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(57) Abstract: The present disclosure pertains to a system configured to output an indicator representative of effects of stimulation
provided to a subject during a sleep session. The indicator is determined based on a combination of the effect of stimulation on sleep
restoration, stimulation quality, sleep architecture factors, and/or other information. The indicator is determined using age matched
reference information on deep sleep duration and EEG slow wave activity. The contribution to the indicator associated with sleep
architecture factors is determined based on age matched reference information including sleep onset latency, wake after sleep onset,
total sleep time, micro- arousal count, sleep stage(s) prior to awakening, and/or other information.
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SYSTEM AND METHOD FOR OUTPUTTING AN INDICATOR
REPRESENTATIVE OF THE EFFECTS OF STIMULATION PROVIDED TO A
SUBJECT DURING SLEEP

BACKGROUND

1. Field
The present disclosure pertains to a system and method for outputting an
indicator representative of effects of stimulation provided to a subject during a sleep

session.

2. Description of the Related Art

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, systems for monitoring sleep do not
automatically generate an output that informs a user of the benefits of stimulation
provided during a sleep session. The present disclosure overcomes deficiencies in prior

art systems.

SUMMARY

Accordingly, one or more aspects of the present disclosure relate to a
system configured to output an indicator representative of effects of stimulation provided
to a subject during a sleep session. 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 the stimulation to the subject during the sleep
session. The one or more sensors are configured to generate output signals conveying
information related to brain activity in the subject during the sleep session. The one or

more hardware processors operatively communicate with the one or more stimulators and
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the one or more sensors. The one or more hardware processors are configured by
machine-readable instructions to determine, based on the output signals and the
stimulation provided to the subject: a slow wave activity metric indicative of a
cumulative amount of slow wave activity in the subject during the sleep session; a
stimulation quality metric indicative how well the stimulation enhances slow wave
activity in the subject during the sleep session; and a sleep architecture metric indicative
of a sleep quality for the subject during the sleep session. The one or more hardware
processors are configured to combine the slow wave activity metric, the stimulation
quality metric, and the sleep architecture metric to determine the indicator; and output the
indicator for display to the subject.

Yet another aspect of the present disclosure relates to a method for
outputting an indicator representative of effects of stimulation provided to a subject
during a sleep session with an indicator system. The system comprises one or more
stimulators, one or more sensors, one or more hardware processors, and/or other
components. The method comprises: providing, with the one or more stimulators, the
stimulation to the subject during the sleep session; generating, with the one or more
sensors, output signals conveying information related to brain activity in the subject
during the sleep session; and determining, with the one or more processors, based on the
output signals and the stimulation provided to the subject: a slow wave activity metric
indicative of a cumulative amount of slow wave activity in the subject during the sleep
session; a stimulation quality metric indicative how well the stimulation enhances slow
wave activity in the subject during the sleep session; and a sleep architecture metric
indicative of a sleep quality for the subject during the sleep session. The method
comprises combining, with the one or more processors, the slow wave activity metric, the
stimulation quality metric, and the sleep architecture metric to determine the indicator;
and outputting, with the one or more hardware processors, the indicator for display to the
subject.

Still another aspect of present disclosure relates to a system for a system

for outputting an indicator representative of effects of stimulation provided to a subject
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during a sleep session. The system comprises: means for providing the stimulation to the
subject during the sleep session; means for generating output signals conveying
information related to brain activity in the subject during the sleep session; and means for
determining, based on the output signals and the stimulation provided to the subject: a
slow wave activity metric indicative of a cumulative amount of slow wave activity in the
subject during the sleep session; a stimulation quality metric indicative how well the
stimulation enhances slow wave activity in the subject during the sleep session; and a
sleep architecture metric indicative of a sleep quality for the subject during the sleep
session. The system comprises means for combining the slow wave activity metric, the
stimulation quality metric, and the sleep architecture metric to determine the indicator;
and means for outputting the indicator for display to the subject.

These and other objects, features, and characteristics 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 following 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

FIG. 1 illustrates a system configured to output an indicator representative
of effects of stimulation provided to a subject during a sleep session.

FIG. 2 illustrates examples of the operations performed by a therapy
component of the system.

FIG. 3 illustrates correlation between automatically determined and
manually determined cumulative slow wave activity in the subject.

FIG. 4 illustrates determination of a cumulative slow wave activity factor.

FIG. 5 illustrates determination of an NREM duration factor.
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FIG. 6 illustrates determination of a slow wave activity metric.

FIG. 7 illustrates correlation between a number of stimulation tones during
a sleep session and cumulative slow wave activity.

FIG. 8 illustrates determination of a stimulation quality metric.

FIG. 9 illustrates sleep architecture parameters.

FIG. 10 illustrates determining total sleep time points.

FIG. 11 illustrates determining wake after sleep onset points.

FIG. 12 illustrates determining sleep onset latency points.

FIG. 13 illustrates arousal points.

FIG. 14 illustrates example distributions of sleep architecture metrics.

FIG. 15 illustrates combining a slow wave activity metric, a stimulation
quality metric, and a sleep architecture metric.

FIG. 16 illustrates an example of displaying the indicator.

FIG. 17 illustrates examples of operations performed by the system.

FIG. 18 illustrates a method for outputting an indicator representative of

effects of stimulation provided to a subject during a sleep session.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

PRI
a

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 indirectly, i.e., through one or more intermediate parts
or components, so long as a link occurs. As used herein, “directly 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.

As used herein, the word “unitary” means a component 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
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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 components. As employed herein, the term “number” shall
mean one or an integer greater than one (i.e., a plurality).

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.

FIG. 1 illustrates a system 10 configured to automatically output an
indicator representative of effects of stimulation provided to a subject 12 during a sleep
session. Typical systems that monitor sleep provide scores to users that describe sleep
during a particular sleep session. However, the types of scores that are used in typical
systems do not capture the benefits of sleep enhancement though stimulation because,
regardless of whether they use actigraphy (e.g., Microsoft Band, Fitbit) or
electroencephalography (e.g., Zeo) for example, these system focus on sleep architecture
(or macro-sleep) parameters such as sleep stage percentages, micro-arousal counts, total
sleep time, etc. System 10 is configured such that the indicator is determined based on, in
addition to sleep architecture information, information related to slow wave activity
(electroencephalogram (EEG) power in the 0.5 to 4 Hz band), information related to the
quality of stimulation provided to subject 12, age matched reference information, and/or
other information.

System 10 is configured to determine and combine individually weighted
metrics related to slow wave activity, stimulation quality, sleep architecture, and/or other
information to determine the indicator. For example, in some embodiments, system 10 is
configured such that the metrics are individually weighted and the indicator comprises a
score, a color coded display, and/or other indicators determined based on a combination
of the individually weighted metrics. System 10 is configured such that the indicator
(e.g., the score, the color coded display, etc.) is output for display to subject 12 and/or

other users on a mobile computing device and/or other computing devices associated with
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subject 12, via system 10 (e.g., a display that is part of a user interface included in system
10), and/or on other devices.

In some embodiments, system 10 is configured such that the slow wave
activity related metric quantifies a total amount of EEG power in one or more specific
EEG power bands (e.g., as described below) throughout non-rapid eye movement
(NREM) sleep. This is related to the restorative value of sleep and is influenced by the
stimulation provided to subject 12 during a sleep session. In some embodiments, the
stimulation quality related metric quantifies how well stimulation enhances slow wave
activity in subject 12 during a sleep session. The stimulation quality related metric may
also be indicative of an amount of stimulation subject 12 receives during a sleep session.
The stimulation quality metric may be determined based on various properties of the
stimulation (e.g., number of tones, maximum volume reached, average volume, etc.). In
some embodiments, the sleep architecture related metric quantifies sleep quality based on
parameters such as total sleep duration (TST), duration of wake after sleep onset
(WASO), number of detected sleep micro-arousals, sleep onset latency (SOL), parameters
related to the duration of sleep stages, and/or other parameters for subject 12.

System 10 is configured such that the individual metrics are determined
based on age matched reference information related to slow wave activity, stimulation
quality, sleep architecture, and/or other information for a population of subjects similar in
age and/or other demographic characteristics to subject 12. The age matched reference
information comprises statistical distributions of various parameters (e.g., as described
herein) related to slow wave activity, stimulation quality, sleep architecture, and/or other
information across the age matched population.

In some embodiments, system 10 includes one or more of a stimulator 16,
a sensor 18, a processor 20, electronic storage 22, a user interface 24, external resources
26, and/or other components.

Stimulator 16 is configured to provide electric, magnetic, and/or sensory
stimulation to subject 12. Stimulator 16 is configured to provide electric, magnetic,

and/or sensory stimulation to subject 12 prior to a sleep session, during a sleep session,
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and/or at other times. For example, 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, stimulator 16 may be configured such that facilitating a transition
between deeper sleep stages and lighter sleep stages includes decreasing sleep slow waves
in subject 12, and facilitating a transition between lighter sleep stages and deeper sleep
stages includes increasing sleep slow waves.

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. Stimulator 16 may be configured to facilitate transitions between sleep
stages and/or maintain sleep in a specific stage through non-invasive brain stimulation
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 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, stimulator 16 is configured to adjust the intensity, timing, and/or
other parameters of the stimulation provided to subject 12.

Sensor 18 is configured to generate output signals conveying information
related to brain activity, activity of the central nervous system, activity of the peripheral
nervous system, and/or other activity in subject 12. In some embodiments, the

information related to brain activity includes the information related to the central
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nervous system, the information related to the activity of the peripheral nervous system,
and/or other information. In some embodiments, sensor 18 is configured to generate
output signals conveying information related to slow wave activity 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 slow wave activity. In some embodiments, sensor 18 is configured
to generate output signals conveying information related to stimulation provided to
subject 12 during sleep sessions.

In some embodiments, the slow wave activity 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, NREM sleep, and/or other sleep. The sleep stage
of subject 12 may be one or more of NREM stage N1, stage N2, or stage N3, 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 EEG electrodes 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 slow wave activity 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), respiration of subject 12, and/or other
characteristics of subject 12.

In some embodiments, the one or more sensors comprise one or more of
the EEG electrodes, an electrooculogram (EOG) electrode, an actigraphy sensor, an

electrocardiogram (EKG) electrode, a respiration sensor, a pressure sensor, a vital signs

-8-



[38]

[39]

WO 2018/115277 PCT/EP2017/084078

camera, a photoplethysmogram (PPG) sensor, a functional near infra-red sensor (fNIR), a
temperature sensor, a microphone and/or other sensors configured to generate output
signals related to (e.g., the quantity, frequency, intensity, and/or other characteristics of)
the stimulation 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 stimulator 16, 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), coupled with a bed and/or other
furniture where subject 12 is sleeping, and/or in other locations.

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 processing 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 physically
located within the same device (e.g., sensory stimulator 16, user interface 24, etc.), or
processor 20 may represent processing functionality of a plurality of devices operating 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
computer, a server, and/or other computing devices. Such computing devices may run
one or more electronic applications having graphical user interfaces configured to
facilitate user interaction with system 10.

As shown in FIG. 1, processor 20 is configured to execute one or more
computer program components. The computer program components may comprise
software programs 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
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of a therapy component 30, an age matched reference component 32, a slow wave activity
metric component 34, a stimulation quality metric component 36, a sleep architecture
metric component 38, a combination component 40, an output component 42, and/or
other components. Processor 20 may be configured to execute components 30, 32, 34,
36, 38, 40, and/or 42 by software; hardware; firmware; some combination of software,
hardware, and/or firmware; and/or other mechanisms for configuring processing
capabilities on processor 20.

It should be appreciated that although components 30, 32, 34, 36, 38, 40,
and 42 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, 36, 38, 40, and/or 42 may be located remotely from the other
components. The description of the functionality provided by the different components
30, 32, 34, 36, 38, 40, and/or 42 described below is for illustrative purposes, and is not
intended to be limiting, as any of components 30, 32, 34, 36, 38, 40, and/or 42 may
provide more or less functionality than is described. For example, one or more of
components 30, 32, 34, 36, 38, 40, and/or 42 may be eliminated, and some or all of its
functionality may be provided by other components 30, 32, 34, 36, 38, 40, and/or 42. 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, 36, 38, 40, and/or 42.

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 predetermined therapy regime.
Sleep slow waves can be enhanced through (e.g. peripheral auditory, magnetic, 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 EEG)
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 slow wave activity in
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subject 12. In some embodiments, therapy component 30 (and/or or more of the other
processor components described below) performs one or more operations similar to
and/or the same as the operations described in United States Patent Application No.
14/784,782 (entitled “System and Method for Sleep Session Management Based on Slow
Wave Sleep Activity in a Subject”), 14/783,114 (entitled “System and Method for
Enhancing Sleep Slow Wave Activity Based on Cardiac Activity”), 14/784.,746 (entitled
“Adjustment of Sensory Stimulation Intensity to Enhance Sleep Slow Wave Activity”),
15/101,008 (entitled “System and Method for Determining Sleep Stage Based on Sleep
Cycle”), and/or 15/100,435 (entitled “System and Method for Facilitating Sleep Stage
Transitions™), which are all individually incorporated by reference in their entireties.

An example illustration of the operations 200 performed by therapy
component 30 (shown in FIG. 1) is shown in FIG. 2. As shown in FI1G. 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 stimulation 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 slow wave activity band (0.5 to 4 Hz), the temporal
density of detected slow-waves, and/or other information. Responsive to detection of
sufficiently deep sleep 220, therapy component 30 is configured to control stimulator 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 estimation of sleep depth that considers the sum of power ratios: delta
power/alpha power + delta power/beta power. Consequently, the deeper sleep is, the

louder the volume of the stimulation becomes.
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Returning to FIG. 1, age matched reference component 32 is configured to
obtain age matched reference information for subject 12. The age matched reference
information for subject 12 indicates information related to reference amounts of
cumulative slow wave activity during sleep sessions, reference levels of stimulation
provided during sleep sessions, reference levels of sleep quality during sleep sessions,
and/or other information for a population of subjects similar in age to subject 12. The age
matched reference information comprises statistical distributions of various parameters
related to slow wave activity, stimulation quality, sleep architecture, and/or other
information across populations of one or more ages. In some embodiments, the statistical
distributions include averages, standard deviations, maximums, minimums, ranges,
changes in parameters over time, summations, quantiles (e.g., 50" percent quantile and/or
median value, etc.), and/or other statistical distributions. In some embodiments, the
various parameters include cumulative slow wave activity (CSWA) during a sleep
session, detected NREM sleep duration, average stimulation intensity (e.g., volume),
maximum stimulation intensity (e.g., volume), minimum stimulation intensity (e.g.,
volume), a total quantity of individual stimulations (e.g., tones), a number of stimulations
(e.g., tones) with a given intensity (e.g., volume), a stimulation density (e.g., a number of
tones per given amount of time), TST, WASO, SOL, a quantity of arousals, count of slow
waves, amplitude of slow waves, duration of sleep stages, count of spindles, frequency of
spindles, and/or other parameters.

In some embodiments, the age matched reference information may
comprise reference information for two, three, four, five, or more age ranges. By way of
a non-limiting example, the age matched reference information may comprise sets of
reference information for those under 20 years old, 20-30 year olds, 30-40 year olds, 40-
60 year olds, and/or those over 60 years old.

In some embodiments, the age matched reference information for the
different age groups is determined by age matched reference component 32 based on
information from prior sleep sessions for subjects of various ages who have used system

10 and/or similar systems. In some embodiments, age matched reference component 32
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may be configured to facilitate experimental determination of the age matched reference
information for the different age groups. In some embodiments, facilitating experimental
determination of the age matched reference information may include controlling
stimulators 16, sensors 18, and/or other components of system 10 to stimulate (or not
stimulate as in sham sessions) subjects of various ages and genders (e.g., 19 subjects, four
female, fifteen male, ranging in age from 25 to 54 years old in one example experiment)
over multiple sleep sessions (e.g., 180 sleep session recordings), record the information in
the output signals from sensors 18, and determine one or more of the statistical
distributions for one or more of the parameters described above.

In some embodiments, age matched reference component 32 is configured
to obtain the age matched reference information from literature and/or other databases
(e.g., that are part of external resources 26). In some embodiments, system 10 is
configured such that the age matched reference information for the different age groups is
stored in a database that is part of electronic storage 22, external resources 26, and/or
other components of system 10, for example. In some embodiments, age matched
reference component 32 is configured to update values of the statistical distributions for
the various parameters. Age matched reference component 32 may update the values
responsive to facilitating further experimental determination of additional age matched
reference information, obtaining additional age matched reference information that has
become available in the literature and/or other databases included in external resources
26, facilitating entry and/or selection of updated information by subject 12 and/or other
users (e.g., doctors, nurses, caregivers, family members, researchers, etc.) via user
interface 24, and/or perform other updates.

In some embodiments, age matched reference component 32 is configured
to facilitate entry and/or selection of the age of subject 12 via user interface 24 and/or
other components of system 10 and compare the entered and/or selected age of subject 12
to the age ranges described above and/or other age ranges. Based on the comparison, age
matched reference component 32 determines which age range corresponds to the age of

subject 12, and obtains the appropriate age matched reference information from electronic
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storage 22 and/or other sources. The obtained age matched reference information that
corresponds to the age of subject 12 is used (e.g., by slow wave activity metric
component 34, stimulation quality metric component 36, sleep architecture metric
component 38, and/or other components) to determine the metrics as described below.
Slow wave activity metric component 34 is configured to determine a slow
wave activity metric. The slow wave activity metric is indicative of a cumulative amount
of slow wave activity in subject 12 during the sleep session. The slow wave activity
metric is determined based on the output signals, the stimulation provided to subject 12,
the age matched reference information, and/or other information. In some embodiments,
the slow wave activity metric is determined based on a cumulative slow wave activity
factor (CSWA) and an NREM duration factor. In some embodiments, the slow wave

activity metric is determined based on Equation 1.

Slow Wave Activity Metric = 100 x CSWA Factor x NREM duration factor (D

In some embodiments, the cumulative slow wave activity and NREM factors are both
determined based on the output signals, the age matched reference information, and/or
other information.

In some embodiments, the CSWA factor is and/or is determined based on
cumulative EEG power in a 0.5 to 4 Hz band across detected NREM epochs during the
sleep session determined automatically by slow wave activity metric component 34. In
some embodiments, to ensure appropriate frequency resolution and/or for other reasons,
slow wave activity metric component 34 is configured such that 6-second long epochs are
considered. Responsive to therapy component 30 and/or other components of system 10
using epochs of different durations to determine sleep stages in subject 12, slow wave
activity metric component 34 may be configured such that an extra step of down-
sampling (e.g., if the sleep staging epochs are shorter) and/or up-sampling (e.g., if the

sleep staging epochs are longer) is applied to obtain 6-second long epochs.
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In some embodiments, slow wave activity metric component 34 is
configured such that the automatic determination of the CSWA factor by slow wave
activity metric component 34 correlates with cumulative slow wave activity determined
based on manually annotated NREM epochs. This is illustrated in FIG. 3. FIG. 3 isa
plot 300 of CSWA 302 determined based on automatically detected NREM duration
versus CSWA 304 determined based on manually annotated NREM duration for CSWA
from the same sleep sessions 306. As shown in FIG. 3, the correlation 308 of the linear
data fit 310 is near 1.0.

FIG. 4 further illustrates determination of the CSWA factor. Given the
CSWA of a given sleep session 400 determined by slow wave activity metric component
34 based on the output signals for subject 12 (FIG.1) for a given sleep session, the CSWA
factor is determined using reference CSWA information 402 for the age range to which
subject 12 belongs. Slow wave activity metric component 34 is configured to compare
the CSWA reached 404 by subject 12 in the sleep session to a corresponding age matched
reference value 406 (represented by p in FIG. 7) of CSWA. The age matched reference
value 406 and standard deviations (c) and 408 (c-11), 410 (o+p) around reference value
406 are shown the CSWA factor determination plot 412 in FIG. 4. The CSWA factor is
determined based on plot 412 where CP1 and CP; are configurable parameters 414 and
416. In some embodiments, slow wave activity metric component 34 (FIG. 1) is
configured such that CP; and/or CP; are determined at manufacture, entered and/or
selected via user interface 24 (FIG. 1), determined based on previous sleep sessions of
subject 12 (FIG. 1) and/or other subjects, and/or determined in other ways.

In this example (and the examples described below for the slow wave
activity metric and the other metrics), the indicator determined by system 10 is a
numerical score, the metrics described herein are numerical sub-scores that are weighted
and combined to determine the indicator, and the CSWA factor is a numerical sub-score
of the slow wave activity metric. As shown in FIG. 4, the parameters CP1 and CP> were
setto 1 and 1.1 respectively. This means that in this example, if CSWA 404 in subject 12

is more than one standard deviation less 408 than the age matched average amount of
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CSWA 406, the CSWA factor 418 has a value that linearly decreases from one to zero
depending on the amount of CSWA. If CSWA 404 is more than one standard deviation
above 410 the age matched average amount of CSWA 406, CSWA factor 418 increases
linearly from 1.1. Between CSWA 408 and CSWA 410, CSWA factor 418 is constant at
1 until CSWA 406 and then linearly increases from 1 to 1.1 until CSWA 410.

In some embodiments, slow wave activity metric component 34 (FIG. 1) is

configured such that the NREM duration factor is determined based on Equation 2.

dr O-dur O-dur

NREM dur. factor = max {O, min {@,Ldﬁ,w}} +max {0, $: ¢, (dygans — ,udm)}
)

where g and oqur are the mean and standard deviation of the NREM detected duration
for the corresponding age matched age range for subject 12 (FIG. 1), dxrem is the
duration of NREM sleep detected for subject 12 during the sleep session by slow wave
activity component 34 based on the output signals, and ¢1 and ¢ are configurable
parameters (like CP1 and CP2) that determine the value of the NREM duration factor
based on the NREM duration determined for subject 12. In some embodiments, slow
wave activity metric component 34 (FIG. 1) is configured such that ¢ and/or ¢, are
determined at manufacture, entered and/or selected via user interface 24 (FIG. 1),
determined based on previous sleep sessions of subject 12 (FIG. 1) and/or other subjects,

and/or determined in other ways.

FIG. 5 illustrates determination of the NREM duration factor. FIG. 5(a)
illustrates example age matched reference NREM duration information 500 for three
different age ranges 502, 504, 506. As shown in FIG. 5(b) (similar to plot 412 in FIG. 4),
the NREM duration factor 508 is equal to ¢1 if dnrem is between aur — Gaur 510 and paur
512, linearly decreases for values of dnrem lower than paur — odur 510, and progressively
increases for values of dnrem higher than pau 512, with a value of ¢2 > ¢ for

dNREM = Haur + Odur 514, In this example, ¢1 and ¢z are 1 and 1.1 respectively (this is not

-16 -



[35]

[56]

[57]

WO 2018/115277 PCT/EP2017/084078

intended to be limiting). FIG. 5(b) illustrates ranges 516, 518, 520 of example NREM
duration factors 522 for the three different age ranges 502, 504, and 506.

As described above, slow wave activity metric component 34 (FIG. 1) is
configured to determine the slow wave activity metric based on Equation 1 (e.g.,
100xNREM duration factor x CSWA factor). FIG. 6 illustrates determination of the slow
wave activity metric 600 (shown as a log shaded color scale) for three example age ranges
602, 604, 606 that may correspond to the age of subject 12 (FIG. 1). The value of slow
wave activity metric 600 depends on the age range. For the individual age ranges 602,
604, 606 shown in FIG. 6, age matched reference CSWA 608 versus detected NREM 610
and standard deviation are represented with solid and dashed lines respectively.

Returning to FIG. 1, stimulation quality metric component 36 is
configured to determine a stimulation quality metric. The stimulation quality metric is
indicative of how well the stimulation enhances slow wave activity in subject 12 during
the sleep session. The stimulation quality metric is determined based on the output
signals, the stimulation provided to subject 12, the age matched reference information,
and/or other information. In some embodiments, the stimulation quality metric is and/or
is related to one or more of the average stimulation intensity (e.g., volume), maximum
stimulation intensity (e.g., volume), minimum stimulation intensity (e.g., volume), a total
quantity of individual stimulations (e.g., tones), a number of stimulations (e.g., tones)
with a given intensity (e.g., volume), a stimulation density (e.g., a number of tones per
given amount of time), and/or other characteristics of the stimulation.

In some embodiments, the stimulation quality metric is and /or is related to
a characteristic that correlates with slow wave activity enhancement in subject 12. In
some embodiments, stimulation quality metric component 36 is configured to determine
which characteristic of the stimulation correlates with slow wave activity enhancement by
determining a linear regression model to analyze the dependency of slow wave activity in
subject 12 on the various characteristics (e.g., the characteristics listed above). By way of
a non limiting example, stimulation quality metric component 36 may determine a linear

regression model using one or more of average volume across all tones (<V>), maximum
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volume reached (Vum), minimum volume (Vm), sum of volume across all tones (total
“acoustic energy”) as shown in Equation 3:
Z Vi
(tane_i ), 3)

number of tones with volume < 55 dB (#V<ss), number of tones with volumes: 55 <V, <
60 dB (#V|55.60)), number of tones with volumes: 60 < V; < 65 dB (#V|s0.65]), number of
tones with volumes: 65 < V; <70 dB (#Vs570]), number of tones with volumes: 70 <V; <
75 dB (#V70.75)), and/or density of tones: #tones per detected N3 duration (piones). In
some embodiments, stimulation quality metric component 36 is configured such that the
linear model in Equation 4 (below), has weight coefficients “f;” that are estimated based
on standard algorithms and indicate the relative importance of the associated stimulation

property (e.g., provided that the terms in Equation (3) are z-scored).
CSWA =B <V >+BV,, + BV, + @Zm V4 BHV. +
+ B#V 55601+ B #Vigoss1 + B #Vigs 701+ Bo #V 10251 + BioPoone )

In this example, the three most statistically significant linear model
coefficients are: #V<ss with fs = 0.48 and significance value p=7.4e-10, #V|s5 60 with B =
0.49 and significance value p=1.9e-6, and ptones With P10 = -1.25 and significance value
p=3.9e-15. This indicates that the stimulation property that has most positive
(correlation) influence on CSWA is the number of tones with volume lower or equal than
60 dB. The statistically significant correlation between the number of tones with volume
<60 dB and CSWA is shown in FIG. 7.

FIG. 7 illustrates various data points 700 for multiple nights of sleep (sleep
sessions) where a subject received stimulation, a linear fit 702 to data points 700, a
correlation coefficient 704 close to 0.5 and a p value 706 that is less than 1e-6. Thus, the
quality of the stimulation is quantified in this example embodiment using the number of
tones at volume lower than or equal to 60 dB. This example is not intended to be limiting
and should not be considered to exclude the use of other stimulation characteristics and/or

combinations thereof to quantify the stimulation quality.
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FIG. 8 illustrates determination of the stimulation quality metric based on
the number of tones at volume lower than or equal to 60 dB. In some embodiments,
stimulation quality metric component 36 (FIG. 1) is configured to analyze the number of
tones at volume lower than 60 dB 800 for the age matched reference information. A
distribution for three example age ranges 802, 804, 806 is shown in FIG. 8(a). The
differences in the number of tones between age ranges results from the fact that the
duration of deep sleep lowers with age. The mean («) and standard deviation (o) values
per distribution (e.g., determined by stimulation quality metric component 36) are used by
stimulation quality metric component 36 to determine a number of points (e.g., in the
example embodiment where the indicator is a score as described above) associated with

stimulation quality (stim. gty. points) according to Equation 5 (below) and/or FIG. 8(b).

stim. qty. points = max {O, min{TPI,ﬂNZ}} + max{O,M(NZ - ,u)}
Hoo ’ )

As shown in FIG. §(b), TP; points 808 are given if the number of tones is between (u - o)

and x4, and a proportional number of points 8§10 are given if the number of tones is lower

than (¢ - 6). If more than u tones are delivered, then the number of points 8§12 linearly

increases with a value of TP> (>TP1) when the number of tones is (x + o).

In Equation 5, N; is the number of tones (volume < 60 dB), and x and ¢ are
the mean and standard deviation for the corresponding age range. The stimulation quality
point distributions 814, 816, 818 using this model for (example) individual age ranges
802, 804, 806 are shown in FIG. 8(c) (for the example TP1=100 and TP>=130). Because
of the age normalization, the point distributions are similar across age ranges (in
particular, for example, the medians are 100). TP and/or TP (like ¢1 and ¢2, and/or CP;
and CP») are configurable parameters. In some embodiments, stimulation quality metric
component 36 (FIG. 1) is configured such that TP; and/or TP, are determined at

manufacture, entered and/or selected via user interface 24 (FIG. 1), determined based on
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previous sleep sessions of subject 12 (FIG. 1) and/or other subjects, and/or determined in
other ways.

Returning to FIG. 1, sleep architecture metric component 38 is configured
to determine a sleep architecture metric. The sleep architecture metric is indicative of a
sleep quality for subject 12 during the sleep session. The sleep architecture metric is
determined based on the output signals, the stimulation provided to subject 12, the age
matched reference information, and/or other information. In some embodiments, the
sleep architecture metric is determined based on the age matched reference information
and one or more of a sleep onset latency value for subject 12, a wake after sleep onset
value for subject 12, a total sleep time during the sleep session, a number of arousals
during the sleep session, and/or other information. In some embodiments, the sleep onset
latency value, the wake after sleep onset value, the total sleep time, and/or the number of
arousals are determined based on the output signals and/or other information.

In some embodiments, sleep architecture metric component 38 is
configured to determine sleep onset latency values, wake after sleep onset values, total
sleep time, the number of arousals, and/or other sleep architecture parameters based on an
automatically generated (e.g., by sleep architecture metric component 38 and/or other
components of processor 20 based on the output signals from sensors 18 and/or other
information) hypnogram. Examples of these and/or other sleep architecture parameters
are illustrated in FIG. 9. For example, intention to sleep 900 comprises a first continuous
30s (for example) long epoch of eyes closed before sleep onset (e.g., a first epoch where
no eye blinks are present and, optionally for example, subject 12 (FIG. 1) shows an
increase in the EEG alpha power). Sleep onset 902 comprises a first continuous 180s (for
example) long epoch of sleep. Sleep onset latency (SOL) 904 comprises a time elapsed
between the detected intention to sleep 900 and the detected sleep onset 902. Wake up
time 906 comprises an end of last epoch of sleep before the end of the sleep session.
Wake after sleep onset (WASO) 908 comprises a duration of wake epochs between sleep
onset and wake up events 910. Time in bed 912 comprises time elapsed between

intention to sleep 900 and wake up time 906. Total sleep time (TST) (not shown in FIG.
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9) comprises wake up time 906 minus sleep onset time 902, minus WASO 908. Arousals
(not shown in FIG. 9) comprise a number of arousals per hour of sleep (e.g., and/or in
some embodiments, longer than a predefined duration, e.g., 5 minutes).

FIG. 10 illustrates determining total sleep time (TST) points (in this
example where the indicator is a score) that contribute to the overall determination of the
indicator as described herein. FIG. 10(a) illustrates TST distribution 1000 for three (for
example) different age ranges 1002, 1004, 1006 in the age matched reference
information. The mean () and standard deviation (o) values (e.g., determined by sleep
architecture metric component 38 and/or other components of processor 20) for
individual age groups are used to determine the number of points associated with TST

according to Equation 6 and FIG. 10(b).

. . TST,~u+2+0
TS5T points = mm{l,max{[), ¥ G H * Weer + 100 6)

As shown in FIG. 10(b), sleep architecture metric component 38 is configured such that
Wirst points 1008 are given if the TST matches the mean ¢ 1010. A linearly decreasing
number of points are given if the TST is within 2 standard deviation of the age matched
mean (¢ - 2%0) 1012. If the TST is below p - 2*g, then the number of points assigned is 0.
This method rewards longer TST and penalizes short TST. In Equation 6, 7S7; is the
TST for a given sleep session, and ¢ and o are the mean and standard deviation for the
corresponding age range. The TST points using this model for the individual age range
examples are show in FIG. 10(c).

FIG. 11 illustrates determining WASO points (in this example where the
indicator is a score) that contribute to the overall determination of the indicator as
described herein. FIG. 11(a) illustrates WASO distribution 1100 for three (for example)
different age ranges 1102, 1104, 1106 in the age matched reference information. The
mean (x) and standard deviation (o) values (e.g., determined by sleep architecture metric

component 38 and/or other components of processor 20) for individual age groups are
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used to determine the number of points associated with WASO according to Equation 7

and FIG. 11(b).

. . M-WASO, + 2+ ¢
WASO points = mm{l,‘max{(}, Y }} * Wyraso * 100 )

As shown in FIG. 11(b), sleep architecture metric component 38 is configured such that
Wwaso points 1108 are given if the WASO is at the age matched mean ¢ 1110. A linearly
decreasing number of points are given if the WASO is within two standard deviations of
the age matched mean (¢ + 2%0) 1112. If the WASO is above u + 2*g, then the number
of points assigned is 0. This method penalizes long WASO. In Equation 7, WASQO; is
the WASO for a particular sleep session, and p and ¢ are the mean and standard deviation
for the corresponding age range. The WASO points using this model for the individual
example age ranges are show in FIG. 11(c).

FIG. 12 illustrates determining SOL points (in this example where the
indicator is a score) that contribute to the overall determination of the indicator as
described herein. FIG. 12(a) illustrates SOL distribution 1200 for three (for example)
different age ranges 1202, 1204, 1206 in the age matched reference information. The
mean (x) and standard deviation (o) values (e.g., determined by sleep architecture metric
component 38 and/or other components of processor 20) for individual age groups are
used to determine the number of points associated with SOL according to Equation 8 and

FIG. 12(b).

. i u-50L, +2=+ o
SOL points = mm{l,max{(), T }} * Weg *100

®)

As shown in FIG. 12(b), sleep architecture metric component 38 is configured such that
Wsor points 1208 are given if the SOL is at the age matched mean x 1210. A linearly
decreasing number of points are given if the SOL is within two standard deviations of the

age matched mean (¢ + 2*0) 1212. If the SOL is above i + 2*0, then the number of
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points assigned is 0. This method penalizes long SOL. In Equation 8, SOL,; is the SOL
for a particular sleep session, and |t and ¢ are the mean and standard deviation for the
corresponding age range. The SOL points using this model for the individual example
age ranges are show in FIG. 12(c).

FIG. 13 illustrates determining arousal and/or arousal density points (in
this example where the indicator is a score) that contribute to the overall determination of
the indicator as described herein. FIG. 13(a) illustrates arousal density (e.g., arousals per
hour) distribution 1300 for four (for example) different age ranges 1301, 1302, 1304,
1306 in the age matched reference information. FIG. 13(a) illustrates arousal density
1300 for sham (no stimulation provided) 1305 and stimulated 1307 sleep sessions. The
distribution 1300 shows little difference depending on age range and/or condition (sham
or stimulation). Thus, for the points (in this example) based on arousal density, sleep
architecture metric component 38 is configured such that there is no differentiation in
determining points based on age range.

Given the distribution described above, sleep architecture metric
component 38 is configured to penalize sleep sessions with an arousal density greater
than seven (this is a non-limiting example) arousals per hour (e.g., roughly the mean 1310
plus half of a standard deviation 1312 as shown in FIG. 13(b)) with no points 1314,
linearly scale the points 1316 contributed by the arousal density up to an ideal zero
arousals 1318 during NREM, and award a full 100 points (this is a non-limiting example
and could be any number of points that allows system 10 to function as described herein).

1320. This is also described in Equation 9:

arousal
arousal points = max{0,min{1,1 - ACTUAL (1, 100
p { { aTOusal MAX (9)

where arousalactual is actual arousal density during automatically detected NREM
periods measured in number of arousals per hour and arousalmax is the defined threshold
of currently set (e.g., seven) arousals per hour (e.g., determined by sleep architecture

metric component 38 and/or other components of processor 20 based on the information
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in the output signals from sensors 18 and/or other information). Sleep architecture metric
component 38 is configured such that the threshold may be determined at manufacture,
entered and/or selected by a user (e.g., subject 12 and/or other users) via user interface 24,
determined based on previous sleep sessions of subject 12, and/or determined in other
ways.

In some embodiments, sleep architecture metric component 38 (FIG. 1) is
configured to determine the sleep architecture metric by linearly (for example) combining

the TST, WASO, SOL, and arousal points described above based on Equation 10:

aq * TST points + a, = WASO points + a4 * 50L points + a4 = Arousal points
(a1+a2+a3+a4) (10)

SApoints =

where a1, a; a3, and a4 are weights assigned by sleep architecture metric component 38
based on a relative importance given to the parameter in question (e.g., determined at
manufacture, entered and/or selected by a user (e.g., subject 12 and/or other users) via
user interface 24 (FIG. 1), determined based on previous sleep sessions of subject 12,
and/or determined in other ways), and TST points, WASO points, SOL points, and
Arousal points are the points as described above. By way of a non-limiting example, in
some embodiments, sleep architecture metric component 38 may be configured such that
a1 = 0.26, a2 = 0.26, a3 = 0.09 and a4 = 0.21. Example distributions (e.g., by age ranges
1402, 1404, 1406, and sham 1408 versus stimulation 1410) of sleep architecture points
(sleep architecture metrics) 1400 determined as detailed above are shown in FIG. 14.
Returning to FIG. 1, combination component 40 is configured to combine
the slow wave activity metric, the stimulation quality metric, the sleep architecture
metric, and/or other metrics. The metrics are combined to determine the indicator and/or
other information. In some embodiments, the combination comprises a linear
combination of the slow wave activity metric, the stimulation quality metric, and the
sleep architecture metric. In some embodiments, the slow wave activity metric, the

stimulation quality metric, and the sleep architecture metric are individually weighted in
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the linear combination. The combination of the slow wave activity metric, the
stimulation quality metric, and the sleep architecture metric is illustrated in FIG. 15.

FIG. 15 illustrates combining 1500 slow wave activity metric 1502,
stimulation quality metric 1504, and sleep architecture metric 1506 to determine indicator
1508 for display 1510 to subject 12 (FIG. 1). FIG. 15 illustrates display of the indicator
as a score 1520 in a graphical user interface 1522 (e.g., user interface 24 shown in FIG. 1)
of a computing device (e.g., a smartphone) associated with the user. As shown in FIG.
15, combination component 40 (FIG. 1) is configured such that indicator 1508 is
determined as a linear combination of slow wave activity metric 1502, stim quality metric
1504 and sleep architecture metric 1506. The individual metrics (CSWA points
corresponds to the slow wave activity metric, stim qty points corresponds to the
stimulation quality metric, and SA points corresponds to the sleep architecture metric) are
weighted (W1 1512, W» 1514, W3 1516) as shown in FIG. 15 and described in Equation
11.

Total score = wy = CSWA poinls + w, % stim gty points + w, * 54 points (11)

Weights W1 1512, W2 1514, W3 1516 may be determined at manufacture, entered,
selected, and/or adjusted via user interface 24 (e.g., adjusted to achieve a score that best
represents the subjective quality of sleep as reported by the users of the system),
determined based on previous sleep sessions of subject 12, and/or determined in other
ways. In some embodiments, the combined metrics may be equally and/or unequally
weighted. For example, in some embodiments, the slow wave activity metric and the
stimulation quality metric may be equally weighted, while the sleep architecture metric
may be weighted more heavily. As another example, W1 may be about 0.45, W, may be
about 0.05, and W3 may be about 0.5. There are many more possible examples.
Combination component 40 may be configured such that the weights described herein
have any value that allows system 10 to function as described. In some embodiments, for

example to ensure that sham sleep sessions have a total score near 100, combination
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component 40 may be configured such that the weights are further multiplied by 1.2 (for
example) and/or other values. In some embodiments, this is an example of a scaling
factor that ensures that sham nights have an average score of 100. In such embodiments,
the nights with stimulation will then have scores above 100 which can be more intuitively
understood.

Returning to FIG. 1, output component 42 is configured to output the
indicator (representative of effects of stimulation provided to subject 12 during the sleep
session) for display to subject 12 and/or other users (e.g., doctors, nurses, caregivers,
family member, researchers, etc.). Outputting the indicator may comprise wired and/or
wireless communication of the indicator, controlling one or more computing devices to
display the indicator and/or other outputting.

FIG. 16 illustrates an example of displaying the indicator to subject 12
and/or other users. FIG. 16 illustrates display of the indicator as a score 1600 in a
graphical user interface 1602 (e.g., user interface 24 shown in FIG. 1) of a computing
device (e.g., a smartphone) associated with the user. In some embodiments, the score
may be a number on a number scale (e.g., 1-100) representative of the benefits of
stimulation during sleep. This is not intended to be limiting. In some embodiments,
output component 42 may be configured such that the indicator comprises one or more
colors, one or more shapes, alphanumeric indicators, letter characters (e.g., A+, B, etc.),
sounds (e.g., various beeping (for example) noises and/or other sounds), and/or other
characteristics that indicate the benefits of stimulation during sleep to a user (e.g., subject
12). The numbers, colors, shapes, and/or other characteristics may be determined based
on the equations and/or other information described above. For example, after a quality
night of restorative sleep, output component 42 may be configured to display the indicator
as a green circle. After a poor night of sleep, output component 42 may cause display of
the indicator as a red circle. These are just examples. Many more possibilities are
contemplated (e.g., beeping sounds, etc.). As shown in FIG. 16, graphical user interface
1602 also displays other information including but not limited to the date 1604, a time

spent in deep sleep during the sleep session 1606, a therapy time 1608 (e.g., an amount of
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time stimulation was provided to subject 12), a number of times subject 12 woke from
sleep 1610, and/or other information.

FIG. 17 illustrates examples of operations performed by system 10 (FIG.
). Asshown in FIG. 17, system 10 is configured to provide 1700 stimulation to a
subject during sleep sessions according to a predetermined therapy regime. Output
signals conveying information related to brain activity in the subject and stimulation
provided to the subject during the sleep sessions are generated 1702. System 10 is
configured such that age matched reference information is obtained for the subject. The
age matched reference information for the subject indicates information related to
reference amounts of cumulative slow wave activity during sleep sessions, reference
levels of stimulation provided during sleep sessions, and reference levels of sleep quality
during sleep sessions for a population of subjects similar in age to the subject. At an
operation 1704, a slow wave activity metric 1705 is determined. The slow wave activity
metric is determined 1706 based on the output signals (e.g., including post processing
1708 EEG information, detecting NREM sleep 1710, etc.), the age matched reference
information 1712, and/or other information. In some embodiments, the slow wave
activity metric is determined based on a cumulative slow wave activity factor 1714 and a
non-rapid eye movement (NREM) duration factor 1716.

At an operation 1720, a stimulation quality metric 1722 is determined.
The stimulation quality metric is determined based on the output signals 1702, the
stimulation provided to the subject 1724, the age matched reference information 1726,
and/or other information. In some embodiments, the stimulation quality metric is
determined based on a number of tones delivered to the subject during the sleep session,
the age matched reference information, and/or other information.

At an operation 1750, a sleep architecture metric 1751 is determined. The
sleep architecture metric is indicative of a sleep quality for the subject during the sleep
session. The sleep architecture metric is determined based on the output signals 1702, the
age matched reference information 1752, and/or other information. In some

embodiments, the sleep architecture metric is determined based on the age matched

-7 -



[77]

[78]

WO 2018/115277 PCT/EP2017/084078

reference information and one or more of a sleep onset latency value for the subject, a
wake after sleep onset value for the subject, a total sleep time during the sleep session, a
number of arousals during the sleep session, and/or other information.

At an operation 1760, the slow wave activity metric, the stimulation
quality metric, and the sleep architecture metric are combined. The metrics are combined
to determine the indicator 1762 and/or other information. In some embodiments, the
slow wave activity metric, the stimulation quality metric, and the sleep architecture metric
are individually weighted 1764 in the linear combination. At an operation 1780, the
indicator (representative of effects of stimulation provided to the subject during the sleep
session) is output for display to the subject.

Returning to FIG. 1, 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 removable 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 function properly. For example, electronic storage 22 may store the
age matched reference information described herein, the algorithms used to determine the
indicator for subject 12, and/or other information. 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 components of system 10

(e.g., processor 20).
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User interface 24 is configured to provide an interface 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
"information,” 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, the indicator described herein, and/or other information may be
displayed to a caregiver and/or subject 12 via user interface 24. Examples of interface
devices suitable for inclusion 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. In some embodiments, as described below,
user interface 24 may be included with sensor 18, stimulator 16, processor 20, electronic
storage 22 and/or other components of system 10 in a singular device. In some
embodiments, 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 computer, 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. A graphical user interface displayed by a computing device
associated with subject 12 may display the indicator to subject 12, for example (e.g., as
described above related to output component 42).

It is to be understood that other communication techniques, either hard-
wired or wireless, are also contemplated by the present disclosure as user interface 24.

For example, the present disclosure contemplates that user interface 24 may be integrated
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with a removable storage interface provided by electronic storage 22. In this example,
information 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
implementation 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.

External resources 26 includes sources of information (e.g., databases,
websites, etc. that store the age matched reference information), external entities
participating 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 stimulator 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.

In FIG. 1, sensory stimulator 16, sensor 18, processor 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.
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FIG. 18 illustrates a method 1800 for outputting an indicator
representative of effects of stimulation provided to the subject during a sleep session with
an indicator system. The indicator system comprises one or more stimulators, one or
more sensors, one or more hardware processors, and/or other components. The one or
more hardware processors are configured to execute computer program components. The
computer program components comprise a therapy component, an age matched reference
component, a slow wave activity metric component, a stimulation quality metric
component, a sleep architecture metric component, a combination component, an output
component, and/or other components. The operations of method 1800 presented below
are intended to be illustrative. In some embodiments, method 1800 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 1800 are
illustrated in FIG. 18 and described below is not intended to be limiting.

In some embodiments, method 1800 may be implemented 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 executing some or all of the
operations of method 1800 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 1800.

At an operation 1802, 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 stimulators. The one or more
stimulators are controlled to provide stimulation according to a predetermined therapy
regime. In some embodiments, operation 1802 is performed by a processor component

the same as or similar to therapy component 30 (shown in FIG. 1 and described herein).
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At an operation 1804, output signals conveying information related to
brain activity in the subject and stimulation provided to the subject during the sleep
sessions are generated. In some embodiments, the one or more sensors comprise
electroencephalogram (EEG) sensors and/or other sensors configured to generate EEG
output signals conveying information related to brain activity in the subject. In some
embodiments, 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 1804 is performed
by one or more sensors the same as or similar to sensors 18 (shown in FIG. 1 and
described herein).

At an operation 1806, age matched reference information is obtained for
the subject. The age matched reference information for the subject indicates information
related to reference amounts of cumulative slow wave activity during sleep sessions,
reference levels of stimulation provided during sleep sessions, and reference levels of
sleep quality during sleep sessions for a population of subjects similar in age to the
subject. In some embodiments, operation 1806 is performed by a processor component
the same as or similar to age matched reference component 32 (shown in FIG. 1 and
described herein).

At an operation 1808, a slow wave activity metric is determined. The
slow wave activity metric is indicative of a cumulative amount of slow wave activity in
the subject during the sleep session. The slow wave activity metric is determined based
on the output signals, the stimulation provided to the subject, the age matched reference
information, and/or other information. In some embodiments, the slow wave activity
metric is determined based on a cumulative slow wave activity factor and a non-rapid eye
movement (NREM) duration factor. In some embodiments, the cumulative slow wave
activity and NREM factors are both determined based on the output signals, the age
matched reference information, and/or other information. In some embodiments, the
cumulative slow wave activity factor is and/or is determined based on cumulative EEG

power in a 0.5 to 4 Hz band across detected NREM epochs during the sleep session. In
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some embodiments, operation 1808 is performed by a processor component the same as
or similar to slow wave activity metric component 34 (shown in FIG. 1 and described
herein).

At an operation 1810, a stimulation quality metric is determined. The
stimulation quality metric is indicative of how well the stimulation enhances slow wave
activity in the subject during the sleep session. The stimulation quality metric is
determined based on the output signals, the stimulation provided to the subject, the age
matched reference information, and/or other information. In some embodiments, the
stimulation quality metric is determined based on a number of tones delivered to the
subject during the sleep session, the age matched reference information, and/or other
information. In some embodiments, operation 1810 is performed by a processor
component the same as or similar to stimulation quality metric component 36 (shown in
FIG. 1 and described herein).

At an operation 1812, a sleep architecture metric is determined. The sleep
architecture metric is indicative of a sleep quality for the subject during the sleep session.
The sleep architecture metric is determined based on the output signals, the stimulation
provided to the subject, the age matched reference information, and/or other information.
In some embodiments, the sleep architecture metric is determined based on the age
matched reference information and one or more of a sleep onset latency value for the
subject, a wake after sleep onset value for the subject, a total sleep time during the sleep
session, a number of arousals during the sleep session, and/or other information. In some
embodiments, the sleep onset latency value, the wake after sleep onset value, the total
sleep time, and/or the number of arousals are determined based on the output signals
and/or other information. In some embodiments, operation 1812 is performed by a
processor component the same as or similar to sleep architecture metric component 38
(shown in FIG. 1 and described herein).

At an operation 1814, the slow wave activity metric, the stimulation
quality metric, and the sleep architecture metric are combined. The metrics are combined

to determine the indicator and/or other information. In some embodiments, the
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combination comprises a linear combination of the slow wave activity metric, the
stimulation quality metric, and the sleep architecture metric. In some embodiments, the
slow wave activity metric, the stimulation quality metric, and the sleep architecture metric
are individually weighted in the linear combination. In some embodiments, operation
1814 is performed by a processor component the same as or similar to combination
component 40 (shown in FIG. 1 and described herein).

At an operation 1816, the indicator (representative of effects of stimulation
provided to the subject during the sleep session) is output for display to the subject. In
some embodiments, operation 1816 is performed by a processor component the same as
or similar to output component 42 (shown in FIG. 1 and described herein).

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 arrangements 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.

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 elements. 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
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What is claimed is:

1. A system (10) configured to output an indicator representative of
effects of stimulation provided to a subject during a sleep session, the system comprising:
one or more stimulators (16) configured to provide the stimulation to the
subject during the sleep session;
one or more sensors (18) configured to generate output signals conveying
information related to brain activity in the subject during the sleep session; and
one or more hardware processors (20) operatively communicating with the
one or more stimulators and the one or more sensors, the one or more hardware
processors configured by machine-readable instructions to:
determine, based on the output signals and the stimulation
provided to the subject:
a slow wave activity metric indicative of a cumulative
amount of slow wave activity in the subject during the sleep session;
a stimulation quality metric indicative how well the
stimulation enhances slow wave activity in the subject during the sleep session; and
a sleep architecture metric indicative of a sleep quality for
the subject during the sleep session;
combine the slow wave activity metric, the stimulation quality
metric, and the sleep architecture metric to determine the indicator; and

output the indicator for display to the subject.

2. The system of claim 1, wherein the one or more hardware processors
are further configured to:

obtain age matched reference information for the subject that indicates
information related to reference amounts of cumulative slow wave activity during sleep

sessions, reference levels of stimulation provided during sleep sessions, and reference
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levels of sleep quality during sleep sessions for a population of subjects similar in age to
the subject; and
determine the slow wave activity metric, the stimulation quality metric,

and the sleep architecture metric based on the reference information.

3. The system of claim 2, where the one or more sensors comprise
electroencephalogram (EEG) electrodes, and wherein the one or more hardware
processors are configured such that:

the slow wave activity metric is determined based on a cumulative slow
wave activity factor and a non-rapid eye movement (NREM) duration factor;

the cumulative slow wave activity and NREM factors are both determined
based on the output signals and the age matched reference information; and

the cumulative slow wave activity factor is determined based on
cumulative EEG power in a 0.5 to 4 Hz band or a sub-band within the 0.5 to 4 Hz band

across detected NREM epochs during the sleep session.

4. The system of claim 2, wherein the one or more hardware processors
are configured such that the stimulation quality metric is determined based on one or both
of a number of tones delivered to the subject during the sleep session and a number of
tones at a specific volume delivered to the subject during the sleep session, and the age

matched reference information.

5. The system of claim 2, wherein the one or more hardware processors
are configured such that the sleep architecture metric is determined based on the age
matched reference information and one or more of a sleep onset latency value for the
subject, a wake after sleep onset value for the subject, a total sleep time during the sleep

session, or a number of arousals during the sleep session, and
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wherein the sleep onset latency value, the wake after sleep onset value, the
total sleep time, and/or the number of arousals are determined based on the output

signals.

6. The system of claim 1, wherein the one or more hardware processors
are configured such that the combination comprises a linear combination of the slow
wave activity metric, the stimulation quality metric, and the sleep architecture metric; and

the slow wave activity metric, the stimulation quality metric, and the sleep

architecture metric are individually weighted in the linear combination.

7. The system of claim 1, wherein the one or more hardware processors
are configured to cause display of the slow wave activity metric, the stimulation quality
metric, and the sleep architecture metric without combining them to determine the

indicator.

8. A method for outputting an indicator representative of effects of
stimulation provided to a subject during a sleep session with an indicator system (10), the
system comprising one or more stimulators (16), one or more sensors (18), and one or
more hardware processors (20), the method comprising:

providing, with the one or more stimulators, the stimulation to the subject
during the sleep session;

generating, with the one or more sensors, output signals conveying
information related to brain activity in the subject during the sleep session;

determining, with the one or more processors, based on the output signals
and the stimulation provided to the subject:

a slow wave activity metric indicative of a cumulative
amount of slow wave activity in the subject during the sleep session;
a stimulation quality metric indicative how well the

stimulation enhances slow wave activity in the subject during the sleep session; and
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a sleep architecture metric indicative of a sleep quality for
the subject during the sleep session;
combining, with the one or more processors, the slow wave activity
metric, the stimulation quality metric, and the sleep architecture metric to determine the
indicator; and
outputting, with the one or more hardware processors, the indicator for

display to the subject.

9. The method of claim 8, further comprising:

obtaining, with the one or more hardware processors, age matched
reference information for the subject that indicates information related to reference
amounts of cumulative slow wave activity during sleep sessions, reference levels of
stimulation provided during sleep sessions, and reference levels of sleep quality during
sleep sessions for a population of subjects similar in age to the subject; and

determining, with the one or more hardware processors, the slow wave
activity metric, the stimulation quality metric, and the sleep architecture metric based on

the reference information.

10. The method of claim 9, where the one or more sensors comprise
electroencephalogram (EEG) electrodes, and wherein:

the slow wave activity metric is determined based on a cumulative slow
wave activity factor and a non-rapid eye movement (NREM) duration factor;

the cumulative slow wave activity and NREM factors are both determined
based on the output signals and the age matched reference information; and

the cumulative slow wave activity factor is determined based on
cumulative EEG power in a 0.5 to 4 Hz band or a sub-band within the 0.5 to 4 Hz band

across detected NREM epochs during the sleep session.
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11. The method of claim 9, wherein the stimulation quality metric is
determined based on one or both of a number of tones delivered to the subject during the
sleep session and a number of tones at a specific volume delivered to the subject during

the sleep session, and the age matched reference information.

12. The method of claim 9, wherein the sleep architecture metric is
determined based on the age matched reference information and one or more of a sleep
onset latency value for the subject, a wake after sleep onset value for the subject, a total
sleep time during the sleep session, or a number of arousals during the sleep session, and

wherein the sleep onset latency value, the wake after sleep onset value, the
total sleep time, and/or the number of arousals are determined based on the output

signals.

13. The method of claim 8, wherein the combination comprises a linear
combination of the slow wave activity metric, the stimulation quality metric, and the
sleep architecture metric; and

the slow wave activity metric, the stimulation quality metric, and the sleep

architecture metric are individually weighted in the linear combination.

14. The method of claim 8, further comprising causing display of the slow
wave activity metric, the stimulation quality metric, and the sleep architecture metric

without combining them to determine the indicator.

15. A system for outputting an indicator representative of effects of
stimulation provided to a subject during a sleep session, the system comprising:

means (16) for providing the stimulation to the subject during the sleep
session;

means (18) for generating output signals conveying information related to

brain activity in the subject during the sleep session;
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means (20) for determining, based on the output signals and the
stimulation provided to the subject:
a slow wave activity metric indicative of a cumulative
amount of slow wave activity in the subject during the sleep session;
a stimulation quality metric indicative how well the
stimulation enhances slow wave activity in the subject during the sleep session; and
a sleep architecture metric indicative of a sleep quality for
the subject during the sleep session;
means (20) for combining the slow wave activity metric, the stimulation
quality metric, and the sleep architecture metric to determine the indicator; and

means (20) for outputting the indicator for display to the subject.

16. The system of claim 15, further comprising:

means (20) for obtaining age matched reference information for the
subject that indicates information related to reference amounts of cumulative slow wave
activity during sleep sessions, reference levels of stimulation provided during sleep
sessions, and reference levels of sleep quality during sleep sessions for a population of
subjects similar in age to the subject; and

means (20) for determining the slow wave activity metric, the stimulation

quality metric, and the sleep architecture metric based on the reference information.

17. The system of claim 16, where the means for generating output signals
comprise electroencephalogram (EEG) electrodes, and wherein:

the slow wave activity metric is determined based on a cumulative slow
wave activity factor and a non-rapid eye movement (NREM) duration factor;

the cumulative slow wave activity and NREM factors are both determined

based on the output signals and the age matched reference information; and
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the cumulative slow wave activity factor is determined based on
cumulative EEG power in a 0.5 to 4 Hz band or a sub-band within the 0.5 to 4 Hz band

across detected NREM epochs during the sleep session.

18. The system of claim 16, wherein the stimulation quality metric is
determined based on one or both of a number of tones delivered to the subject during the
sleep session and a number of tones at a specific volume delivered to the subject during

the sleep session, and the age matched reference information.

19. The system of claim 16, wherein the sleep architecture metric is
determined based on the age matched reference information and one or more of a sleep
onset latency value for the subject, a wake after sleep onset value for the subject, a total
sleep time during the sleep session, or a number of arousals during the sleep session, and

wherein the sleep onset latency value, the wake after sleep onset value, the
total sleep time, and/or the number of arousals are determined based on the output

signals.

20. The system of claim 15, wherein the combination comprises a linear
combination of the slow wave activity metric, the stimulation quality metric, and the
sleep architecture metric; and

the slow wave activity metric, the stimulation quality metric, and the sleep

architecture metric are individually weighted in the linear combination.
21. The system of claim 15, further comprising means (20) for causing

display of the slow wave activity metric, the stimulation quality metric, and the sleep

architecture metric without combining them to determine the indicator.
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