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7) ABSTRACT

The present disclosure pertains to a reference slow wave
activity metric determination system. Instead of collecting
information during sleep sessions without stimulation (e.g,,
baseline and/or sham sessions) to determine a reference
amount of slow wave activity in a subject, the present
system is configured to build a model between stimulation
properties and slow wave enhancement, and determine the
reference amount of slow wave activity in the subject (e.g,,
corresponding to what would occur during baseline sleep
and/or sham sessions) using the model. Advantageously, this
approach does not require performance of baseline and/or
sham sleep sessions, and enables personalization of the
reference amount of slow wave activity, which dynamically
increases its accuracy as more information is collected.
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SYSTEM AND METHOD FOR
DETERMINING REFERENCE SLOW WAVE
ACTIVITY IN A SUBJECT

BACKGROUND

1. Field

[0001] The present disclosure pertains to a system and
method for determining a reference slow wave activity
(SWA) metric for a subject using information from sleep
sessions with SWA enhancing stimulation provided to the
subject.

2. Description of the Related Art

[0002] Systems for monitoring sleep are known. The
restorative value of sleep can be increased by delivering
appropriately timed auditory stimulation during deep sleep
to enhance sleep slow waves. Typically, the restorative value
of sleep is determined based on sham/baseline nights of
sleep where no stimulation is provided to a subject. The
present disclosure overcomes deficiencies in prior art sys-
tems.

SUMMARY

[0003] Accordingly, one or more aspects of the present
disclosure relate to a reference slow wave activity metric
determination system. The system comprises one or more
stimulators, one or more sensors, one or more hardware
processors, and/or other components. The one or more
stimulators are configured to provide stimulation to a sub-
ject. The one or more sensors are configured to generate
output signals conveying information related to slow wave
activity in the subject and stimulation provided to the subject
during sleep sessions. The one or more hardware processors
operatively communicate with the one or more stimulators
and the one or more sensors. The one or more hardware
processors are configured by machine-readable instructions
to: control the one or more stimulators to provide stimula-
tion to the subject during the sleep sessions according to a
predetermined therapy regime; determine a sleep session
slow wave activity metric and a sleep session stimulation
metric for a given sleep session based on the output signals;
compare the sleep session slow wave activity metric to a
reference slow wave activity metric determined based on
prior sleep sessions where stimulation was provided to the
subject; and determine an updated reference slow wave
activity metric based on the comparison and the sleep
session stimulation metric.

[0004] Yet another aspect of the present disclosure relates
to a reference slow wave activity metric determination
method. The method is performed with a determination
system. The determination system comprises one or more
stimulators, one or more sensors, one or more hardware
processors, and/or other components. The method com-
prises: controlling, with the one or more hardware proces-
sors, the one or more stimulators to provide stimulation to a
subject during sleep sessions according to a predetermined
therapy regime; generating, with the one or more sensors,
output signals conveying information related to slow wave
activity in the subject and stimulation provided to the subject
during sleep sessions; determining, with the one or more
hardware processors, a sleep session slow wave activity
metric and a sleep session stimulation metric for a given
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sleep session based on the output signals; comparing, with
the one or more hardware processors, the sleep session slow
wave activity metric to a reference slow wave activity metric
determined based on prior sleep sessions where stimulation
was provided to the subject; and determining, with the one
or more hardware processors, an updated reference slow
wave activity metric based on the comparison and the sleep
session stimulation metric.

[0005] Still another aspect of present disclosure relates to
a reference slow wave activity metric determination system.
The system comprises: means for providing stimulation to a
subject during sleep sessions; means for controlling the
means for providing stimulation to provide stimulation to
the subject during sleep sessions according to a predeter-
mined therapy regime; means for generating output signals
conveying information related to slow wave activity in the
subject and stimulation provided to the subject during sleep
sessions; means for determining a sleep session slow wave
activity metric and a sleep session stimulation metric for a
given sleep session based on the output signals; means for
comparing the sleep session slow wave activity metric to a
reference slow wave activity metric determined based on
prior sleep sessions where stimulation was provided to the
subject; and means for determining an updated reference
slow wave activity metric based on the comparison and the
sleep session stimulation metric.

[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 reference slow wave activity
metric determination system.

[0008] FIG. 2 illustrates an example of the operations
performed by a therapy component of a processor of the
system.

[0009] FIG. 3 illustrates cumulative slow wave activity
(e.g., the sleep session SWA metric) enhancement for a
given number of tones played (e.g., the sleep session stimu-
lation metric) during individual sleep sessions.

[0010] FIG. 4 illustrates a summary of the operations
performed by the system.

[0011] FIG. 5 illustrates a reference slow wave activity
metric determination method.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[T
a

[0012] 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.

[0013] 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).

[0014] Directional phrases used herein, such as, for
example and without limitation, top, bottom, left, right,
upper, lower, front, back, and derivatives thereof, relate to
the orientation of the elements shown in the drawings and
are not limiting upon the claims unless expressly recited
therein.

[0015] FIG. 1 illustrates a reference slow wave activity
(SWA) metric determination system 10. Instead of collecting
information during sleep sessions without stimulation (e.g.,
baseline and/or sham sessions) to determine a reference
amount of SWA in a subject 12, system 10 is configured to
build a model between stimulation properties and slow wave
enhancement based on information generated during sleep
sessions where stimulation is delivered to subject 12, and
determine the reference amount of SWA in the subject (e.g.,
corresponding to what would occur during baseline sleep
and/or sham sessions) using the model. Advantageously, this
approach does not require performance of baseline and/or
sham sleep sessions, and enables personalization of the
reference amount of SWA, which dynamically increases its
accuracy as more information is collected.

[0016] System 10 is configured such that subject 12 and/or
other users receive feedback on the enhancement effect of
stimulation after individual sleep sessions where system 10
is used. Typically, such feedback is given in terms of the
increase in a metric related to SWA relative to a reference
level of SWA (e.g., a level of SWA that occurred in one or
more baseline sleep sessions, or sleep sessions where no
stimulation was provided). Typically, the reference amount
of SWA can be personalized based on sham and/or baseline
sleep sessions by a given individual, or derived from demo-
graphically (e.g. age range and gender) matched data. Typi-
cally, personalizing a reference SWA metric requires a user
to record sleep sessions with a system where no stimulation
is provided. To cope with night to night variability, periodic
baseline sessions would need to be scheduled and be pro-
posed to the user who needs to be informed of when baseline
sleep is required. However knowing that a particular sleep
session will not have stimulation may influence the user and
compromise the integrity of the data (e.g., in the sense that
the sleep session may not accurately reflect typical baseline
sleep). In addition, a user may simply refuse to participate in
recording baseline sleep sessions.

[0017] Using demographically (e.g., age range and/or gen-
der) matched data to set reference SWA metric values has the
advantage of removing (or at least decreasing) the need to
ask a user to perform baseline recordings. However, this
approach requires a critical mass of data for the reference
SWA metric values from across a similar population of users
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to be meaningful and statistically appropriate. In addition,
reference SWA metric values determined in this way are less
personalized to individual users.

[0018] System 10 overcomes limitations of prior art sys-
tems by determining a reference SWA metric for subject 12
based on sleep sessions where stimulation is provided to
subject 12, without the need for sham/baseline sessions. In
some embodiments, system 10 includes one or more of a
sensory stimulator 16, a sensor 18, a processor 20, electronic
storage 22, a user interface 24, external resources 26, and/or
other components.

[0019] Sensory stimulator 16 is configured to provide
electric, magnetic, and/or sensory stimulation to subject 12.
Sensory stimulator 16 is configured to provide electric,
magnetic, and/or sensory stimulation to subject 12 prior to
a sleep session, during a sleep session, and/or at other times.
For example, sensory stimulator 16 may be configured to
provide stimuli to subject 12 during a sleep session to
facilitate a transition to a deeper stage of sleep, a lighter
stage of sleep, maintain sleep in a specific stage, and/or for
other purposes. In some embodiments, sensory stimulator 16
may be configured such that facilitating a transition between
deeper sleep stages and lighter sleep stages includes decreas-
ing sleep slow waves in subject 12, and facilitating a
transition between lighter sleep stages and deeper sleep
stages includes increasing sleep slow waves.

[0020] Sensory stimulator 16 is configured to facilitate
transitions between sleep stages and/or maintain sleep in a
specific stage through non-invasive brain stimulation and/or
other methods. Sensory stimulator 16 may be configured to
facilitate transitions between sleep stages and/or maintain
sleep in a specific stage through non-invasive brain stimu-
lation using electric, magnetic, and/or sensory stimuli. The
electric, magnetic, and/or sensory stimulation may include
auditory stimulation, visual stimulation, somatosensory
stimulation, electrical stimulation, magnetic stimulation, a
combination of different types of stimulation, and/or other
stimulation. The electric, magnetic, and/or sensory stimuli
include odors, sounds, visual stimulation, touches, tastes,
somato-sensory stimulation, haptic, electrical, magnetic,
and/or other stimuli. For example, acoustic tones may be
provided to subject 12 to facilitate transitions between sleep
stages and/or maintain sleep in a specific stage. Examples of
sensory stimulator 16 may include one or more of a sound
generator, a speaker, a music player, a tone generator, one or
more electrodes on the scalp of subject 12, a vibrator (such
as a piezoelectric member, for example) to deliver vibratory
stimulation, a coil generating a magnetic field to directly
stimulate the brain’s cortex, one or more light generators or
lamps, a fragrance dispenser, and/or other devices. In some
embodiments, sensory stimulator 16 is configured to adjust
the intensity, timing, and/or other parameters of the stimu-
lation provided to subject 12.

[0021] Sensor 18 is configured to generate output signals
conveying information related to brain activity, activity of
the central nervous system, activity of the peripheral ner-
vous system, and/or other activity in subject 12. In some
embodiments, sensor 18 is configured to generate output
signals conveying information related to SWA in subject 12.
In some embodiments, the information related to brain
activity, activity of the central nervous system, activity of the
peripheral nervous system, and/or other activity in subject
12 is the information related to SWA. In some embodiments,
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sensor 18 is configured to generate output signals conveying
information related to stimulation provided to subject 12
during sleep sessions.

[0022] Insome embodiments, the SWA of subject 12 may
correspond to a sleep stage 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. The sleep stage of subject 12 may be one
or more of NREM stage N1, stage N2, stage N3, or stage N4
sleep, REM sleep, and/or other sleep stages. In some
embodiments, NREM stage 3 and/or 4 may be slow wave
(e.g., deep) sleep. Sensor 18 may comprise one or more
sensors that measure such parameters directly. For example,
sensor 18 may include electroencephalogram (EEG) elec-
trodes configured to detect electrical activity along the scalp
of subject 12 resulting from current flows within the brain of
subject 12. Sensor 18 may comprise one or more sensors that
generate output signals conveying information related to
SWA of subject 12 indirectly. For example, one or more
sensors 18 may comprise a heart rate sensor that generates
an output based on a heart rate of subject 12 (e.g., sensor 18
may be a heart rate sensor than can be 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., sensor 18 may comprise
an accelerometer that can be carried on a wearable, such as
a bracelet around the wrist and/or ankle of subject 12 such
that sleep may be analyzed using actigraphy signals), res-
piration of subject 12, and/or other characteristics of subject
12.

[0023] In some embodiments, the one or more sensors
comprise one or more of the EEG electrodes, an electroocu-
logram (EOG) electrode, an actigraphy sensor, an electro-
cardiogram (EKG) electrode, a respiration sensor, a pressure
sensor, a vital signs camera, a photoplethysmogram (PPG)
sensor, a functional near infra-red sensor (fNIR), a tempera-
ture sensor, a microphone and/or other sensors configured to
generate output signals related to (e.g., the quantity, fre-
quency, intensity, and/or other characteristics of) the stimu-
lation provided to subject 12, and/or other sensors. Although
sensor 18 is illustrated at a single location near subject 12,
this is not intended to be limiting. Sensor 18 may include
sensors disposed in a plurality of locations, such as for
example, within (or in communication with) sensory stimu-
lator 16, coupled (in a removable manner) with clothing of
subject 12, worn by subject 12 (e.g., as a headband, wrist-
band, 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), coupled with a bed and/or other
furniture where subject 12 is sleeping, and/or in other
locations.

[0024] 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 (e.g., sensory stimula-
tor 16, user interface 24, etc.), or processor 20 may represent
processing functionality of a plurality of devices operating
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in coordination. In some embodiments, processor 20 may be
and/or be included in a computing device such as a desktop
computer, a laptop computer, a smartphone, a tablet com-
puter, a server, and/or other computing devices. Such com-
puting devices may run one or more electronic applications
having graphical user interfaces configured to facilitate user
interaction with system 10.

[0025] As shown in FIG. 1, processor 20 is configured to
execute one or more computer program components. The
computer program components may comprise software pro-
grams and/or algorithms coded and/or otherwise embedded
in processor 20, for example. The one or more computer
program components may comprise one or more of a
therapy component 30, a slow wave activity component 32,
a comparison component 34, an update 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, hard-
ware, and/or firmware; and/or other mechanisms for con-
figuring processing capabilities on processor 20.

[0026] It 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-
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.

[0027] Therapy component 30 is configured to control one
or more stimulators 16 to provide stimulation to subject 12
during sleep sessions. The one or more stimulators 16 are
controlled to provide stimulation according to a predeter-
mined therapy regime. Sleep slow waves can be enhanced
through (e.g. peripheral auditory, magpetic, electrical, and/
or other) stimulation delivered in NREM sleep. Enhancing
sleep slow waves increases the restorative value of sleep.
Therapy component 30 monitors the brain activity of subject
12 based on the output signals of sensors 18 (e.g., based on
an BEEG) and/or other information during sleep sessions and
controls the delivery of stimulation (e.g., auditory and/or
other stimulation) by stimulator 16 to control SWA in
subject 12 without disturbing sleep. In some embodiments,
therapy component 30 performs operations similar to and/or
the same as the operations described in U.S. patent appli-
cation Ser. No. 14/784,782 (entitled “System and Method
for Sleep Session Management Based on Slow Wave Sleep
Activity in a Subject”), Ser. No. 14/783,114 (entitled “Sys-
tem and Method for Enhancing Sleep Slow Wave Activity
Based on Cardiac Activity”), Ser. No. 14/784,746 (entitled
“Adjustment of Sensory Stimulation Intensity to Enhance
Sleep Slow Wave Activity”), Ser. No. 15/101,008 (entitled
“System and Method for Determining Sleep Stage Based on
Sleep Cycle™), and/or Ser. No. 15/100,435 (entitled “System
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and Method for Facilitating Sleep Stage Transitions™),
which are all individually incorporated by reference in their
entireties.

[0028] An example illustration of the operations 200 per-
formed by therapy component 30 (shown in FIG. 1) is
shown in FIG. 2. As shown in FIG. 2, EEG electrodes (e.g.,
sensors 18) generate 202 an EEG signal 204. The presence
of EEG patterns (high power in the alpha 8-12 Hz and/or
beta 15-30 Hz bands) indicative of (micro) arousals is
evaluated 206 by therapy component 30 (FIG. 1). If arousal-
like activity is detected 208 in the EEG during stimulation
therapy component 30 controls stimulator 16 to stop 210 the
stimulation. If the arousal-like activity is detected 212
outside the stimulation period, the onset of the next stimu-
lation is delayed 214. If no arousal-like activity is detected
216, then therapy component 30 attempts to detect 218 deep
sleep based on the power in the SWA band (0.5 to 4 Hz), the
temporal density of detected slow-waves, and/or other infor-
mation. Responsive to detection of sufficiently deep sleep
220, therapy component 30 is configured to control stimu-
lator 16 such that auditory (as in the example shown in FIG.
2 but this is not intended to be limiting) stimulation is
delivered 222. Therapy component 30 is configured such
that the volume (for example) of the auditory (for example)
stimulation is modulated by a real time EEG based estima-
tion of sleep depth that considers the sum of power ratios:
delta power/alpha power+delta power/beta power. Conse-
quently, the deeper sleep is, the louder the volume of the
stimulation becomes.

[0029] Returning to FIG. 1, slow wave activity component
32 is configured to determine a sleep session SWA metric, a
sleep session stimulation metric, and/or other information
for a given sleep session. The sleep session SWA metric is
a metric quantifying SWA in subject 12 for a given sleep
session. The sleep session stimulation metric quantifies the
stimulation provided to subject 12 during the given sleep
session. The sleep session SWA metric and the sleep session
stimulation metric are determined based on the output
signals and/or other information. In some embodiments, the
sleep session SWA metric comprises average power in a 0.5
to 4 Hz band of an EEG across NREM sleep for the given
sleep session, total accumulated power for the given sleep
session, total and/or cumulative SWA (CSWA) during
detected (and/or annotated e.g., by a technician) NREM
sleep during the sleep session, power in the slow oscillation
band (e.g., about 0.5 to about 2 Hz), count of slow wave
events, average amplitude of detected slow waves, and/or
other metrics. CSWA and/or other sleep session SWA met-
rics, for example, are related to the total restorative value of
sleep. In some embodiments, the sleep session stimulation
metric comprises a number of tones played during the given
sleep session, an average volume of tones played during the
given sleep session, number of tones within a defined
volume range (e.g. between about 45 to about 60 dB),
number of tones delivered within a pre-defined time interval
with respect to a detected slow-wave event (e.g., this can be
used to count the number of tones in-phase or out of phase),
number of tones per sleep cycle (e.g., a sleep cycle com-
prisess NREM/REM complete sleep periods and lasts for
approximately 90 minutes), and/or other metrics.

[0030] Comparison component 34 is configured to com-
pare the sleep session SWA metric to a reference SWA
metric. The reference SWA metric quantifies typical SWA in
subject 12 during sleep sessions where no stimulation is
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provided to subject 12. However, the reference SWA metric
is determined based on prior sleep sessions where stimula-
tion was provided to the subject (e.g., as described below).
In some embodiments, the reference SWA metric is deter-
mined based on a first determined slesp session SWA metric
for a first sleep session. In some embodiments, the reference
SWA metric is determined based on a combination of the
first determined SWA metric with additional previously
determined sleep session SWA metrics for previous sleep
sessions of subject 12.

[0031] In some embodiments, the sleep session SWA
metric is compared to the reference SWA metric to deter-
mine SWA enhancement in subject 12 for the given sleep
session. In some embodiments, the comparison and/or the
enhancement determination comprises determining a differ-
ence between the sleep session SWA metric and the refer-
ence SWA metric, and normalizing the difference by the
reference SWA metric.

[0032] For example. the sleep session SWA metric of
session “1” (SWA,) is used to estimate the enhancement in
the restorative quality of sleep (e.g., slow wave enhance-
ment) facilitated by system 10 by comparing SWA, to the
reference SWA metric (SWA). As described above, the
reference SWA metric (SWA) is representative of a baseline
sleep session where no stimulation was provided, but is
actually determined based on information from sleep ses-
sions where stimulation was provided. In some embodi-
ments, comparison component 34 is configured to cause the
information related to SWA enhancement to be displayed to
subject 12 and/or other users via user interface 24, external
resources 26, and/or other components of system 10. In this
example, the sleep session stimulation metric P, for session

(1341}

1” may be the number of tones played and/or other metrics.

[0033] Update component 36 is configured to determine
an updated reference SWA metric and/or other information.
The updated reference SWA metric is determined based on
the comparison, the sleep session stimulation metric, and/or
other information. Update component 36 is configured to
sequentially update the reference SWA metric with infor-
mation determined (e.g., the comparison, the sleep session
stimulation metric, and/or other information) for individual
additional sleep sessions of subject 12. For example, update
component 36 is configured to update the reference SWA
metric for subject 12 after each night of sleep of subject 12.

[0034] Update component 36 is configured such that the
properties (e.g., number of tones played) of the stimulation
(P,) in session “i”” and SWA, are used to refine the estimation
of SWA. In some embodiments, determining the updated
reference SWA metric (SWA) comprises plotting the SWA
enhancement relative to the sleep session stimulation metric
for the given sleep session with previous SWA enhance-
ments and corresponding previous sleep session stimulation
metrics for previous sleep sessions, fitting a curve to the
plotting, and determining the updated reference SWA metric
based on the curve fit. In some embodiments, the curve fit is
linear and/or non-linear.

[0035] Update component 36 is configured to update the
reference SWA metric (SWA) based on the sleep session
stimulation metric (P,) and the slow wave activity metric
SWA,; in session “1” according to the model described in
Equation 1 below. By way of a non-limiting example, the

model relating the SWA enhancement and stimulation prop-
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erties is linear (e.g., which may be generalized to non-linear
embodiments using a first order approximation and/or other
methods):

SWA; - SWA [0)]
100 ———— =kP; + A,
SWA

where the left side in Equation 1 represents the SWA
enhancement as a percentage, k is the slope of the linear
model and A is the offset. After completing N sleep sessions,
aset of results {(SWA,P)Ii=1, ..., N} (where i is the index
of the session) is available. Using the model in Equation 1,
the following (Equation 2 to Equation 4) holds:

1
100SWA; — - Pk-A=100;i=1,... N,
SWA

1 ©)
100sWA; -P; -1 — | [100
= N N N SWA — N
: o PRI
l00sway -Py -1, 100
1 u . “
M[:,k,A] = 1001y,
SWA
where M is the matrix
©)

100sw4, -P, -1

100SWAy —Py -1

()" is the matrix operator, and T, is the Nx1 column vector
with elements equal to 1. The matrix notation in Equation 4,
for example, facilitates sequential updating of the values of
the model parameters (1/SWA), k, and A as more informa-
tion from additional sleep sessions becomes available.

[0036] As described above, update component 36 is con-
figured to sequentially update (1/SWA), k, and A. Update
component 36 is configured such that information from the
“1”-th sleep session are grouped into a vector noted as:

x~[100SWA~P~1]7 (6)

and the corresponding values of model parameters are also
grouped into a vector noted as:

[ 1 }T M
wi=|—— ki, & .

SWA;

[0037] In some embodiments, comparison component 34

and/or update component 36 are configured such that, using
a recursive least squares approach and/or other approaches:

w=w,_ =T w,_-100), ®)

where I'; can also be sequentially estimated,

l";,lx;x‘-Tl"i— 1 (9)

=T - .
! 1 1+x;Tl"l_1x; '
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and T';=I,, 5 (identity matrix of size 3, e.g., the same dimen-
sion as x;). Comparison component 34 and/or update com-
ponent 36 are configured such that the matrix T, is the
inverse covariance matrix of the data {x,=[100SWA,-P,-1]
=1, ..., N}. Comparison component 34 and/or update
component 36 are configured such that the estimation w; is
then used to determine the enhancement metric for the next
sleep (i+1) session. Initial conditions (SWA, k,, A,) are set
to provide SWA enhancement estimations. In some embodi-
ments, update component 36 is configured to facilitate user
(e.g., subject 12 and/or other users such as doctors, nurses,
family members, care givers, researchers, etc.) entry and/or
selection of the initial conditions via user interface 24 and/or
other components of system 10. In some embodiments, the
initial conditions entered and/or selected by the user may be
determined based on expertise of the user, based on infor-
mation from baseline (e.g., where no stimulation was pro-
vided) sleep sessions of subject 12 and/or other subjects,
based on information from sleep sessions of demographi-
cally similar subjects (e.g., demographically matched aver-
ages), and/or based on other information. Example set points
are described in Table I below.

[0038] As described above, in some embodiments, slow
wave activity component 32 is configured such that the sleep
session stimulation metric is the total number of tones
played. Slow wave activity component 32 is configured such
that the sleep session stimulation metric is the total number
of tones played because the number of tones delivered
during a sleep session are statistically significant (e.g.,
p<le-3 based on experimental results obtained using system
10) indicators of CSWA (e.g., the sleep session SWA metric)
enhancement, and/or have the highest correlation (e.g.,
about 0.65 based on experimental results obtained using
system 10) predictor of the enhancement of CSWA in
stimulation sleep sessions as compared to sham sessions
(e.g., sessions where no stimulation is delivered to subject
12).

[0039] FIG. 3 illustrates CSWA (e.g., the sleep session
SWA metric) enhancement 300 for a given number of tones
played 302 (e.g., the sleep session stimulation metric) during
for individual sleep sessions 304. According to the model in
Equation 1 described above, the values of k 306 and A 308
in this example are respectively 0.01 and -18. This example
indicates that 100 tones lead to about a 1% enhancement in
CSWA. The offset is related to the variability of baseline
CSWA. The variability in this example can be expected to
diminish as information from additional sleep sessions are
included in the dataset (e.g., through the application of the
sequential updating in Equation 8 and Equation 9 by update
component 36 shown in FIG. 1). In FIG. 3, as information
for individual sleep sessions 304 is added to plot 310 (e.g.,
by update component 36 shown in FIG. 1), the equation 312
(and hence k 306 and A 308) of the line 314 fit to the sleep
session 304 information is updated. For the example shown
in FIG. 3 the initial conditions were set as described in Table
1 (these values are only examples and are not intended to be
limiting).

TABLE 1
Parameter  Initial value Comment
SWA, 1.7e+6 pV? Corresponds to the average of baseline nights

of 18 subjects. Alternatively this may be
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TABLE I-continued

Parameter  Initial value Comment
determined based on demographically matched
averages.

k, 0.01  Corresponds to the overall estimation that 100
tones improves CSWA by ~1%

Ao 10 This assumes the variability of CSWA over

baseline nights is 10%.

It should be noted that system 10, at least by virtue of the
sequentially updating algorithm described above, is config-
ured to personalize these values to subject 12 over time as
information from more and more sleep sessions of subject
12 is included in the determination of the updated reference
SWA metric by update component 36 (FIG. 1).

[0040] A summary of the operations of system 10 (FIG. 1)
described above are illustrated in FIG. 4. As shown in FIG.
4, system 10 (e.g., therapy component 30 shown in FIG. 1)
is configured to control 400 one or more stimulators to
provide stimulation to subject during sleep sessions. The one
or more stimulators are controlled 400 to provide stimula-
tion according to a predetermined therapy regime. System
10 (e.g., slow wave activity component 32 shown in FIG. 1)
is configured to determine 402, 404 a sleep session SWA
metric (SWA,), a sleep session stimulation metric (P,),
and/or other information for a given sleep session. System
10 (e.g., comparison component 34 shown in FIG. 1) is
configured to compare 406 the sleep session SWA metric
(SWA,) to a reference SWA mietric (SWA). In some embodi-
ments, the comparison comprises determining SWA
enhancement 408 in the subject for a given sleep session
relative to the SWA activity in the subject during sham/
baseline sleep sessions. In some embodiments, comparison
406 and/or the enhancement determination 408 comprises
determining a difference between the sleep session SWA
metric and the reference SWA metric, and normalizing (e.g.,
as shown at comparison 406 in FIG. 4) the difference by the
reference SWA metric. In FIG. 4, for example, the SWA
metric of session “1” (SWA,) is used to estimate the enhance-
ment in the restorative quality of sleep (e.g., slow wave
enhancement) facilitated by system 10 (FIG. 1) by compat-
ing SWA, to the reference SWA metric (SWA).

[0041] System 10 (e.g., update component 36 shown in
FIG. 1) is configured to determine 410 an updated reference
SWA metric and/or other information. The updated SWA
metric is determined based on the comparison, the sleep
session stimulation metric, and/or other information. System
10 (update component 36) is configured to sequentially
update 412 the reference SWA metric with information
determined 414 (e.g., the comparison, the sleep session
stimulation metric, and/or other information) for individual
additional sleep sessions of subject 12. For example, system
10 (update component 36) is configured to update the
reference SWA metric for the subject after each night of
sleep.

[0042] As shown in FIG. 4, system 10 (update component
36) is configured such that the properties (e.g., number of
tones played) of the stimulation (P;) in session “1” and SWA,
are used to update the determination of SWA. In some
embodiments, determining the updated reference SWA met-
ric (SWA) comprises plotting 416 the SWA enhancement
relative to the sleep session stimulation metric (e.g., 414) for
the given sleep session with previous SWA enhancements
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and corresponding previous sleep session stimulation met-
rics for previous sleep sessions, fitting a curve 418 to the
plotting, and determining the updated reference SWA metric
based on the curve fit (e.g., based on k, A, and Equations 1-9
above).

[0043] Returning to FIG. 1, in some embodiments, therapy
component 30, slow wave activity component 32, compari-
son component 34, update component 36, and/or other
components are configured to determine the sleep session
SWA metric, compare the sleep session SWA metric to the
reference SWA metric, and determine the updated reference
SWA metric based on the information from previous sleep
sessions of subject 12 and/or based on information generated
during actual sham/baseline sleep sessions for subject 12.
For example, therapy component 30 may control system 10
to facilitate one or more sham/baseline sleep sessions for
subject 12. Generally, in such embodiments, slow wave
activity component 32, comparison component 34, update
component 36, and/or other components are configured to
attribute a higher importance and/or weighting to the infor-
mation from the sham/baseline sleep sessions compared to
information from sleep sessions with stimulation. The algo-
rithm described above (e.g., Equation 8 and Equation 9
followed by update component 36) is configured to accom-
modate this change.

[0044] For example, let X, be the information from an
actual sham/baseline sleep session, the weight for the base-
line information can be increased by setting x,,,=x, and
updating accordingly.

Wi:Wi—l_ri-xi(xiTWi—l_100)5 (10)

Wi+1:Wi_rixi(xiTwi_100)> (11)
Combining Equations 10 and 11 yields:

w=w,_ =21, (3 Fw,_ =100+ T3, T o (L4, Tw,_ ). (12)

i

In Equation 12, the increased weight associated with the
sham/baseline sleep session is made explicit by the coeffi-
cient (e.g., “2”) in the second term on the right side of the
equation. The third term may be simplified by considering
that T, is the inverse of the covariance matrix of {x,} which,
in turn, may be approximated by x,x,7. Therefore, I'x x,”=1.
With this simplification, Equation 12 becomes:

Wi=2wi71—2l“l,xi(:xifwl;1—100). (13)

[0045] Electronic storage 22 comprises 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 remov-
able storage that is removably 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 electronically readable storage
media. Electronic storage 22 may store software algorithms,
information determined by processor 20, information
received via user interface 24 and/or external computing
systems, and/or other information that enables system 10 to
fanction properly. Electronic storage 22 may be (in whole or
in part) a separate component within system 10, or electronic
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storage 22 may be provided (in whole or in part) integrally
with one or more other components of system 10 (e.g.,
processor 20).

[0046] 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 sensory stimulator 16, sensor 18,
processor 20, and/or other components of system 10. For
example, an EEG may be displayed to a caregiver via user
interface 24. As another example, user interface 24 may be
and/or be included in a computing device such as a desktop
computer, a laptop computer, a smartphone, a tablet com-
puter, and/or other computing devices. Such computing
devices may run one or more electronic applications having
graphical user interfaces configured to provide information
to and/or receive information from users.

[0047] 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. In some embodiments, user
interface 24 is configured to communicate wirelessly with
processor 20 and/or other components of system 10.
[0048] It 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.
[0049] External resources 26 includes sources of informa-
tion (e.g., databases, websites, etc.), external entities par-
ticipating with system 10 (e.g., a medical records system of
a health care provider), medical and/or other equipment
(e.g., lamps and/or other lighting devices, sound systems,
audio and/or visual recording devices, etc.) configured to
communicate with and/or be controlled by system 10, one or
more servers outside of system 10, a network (e.g., the
internet), electronic storage, equipment related to Wi-Fi
technology, equipment related to Bluetooth® technology,
data entry devices, sensors, scanners, computing devices
associated with individual users, and/or other resources. In
some implementations, some or all of the functionality
attributed herein to external resources 26 may be provided
by resources included in system 10. External resources 26
may be configured to communicate with processor 20, user
interface 24, sensor 18, electronic storage 22, sensory stimu-
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lator 16, and/or other components of system 10 via wired
and/or wireless connections, via a network (e.g., a local area
network and/or the internet), via cellular technology, via
Wi-Fi technology. and/or via other resources.

[0050] In FIG. 1, sensory stimulator 16, sensor 18, pro-
cessor 20, electronic storage 22, and user interface 24 are
shown as separate entities. This is not intended to be
limiting. Some and/or all of the components of system 10
and/or other components may be grouped into one or more
singular devices. For example, these components may be
integrated in to a headset and/or other garments worn by
subject 12 during sleep.

[0051] FIG. 5 illustrates a reference SWA metric determi-
nation method 500 performed with a determination system.
The determination system comprises one or more stimula-
tors, one or more sensors, one or more hardware processors,
and/or other components. The one or more hardware pro-
cessors are configured to execute computer program com-
ponents. The computer program components comprise a
therapy component, a slow wave activity component, a
comparison component, an update component, and/or other
components. The operations of method 500 presented below
are intended to be illustrative. In some embodiments,
method 500 may be accomplished with one or more addi-
tional operations not described, and/or without one or more
of the operations discussed. Additionally, the order in which
the operations of method 500 are illustrated in FIG. 5 and
described below is not intended to be limiting.

[0052] In some embodiments, method 500 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 500 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 500.

[0053] At an operation 502, the one or more stimulators
are controlled to provide stimulation to a subject during
sleep sessions. In some embodiments, the one or more
stimulators comprise a tone generator and/or other stimula-
tors. The one or more stimulators are controlled to provide
stimulation according to a predetermined therapy regime. In
some embodiments, operation 502 is performed by a pro-
cessor component the same as or similar to therapy compo-
nent 30 (shown in FIG. 1 and described herein).

[0054] At an operation 504, output signals conveying
information related to SWA in the subject and stimulation
provided to the subject during the sleep sessions are gener-
ated. In some embodiments, the one or more sensors com-
prise electroencephalogram (EEG) sensors and/or other sen-
sors configured to generate output signals conveying
information related to SWA in the subject. In some embodi-
ments, the one or more sensors comprise microphones (for
example) and/or other sensors configured to generate output
signals conveying information related to the stimulation
provided to the subject. In some embodiments, operation
504 is performed by one or more sensors the same as or
similar to sensors 18 (shown in FIG. 1 and described herein).
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[0055] At an operation 506, a sleep session SWA metric
and a sleep session stimulation metric are determined for a
given sleep session. The SWA metric and the sleep session
stimulation metric are determined based on the output
signals and/or other information. In some embodiments, the
sleep session SWA metric comprises one or more of average
power in a 0.5 to 4 Hz band of an EEG for the given sleep
session, or total accumulated power for the given sleep
session. In some embodiments, the sleep session stimulation
metric comprises one or more of a number of tones played
during the given sleep session, or an average volume of
tones played during the given sleep session. In some
embodiments, operation 506 is performed by a processor
component the same as or similar to slow wave activity
component 32 (shown in FIG. 1 and described herein).
[0056] At an operation 508, the sleep session SWA metric
is compared to a reference SWA metric. The reference SWA
metric is determined based on prior sleep sessions where
stimulation was provided to the subject. In some embodi-
ments, the sleep session SWA metric is compared to the
reference SWA metric to determine SWA enhancement in
the subject for the given sleep session. In some embodi-
ments, the comparison comprises determining a difference
between the sleep session SWA metric and the reference
SWA metric, and normalizing the difference by the reference
slow wave activity metric. In some embodiments, operation
508 is performed by a processor component the same as or
similar to comparison component 34 (shown in FIG. 1 and
described herein).

[0057] At an operation 510, an updated reference SWA
metric is determined. The updated SWA metric is deter-
mined based on the comparison, the sleep session stimula-
tion metric, and/or other information. In some embodiments,
determining the updated reference SWA metric comprises
plotting the SWA enhancement relative to the sleep session
stimulation metric for the given sleep session with previous
SWA enhancements and corresponding previous sleep ses-
sion stimulation metrics for previous sleep sessions, fitting
a curve to the plotting, and determining the updated refer-
ence SWA metric based on the curve fit. In some embodi-
ments, the curve fit is linear and/or non-linear. In some
embodiments, operation 510 is performed by a processor
component the same as or similar to update component 36
(shown in FIG. 1 and described herein).

[0058] 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.

[0059] 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-
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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

1. A reference sleep slow wave activity metric determi-
nation system comprising:

one or more stimulators configured to provide stimulation

to a subject;

one or more sensors configured to generate output signals

conveying information related to sleep slow wave
activity in the subject and stimulation provided to the
subject during sleep sessions; and
one or more hardware processors operatively communi-
cating with the one or more stimulators and the one or
more sensors, the one or more hardware processors
configured by machine-readable instructions to:

control the one or more stimulators to provide stimulation
to the subject during the sleep sessions according to a
predetermined therapy regime;

determine a sleep session sleep slow wave activity metric

and a sleep session stimulation metric for a given sleep
session based on the output signals;

compare the sleep session sleep slow wave activity metric

to a reference slow wave activity metric determined
based on prior sleep sessions where stimulation was
provided to the subject; and

determine an updated reference sleep slow wave activity

metric based on the comparison and the sleep session
stimulation metric.
2. The system of claim 1, wherein the one or more sensors
comprise electroencephalogram (EEG) sensors, the one or
more stimulators comprise a tone generator, and the one or
more hardware processors are configured such that:
the sleep session sleep slow wave activity metric com-
prises one or more of average power in a 0.5 to 4 Hz
band of an EEG for the given sleep session, or total
accumulated power for the given sleep session; and

the sleep session stimulation metric comprises one or
more of a number of tones played during the given
sleep session, an average volume of tones played
during the given sleep session, or a number of tones per
sleep cycle.

3. The system of claim 1, wherein the one or more
hardware processors are configured such that the sleep
session sleep slow wave activity metric is compared to the
reference sleep slow wave activity metric to determine sleep
slow wave activity enhancement in the subject for the given
sleep session.

4. The system of claim 3, wherein the one or more
hardware processors are configured such that the compari-
son comprises determining a difference between the sleep
session sleep slow wave activity metric and the reference
sleep slow wave activity metric and normalizing the differ-
ence by the reference sleep slow wave activity metric.

5. The system of claim 4, wherein the one or more
hardware processors are configured such that determining
the updated reference sleep slow wave activity metric com-
prises plotting the sleep slow wave activity enhancement
relative to the sleep session stimulation metric for the given
sleep session with previous sleep slow wave activity
enhancements and corresponding previous sleep session
stimulation metrics for previous sleep sessions, fitting a
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curve to the plotting, and determining the updated reference
sleep slow wave activity metric based on the curve fit.

6. The system of claim 5, wherein the one or more
hardware processors are configured such that the curve fit is
linear or non-linear.

7. A reference sleep slow wave activity metric determi-
nation method, the method performed with a determination
system, the determination system comprising one or more
stimulators, one or more sensors, and one or more hardware
processors, the method comprising:

controlling, with the one or more hardware processors, the

one or more stimulators to provide stimulation to a
subject during sleep sessions according to a predeter-
mined therapy regime;

generating, with the one or more sensors, output signals

conveying information related to sleep slow wave
activity in the subject and stimulation provided to the
subject during sleep sessions;

determining, with the one or more hardware processors, a

sleep session sleep slow wave activity metric and a
sleep session stimulation metric for a given sleep
session based on the output signals;

comparing, with the one or more hardware processors, the

sleep session sleep slow wave activity metric to a
reference sleep slow wave activity metric determined
based on prior sleep sessions where stimulation was
provided to the subject; and

determining, with the one or more hardware processors,

an updated reference sleep slow wave activity metric
based on the comparison and the sleep session stimu-
lation metric,

8. The method of claim 7, wherein:

the one or more sensors comprise electroencephalogram

(EEG) sensors;
the one or more stimulators comprise a tone generator;
the sleep session sleep slow wave activity metric com-
prises one or more of average power in a 0.5 to 4 Hz
band of an EEG for the given sleep session, or total
accumulated power for the given sleep session; and

the sleep session stimulation metric comprises one or
more of a number of tones played during the given
sleep session, an average volume of tones played
during the given sleep session, or a number of tones per
sleep cycle.

9. The method of claim 7, wherein the sleep session sleep
slow wave activity metric is compared to the reference sleep
slow wave activity metric to determine sleep slow wave
activity enhancement in the subject for the given sleep
session.

10. The method of claim 9, wherein the comparison
comprises determining a difference between the sleep ses-
sion sleep slow wave activity metric and the reference sleep
slow wave activity metric and normalizing the difference by
the reference sleep slow wave activity metric.

11. The method of claim 10, wherein determining the
updated reference sleep slow wave activity metric comprises
plotting the sleep slow wave activity enhancement relative
to the sleep session stimulation metric for the given sleep
session with previous sleep slow wave activity enhance-
ments and corresponding previous sleep session stimulation
metrics for previous sleep sessions, fitting a curve to the
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plotting, and determining the updated reference sleep slow
wave activity metric based on the curve fit.

12. The method of claim 11, wherein the curve fit is linear
or non-linear.

13. A reference sleep slow wave activity metric determi-
nation system, the system comprising:

means for providing stimulation to a subject during sleep

sessions;

means for controlling the means for providing stimu-
lation to provide stimulation to the subject during
sleep sessions according to a predetermined therapy
regime;

means for generating output signals conveying infor-
mation related to sleep slow wave activity in the
subject and stimulation provided to the subject dur-
ing sleep sessions;

means for determining a sleep session sleep slow wave

activity metric and a sleep session stimulation metric
for a given sleep session based on the output signals;
means for comparing the sleep session sleep slow wave
activity metric to a reference sleep slow wave activity
metric determined based on prior sleep sessions where
stimulation was provided to the subject; and
means for determining an updated reference sleep slow
wave activity metric based on the comparison and the
sleep session stimulation metric.

14. The system of claim 13, wherein:

the means for generating output signals comprise electro-

encephalogram (EEG) sensors;

the means for providing stimulation comprise a tone

generator;
the sleep session sleep slow wave activity metric com-
prises one or more of average power in a 0.5 to 4 Hz
band of an EEG for the given sleep session, or total
accumulated power for the given sleep session; and

the sleep session stimulation metric comprises one or
more of a number of tones played during the given
sleep session, an average volume of tones played
during the given sleep session, or a number of tones per
sleep cycle.

15. The system of claim 13, wherein the sleep session
sleep slow wave activity metric is compared to the reference
sleep slow wave activity metric to determine sleep slow
wave activity enhancement in the subject for the given sleep
session.

16. The system of claim 15, wherein the comparison
comprises determining a difference between the sleep ses-
sion sleep slow wave activity metric and the reference sleep
slow wave activity metric and normalizing the difference by
the reference sleep slow wave activity metric.

17. The system of claim 16, wherein determining the
updated reference sleep slow wave activity metric comprises
plotting the sleep slow wave activity enhancement relative
to the sleep session stimulation metric for the given sleep
session with previous sleep slow wave activity enhance-
ments and corresponding previous sleep session stimulation
metrics for previous sleep sessions, fitting a curve to the
plotting, and determining the updated reference sleep slow
wave activity metric based on the curve fit.

18. The method of claim 17, wherein the curve fit is linear
or non-linear.
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