.

[0020] In some embodiments, respiratory activity compo-
nent 30 is configured to facilitate low pass filtering (e.g., a
107 order Butterworth filter with a cut-off frequency of
about 0.7 Hz) and then normalization (e.g., by subtracting a
median peak-trough amplitude estimated over an entire
sleep session to remove a signal baseline) of the output
signals (e.g.. respiratory effort signals) from sensors 16.
Then, respiratory activity component 30 is configured to
transform the information conveyed by the filtered and/or
normalized output signals into a frequency domain. Respi-
ratory activity component 30 is configured to separate the
output signals into signal segments that correspond to indi-
vidual time epochs of information. The length of the indi-
vidual time epochs may be determined by respiratory activ-
ity component 30, may be determined at manufacture,
and/or may be determined by other methods. In some
embodiments, an individual time epoch may be about 30
seconds long. In some embodiments, respiratory activity
component 30 is configured to transform the output signals
(or some derivation thereof) into a frequency domain epoch
by epoch to create transformed signal segments. In some
embodiments, creating the transformed signal segments may
include performing a Fourier Transform, a Fast Fourier
Transform, or some other transform on segments of the
output signal (or derivation thereof) that correspond to the
individual epochs of time.

[0021] In some embodiments, respiratory activity compo-
nent 30 is configured to determine one or more respiratory
(effort) wave amplitude metrics based on the transformed
signal segments. Respiratory (effort, e.g., and/or cardiac
and/or movement) wave amplitudes may be indicative of
respiratory wave power. In some embodiments, respiratory
activity component 30 is configured to determine a respira-
tory wave amplitude metric such as power spectral density
and/or other metrics. Power spectral density describes how
the strength of a respiratory wave signal is distributed in a
frequency domain. Power spectral density describes power
contributed to a wave, by a frequency, per unit frequency.
Power spectral density describes a rate of variance in char-
acteristics of a wave as a function of frequency. An integral
of the power spectral density over a given frequency band
gives an average power in a signal over that frequency band,
for example. In some embodiments, respiratory activity
component 30 is configured to determine a respiratory wave
amplitude metric such as power spectral density, average
power spectral density, average normalized power spectral
density, and/or other metrics. Such determinations may be
made for individual time epochs that correspond to the
individual transformed signal segments (e.g., on a per-
segment basis).

[0022] In some embodiments, within individual trans-
formed (respiratory effort) signal segments, the logarithms
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of spectral powers within the VLF, the LF, and the HF bands
may be determined by respiratory activity component 30 as
well as a ratio of LF and HF band spectral powers, and/or
other information. The power spectral density of the indi-
vidual bands may be normalized by dividing the power
spectral density of an individual band by the total spectral
power in the LF and HF bands. In some embodiments,
respiratory activity component 30 is configured to transform
30 second power spectral density epochs into the frequency
domain, normalize the 30 second power spectral density
epochs, average the normalized 30 second power spectral
density epochs, and/or analyze the output signals in other
ways.

[0023] By way of a non-limiting example, FIG. 2 illus-
trates a plot 200 of average normalized power spectral
density 202 as a function of frequency 204 (e.g., in the
frequency domain) for an individual 30 second (for
example) epoch (e.g., an individual transformed signal seg-
ment). FI1G. 2 illustrates the VLF band 206, the LF band 208,
and the HF band 210 at traditional fixed boundary positions
(e.g., VLF is typically considered to be 0.01-0.05 Hz, LF is
typically considered to be 0.05-0.15 Hz, and HF is typically
considered to be 0.15-0.5 Hz). FIG. 2 illustrates the nor-
malized power spectral density of a sleep epoch 212 and a
wake epoch 214. As described below, spectral boundaries
determined for subject 12 correspond to locations 216, 218
where the average normalized power spectral density of
wake epoch 214 and sleep epoch 212 cross over each other.
The frequencies that correspond to locations 216 and 218
determined for subject 12 are not the same as the traditional
fixed boundary frequencies of the HF band (thus determin-
ing sleep stages based on spectral boundaries that corre-
spond to locations 216 and 218, instead of the traditional
fixed boundary frequencies of the HF band, will produce
more accurate sleep stage determinations for subject 12).

[0024] Frequency component 32 (FIG. 1) is configured to
determine individual frequencies of respiratory (effort) wave
amplitude metric peaks (e.g., average normalized power
spectral density peaks) within the individual epochs of time
(e.g., within individual transformed signal segments). For
example, in FIG. 2, frequency component 32 is configured
to determine the frequency of peak 220 (e.g., about 0.26 Hz)
for the 30 second (for example) epoch of the transformed
signal segment shown in FIG. 2. Frequency component 32
is configured to determine an aggregated frequency of the
respiratory wave amplitude metric peaks by aggregating the
individual frequencies of the respiratory wave metric peaks
(e.g., peaks 220) within the individual epochs of time (e.g.,
multiple similar epochs/transformed signal segments to the
one shown in FIG. 2). As used herein, an aggregated peak
frequency refers to a value for frequency determined from
consideration and/or combination of the peak frequency
values of the respiratory wave amplitude metric of multiple
transformed signal segments. For example, the aggregated
peak frequency may be determined through one or more of
averaging peak frequencies of the multiple transformed
signal elements, a summation of one or more characteristics
of the multiple transformed signal elements, graphically
overlaying multiple transformed signal elements and visu-
ally and/or graphically determining a peak frequency, and/or
other methods. In some embodiments, determining the
aggregated frequency of the respiratory wave amplitude
metric peaks comprises averaging frequencies of average
normalized power spectral density peaks (e.g., peak 220 in
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FIG. 2) from the individual epochs of time. In some embodi-
ments, an average frequency of the power spectral density
peaks from individual thirty second epochs of time during
the sleep session is a mean respiratory frequency, w, of
subject 12 for a sleep session. In some embodiments,
frequency component 32 (FIG. 1) is configured to determine
power spectral density peaks (e.g., peaks 220) only within
the traditional LF and HF bands (e.g., 0.01-0.5 Hz) because
the respiration frequency of healthy people typically lies
with this range.

[0025] Spectral boundary component 34 (FIG. 1) is con-
figured to determine spectral boundaries (e.g., that corre-
spond to the frequencies of locations 216 and 218 in FIG. 2)
in subject 12. The spectral boundaries may correspond to
different levels of alertness (e.g., different sleep stages) in
subject 12. For example, the spectral boundaries may define,
describe, and/or be related to sleep stages such as light REM
sleep, deep NREM sleep, and/or other sleep stages.

[0026] The spectral boundaries (B) are determined based
on the aggregated frequency (o) determined by frequency
component 32, and/or other information. In some embodi-
ments, spectral boundary component 34 (FIG. 1) is config-
ured to determine upper (B*,,) and lower (B’,,) spectral
boundaries 290, 292 of the HF band (e.g., corresponding to
frequencies of locations 218 and 216 in FIG. 2) of subject 12
(FIG. 1). The lower spectral boundary 290 of the HF band
may be the same as the upper spectral boundary of the LF
band (B*, 7). Spectral boundary component 34 is configured
such that the upper and lower boundaries 270, 272 of the
VLF band remain fixed at 0.01-0.05 Hz (which means that
the lower boundary of the LF band, B, ., is also 0.05 Hz).
In some embodiments, the upper (B¥,,.) and lower (B',,)
spectral boundaries of the HF band are determined for
subject 12 based on the aggregated (respiratory) frequency
co of subject 12 using linear regression and regression
coeflicients according to the equation:

B=aw+b

where B is an individual boundary for a subject 12 (e.g.,
B=B*, or B=B’,), o is the aggregated (mean respiratory)
frequency determined by frequency component 32, and a
and b are regression coefficients (e.g., slope and intercept).
Regression coeflicients a and b may include upper regres-
sion coeflicients a* and b* used when determining B, and
lower regression coefficients a’ and b’ used when determin-
ing B’,,. By way of a non-limiting example, the equation
B /=a"w+b” may be used to determine the upper boundary
of the HF band in subject 12 and the equation B’ ,=a'm+b’
may be used to determine the lower boundary of the HF
band in subject 12.

[0027] The regression coeflicients a and b are determined
by spectral boundary component 34 based on sleep infor-
mation obtained from a population of users. The two regres-
sion coeflicients a and b are determined using one or more
methods such as the least square estimation (LSE) method,
maximum likelihood estimation (MSE), and/or other meth-
ods, based on the equations:

n r n
nZ w; B; — Z w; ) B
i=1 i=1

i
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-continued

where B={B,,B,,...,B,...,B,}(=1,2,...,n)isa
set of previously determined boundaries from n different
subjects in a population of subjects, and w={w,, w,, ..., 0,
..oy w,} (FL, 2, .. ., n) are the corresponding previously
determined mean respiratory frequencies from n subjects
(e.g., determined as described above for subject 12 for the
individual subjects in the population). By way of a non-
limiting example, upper regression coefficients a* and b*
may be determined based on upper boundaries (e.g., B“;z)
previously determined for the individual subjects in the
population of subjects and lower regression coefficients a’
and b’ may be determined based on lower boundaries (e.g.,
B’,,.) previously determined for the individual subjects in
the population of subjects. In some embodiments, the pre-
viously determined information for the population of sub-
jects may be programmed at manufacture of system 10,
stored in electronic storage 22 and/or in other locations and
obtained by spectral boundary component 34, entered and/or
selected (e.g., by subject 12, a doctor, a caregiver, and/or
other users) via user interface 24, and/or determined in other
ways.

[0028] Sleep stage component 36 (FIG. 1) is configured to
determine sleep stages of subject 12. The sleep stages are
determined for individual epochs of time in a subsequent
sleep session as a function of the aggregated frequency of
respiratory wave amplitude metric peaks (w) using the
determined spectral boundaries (B*,, and B,,,). In some
embodiments, sleep stage component 34 is configured to
determine sleep stages based on the output signals from
sensors 16, the determined spectral boundaries, and/or other
information. For example, FIG. 2 illustrates traditional
upper and lower HF band spectral boundaries 280 and 282
and newly determined upper and lower HF band spectral
boundaries 290 and 292 determined specifically for subject
12 (FIG. 1). The subject 12 HF band 294 is narrower 296
than the traditional HF band 210. Determining sleep stages
based on spectral boundaries that correspond to locations
upper and lower boundaries 290 and 292, instead of the
traditional fixed upper and lower boundaries 280 and 282
will produce more accurate sleep stage determinations for
subject 12.

[0029] FIG. 3 illustrates an example of spectral boundaries
of the HF band determined for an individual subject 12 using
the linear regression model described above. FIG. 3 illus-
trates that boundaries for an individual subject 12 may be
linearly estimated based on the aggregated (mean respira-
tory) frequency w. FIG. 3 is a plot 300 of determined
boundary frequency 302 versus mean respiratory frequency
304. FIG. 3 shows upper HF band boundary determinations
306 as a function of w in subject 12 and a corresponding
linear regression 308, as well as determined lower HF band
boundary determinations 310 as a function of w in subject 12
and a corresponding linear regression 312.

[0030] Returning to FIG. 1, electronic storage 22 com-
prises electronic storage media that electronically stores
information. The electronic storage media of electronic
storage 22 may comprise one or both of system storage that
is provided integrally (i.e.. substantially non-removable)
with system 10 and/or removable storage that is removably
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connectable to system 10 via, for example, a port (e.g., a
USB port, a firewire port, etc.) or a drive (e.g., a disk drive,
etc.). Electronic storage 22 may comprise one or more of
optically readable storage media (e.g., optical disks, etc.),
magnetically readable storage media (e.g., magnetic tape,
magnetic hard drive, floppy drive, etc.), electrical charge-
based storage media (e.g., EPROM, RAM, etc.), solid-state
storage media (e.g., flash drive, etc.), and/or other electroni-
cally readable storage media. Electronic storage 22 may
store software algorithms, information determined by pro-
cessor 20, information received via user interface 24 and/or
external computing systems, and/or other information that
enables system 10 to function properly. Electronic storage
22 may be (in whole or in part) a separate component within
system 10, or electronic storage 22 may be provided (in
whole or in part) integrally with one or more other compo-
nents of system 10 (e.g., processor 20).

[0031] User interface 24 is configured to provide an inter-
face between system 10 and subject 12, and/or other users
through which subject 12 and/or other users may provide
information to and receive information from system 10. This
enables data, cues, results, and/or instructions and any other
communicable items, collectively referred to as “informa-
tion,” to be communicated between a user (e.g., subject 12)
and one or more of sensor 16, processor 20, and/or other
components of system 10. For example, adjusted spectral
boundaries may be displayed to a caregiver via user inter-
face 24.

[0032] Examples of interface devices suitable for inclu-
sion in user interface 24 comprise a keypad, buttons,
switches, a keyboard, knobs, levers, a display screen, a touch
screen, speakers, a microphone, an indicator light, an
audible alarm, a printer, a tactile feedback device, and/or
other interface devices. In some embodiments, user interface
24 comprises a plurality of separate interfaces. In some
embodiments, user interface 24 comprises at least one
interface that is provided integrally with processor 20 and/or
other components of system 10.

[0033] Tt is to be understood that other communication
techniques, either hard-wired or wireless, are also contem-
plated by the present disclosure as user interface 24. For
example, the present disclosure contemplates that user inter-
face 24 may be integrated with a removable storage interface
provided by electronic storage 22. In this example, infor-
mation may be loaded into system 10 from removable
storage (e.g., a smart card, a flash drive, a removable disk,
etc.) that enables the user(s) to customize the implementa-
tion of system 10. Other exemplary input devices and
techniques adapted for use with system 10 as user interface
24 comprise, but are not limited to, an RS-232 port, RF link,
an IR link, modem (telephone, cable or other). In short, any
technique for communicating information with system 10 is
contemplated by the present disclosure as user interface 24.
[0034] FIG. 4 illustrates a method 400 to determine spec-
tral boundaries for sleep stage classification in a subject with
a determination system. The determination system com-
prises one or more sensors, one or more physical computer
processors, and/or other components. The one or more
physical computer processors are configured to execute
computer program components. The computer program
components comprise a respiratory activity component, a
frequency component, a spectral boundary component, a
sleep stage component, and/or other components. The opera-
tions of method 400 presented below are intended to be
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illustrative. In some embodiments, method 400 may be
accomplished with one or more additional operations not
described, and/or without one or more of the operations
discussed. Additionally, the order in which the operations of
method 400 are illustrated in FIG. 4 and described below is
not intended to be limiting.

[0035] Insome embodiments, method 400 may be imple-
mented in one or more processing devices (e.g., a digital
processor, an analog processor, a digital circuit designed to
process information, an analog circuit designed to process
information, a state machine, and/or other mechanisms for
electronically processing information). The one or more
processing devices may include one or more devices execut-
ing some or all of the operations of method 400 in response
to instructions stored electronically on an electronic storage
medium. The one or more processing devices may include
one or more devices configured through hardware, firmware,
and/or software to be specifically designed for execution of
one or more of the operations of method 400.

[0036] At an operation 402, output signals conveying
information related to a respiratory wave amplitude metric
are generated. In some embodiments, the respiratory wave
amplitude metric is a power spectral density. In some
embodiments, operation 402 is performed by one or more
sensors the same as or similar to sensors 16 (shown in FIG.
1 and described herein).

[0037] At an operation 404, the information conveyed by
the output signals in individual epochs of time is trans-
formed into a frequency domain. In some embodiments,
operation 404 is performed by a processor component the
same as or similar to respiratory activity component 30
(shown in FIG. 1 and described herein).

[0038] At an operation 406, individual frequencies of
respiratory wave amplitude metric peaks within the indi-
vidual epochs of time are determined. In some embodi-
ments, operation 406 is performed by a processor compo-
nent the same as or similar to frequency component 32
(shown in FIG. 1 and described herein).

[0039] At an operation 408, an aggregated frequency of
the respiratory wave amplitude metric peaks is determined
by aggregating the individual frequencies of the respiratory
wave metric peaks within the individual epochs of time. In
some embodiments, determining the aggregated frequency
of the respiratory wave amplitude metric peaks comprises
averaging frequencies of power spectral density peaks from
the individual epochs of time. In some embodiments, an
average frequency of the power spectral density peaks from
individual thirty second epochs of time during the sleep
session is a mean respiratory frequency of the subject. In
some embodiments, operation 408 is performed by a pro-
cessor component the same as or similar to frequency
component 32 (shown in FIG. 1 and described herein).
[0040] At an operation 410, spectral boundaries are deter-
mined. The spectral boundaries are determined based on the
aggregated frequency. In some embodiments, the spectral
boundaries are determined based on the mean respiratory
frequency using linear regression. In some embodiments,
operation 410 is performed by a processor component the
same as or similar to spectral boundary component 34
(shown in FIG. 1 and described herein).

[0041] At an operation 412, sleep stages of the subject are
determined. The sleep stages are determined during indi-
vidual epochs of time in a subsequent sleep session as a
function of the aggregated frequency of respiratory wave
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amplitude metric peaks using the determined spectral
boundaries. In some embodiments, operation 412 is per-
formed by a processor component the same as or similar to
sleep stage component 36 (shown in FIG. 1 and described
herein).

[0042] In the claims, any reference signs placed between
parentheses shall not be construed as limiting the claim. The
word “comprising” or “including” does not exclude the
presence of elements or steps other than those listed in a
claim. In a device claim enumerating several means, several
of these means may be embodied by one and the same item
of hardware. The word “a” or “an” preceding an element
does not exclude the presence of a plurality of such ele-
ments. In any device claim enumerating several means,
several of these means may be embodied by one and the
same item of hardware. The mere fact that certain elements
are recited in mutually different dependent claims does not
indicate that these elements cannot be used in combination.
[0043] Although the description provided above provides
detail for the purpose of illustration based on what is
currently considered to be the most practical and preferred
embodiments, it is to be understood that such detail is solely
for that purpose and that the disclosure is not limited to the
expressly disclosed embodiments, but, on the contrary, is
intended to cover modifications and equivalent arrange-
ments that are within the spirit and scope of the appended
claims. For example, it is to be understood that the present
disclosure contemplates that, to the extent possible, one or
more features of any embodiment can be combined with one
or more features of any other embodiment.

1. A system configured to determine spectral boundaries
for sleep stage classification in a subject, the system com-
prising:

one or more sensors configured to generate output signals

that convey information related to a respiratory wave
amplitude metric for a sleep session of the subject; and
one or more physical computer processors configured by
computer readable instructions to:
transform the information conveyed by the output
signals in individual epochs of time into a frequency
domain;
determine individual frequencies of respiratory wave
amplitude metric peaks within the individual epochs
of time;

determine an aggregated frequency of the respiratory

wave amplitude metric peaks by aggregating the indi-

vidual frequencies of the respiratory wave metric peaks

within the individual epochs of time;

determine the spectral boundaries for sleep stage clas-
sification for the subject based on the aggregated
frequency; and

determine sleep stages of the subject during individual

epochs of time in a subsequent sleep session as a
function of the aggregated frequency of respiratory
wave amplitude metric peaks using the determined
spectral boundaries.

2. The system of claim 1, wherein the one or more sensors
and the one more physical computer processors are config-
ured such that the respiratory wave amplitude metric is a
power spectral density.

3. The system of claim 2, wherein the one or more
physical computer processors are configured such that deter-
mining the aggregated frequency of the respiratory wave
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amplitude metric peaks comprises averaging frequencies of
power spectral density peaks from the individual epochs of
time.
4. The system of claim 3, wherein the one or more
physical computer processors are configured such that an
average frequency of the power spectral density peaks from
individual thirty second epochs of time during the sleep
session is a mean respiratory frequency of the subject.
5. The system of claim 4, wherein the one or more
physical computer processors are configured such that the
spectral boundaries are determined based on the mean
respiratory frequency using linear regression.
6. A method to determine spectral boundaries for sleep
stage classification in a subject with a determination system,
the determination system comprising one or more sensors
and one or more physical computer processors, the method
comprising;
generating, with the one or more sensors, output signals
that convey information related to a respiratory wave
amplitude metric for a sleep session of the subject;

transforming, with the one or more physical computer
processors, the information conveyed by the output
signals in individual epochs of time into a frequency
domain;

determining, with the one or more physical computer

processors, individual frequencies of respiratory wave
amplitude metric peaks within the individual epochs of
time;

determining, with the one or more physical computer

processors, an aggregated frequency of the respiratory
wave amplitude metric peaks by aggregating the indi-
vidual frequencies of the respiratory wave metric peaks
within the individual epochs of time;

determining, with the one or more physical computer

processors, the spectral boundaries for sleep stage
classification for the subject based on the aggregated
frequency; and

determining, with the one or more physical computer

processors, sleep stages of the subject during individual
epochs of time in a subsequent sleep session as a
function of the aggregated frequency of respiratory
wave amplitude metric peaks using the determined
spectral boundaries.

7. The method of claim 6, wherein the respiratory wave
amplitude metric is a power spectral density.

8. The method of claim 7, wherein determining the
aggregated frequency of the respiratory wave amplitude
metric peaks comprises averaging frequencies of power
spectral density peaks from the individual epochs of time.

9. The method of claim 8, wherein an average frequency
of the power spectral density peaks from individual thirty
second epochs of time during the sleep session is a mean
respiratory frequency of the subject.

10. The method of claim 9, wherein the spectral bound-
aries are determined based on the mean respiratory fre-
quency using linear regression.

11. (canceled)

12. (canceled)

13. (canceled)

14. (canceled)

15. (canceled)
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