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of a cardiac attribute and a respiratory
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Determine one or both of a cardiac parameter / 704
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based on the generated output signals
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Determine whether the subject generates a 206
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parameter and the respiratory parameter
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Control one or more sensory stimulators to provide
o . 710
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SYSTEM AND METHOD FOR ENHANCING
SLEEP SLOW WAVE ACTIVITY BASED ON
CARDIAC CHARACTERISTICS OR
RESPIRATORY CHARACTERICS

BACKGROUND

[0001] 1. Field

[0002] The present disclosure pertains to a system and
method for providing sensory stimulation to a subject during
sleep to enhance a certain type of neural activity. The proper
time or interval to provide stimulation is determined based
on output signals generated by one or more sensors that
convey information related to a cardiac attribute and/or a
respiratory attribute.

[0003] 2. Description of the Related Art

[0004] Systems for monitoring sleep are known. Typical
systems for monitoring sleep include an electroencephalo-
gram (EEG) cap worn on the head of a user during sleep.
The EEG cap decreases the comfort level of the user which
may interrupt sleep. Sensory stimulation during sleep is
known. Sensory stimulation during sleep is often applied in
a closed-loop manner by using the EEG signals as reference.

SUMMARY

[0005] Accordingly, one or more aspects of the present
disclosure relate to a system configured to provide sensory
stimuli to enhance sleep of a subject. The system comprises
one or more sensory stimulators, one or more sensors, and
one or more processors. The one or more sensory stimulators
are configured to provide sensory stimuli to the subject. The
one or more sensors are configured to generate output
signals conveying information related to one or both of a
cardiac attribute and a respiratory attribute of the subject
during sleep. The one or more processors are configured to
execute computer program components. The computer pro-
gram components include a parameter component, a neural
component, and a control component. The parameter com-
ponent is configured to determine one or both of a cardiac
parameter and a respiratory parameter of the subject. Such
a determination is based on the generated output signals
from the one or more sensors. The neural component is
configured to determine whether the subject generates a
target level of neural activity based on the determination by
the parameter component. The control component is con-
figured to control the one or more sensory stimulators to
provide the sensory stimuli to enhance sleep and/or slow
wave activity in the subject. Operation of the control com-
ponent is based on determinations by the neural component.
In some embodiments, an amount, intensity, magnitude,
power, and/or level of slow wave activity corresponds to the
level of neural activity of a subject in the 0.5-4.0 Hz band.
[0006] Yet another aspect of the present disclosure relates
to a method for providing sensory stimuli to enhance sleep
and/or slow wave activity of a subject during sleep. The
method includes generating output signals conveying infor-
mation related to one or both of a cardiac attribute and a
respiratory attribute of the subject during sleep; determining
one or both of a cardiac parameter and a respiratory param-
eter of the subject based on the generated output signals;
determining whether the subject generates a target level of
neural activity based on the determination of one or both of
the cardiac parameter and the respiratory parameter; and
controlling the one or more sensory stimulators to provide
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sensory stimuli to enhance sleep and/or slow wave activity
in the subject based on the determination whether the subject
generates the target level of neural activity (in a particular
band of frequencies).

[0007] Still another aspect of present disclosure relates to
a system configured to provide sensory stimuli to enhance
sleep and/or slow wave activity of a subject during sleep.
The system includes means for providing sensory stimuli to
the subject; means for generating output signals conveying
information related to one or both of a cardiac attribute and
arespiratory attribute of the subject during sleep; first means
for determining one or both of a cardiac parameter and a
respiratory parameter of the subject based on the generated
output signals; second means for determining whether the
subject generates a target level of neural activity based on
determinations by the first means of determining; and means
for controlling the means for providing sensory stimuli to
the subject to enhance sleep and/or slow wave activity in the
subject based on determinations by the second means.
[0008] 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

[0009] FIG. 1 is a schematic illustration of a system
configured to manage a current sleep session of a subject
based on output signals generated by one or more sensors
that convey information related to a pulse rate and/or a blood
volume of the subject during the current sleep session.
[0010] FIG. 2 illustrates a hypnogram and an EEG signal.
[0011] FIG. 3 illustrates an optical sensor configured to be
worn on the wrist of a subject.

[0012] FIG. 4 illustrates a camera that is configured to be
placed at a distance from a subject and directed toward an
area of the skin of the body of the subject.

[0013] FIG. 5 illustrates high frequency variation that
corresponds to the pulse rate of a subject.

[0014] FIG. 6A illustrates an example of a comparison
between sleep stages determined from an EEG and the
output signals from a sensor in the 0.04-0.30 Hz range.
[0015] FIG. 6B illustrates that heart rate variability over
time generally correlates with sleep stage variation over time
such that a sleep stage component may determine the current
sleep stage of a subject based on the determined heart rate
variability.

[0016] FIG. 7 illustrates a method for managing a current
sleep session of a subject with a management system.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

G <
a

[0017] 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
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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
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.

[0018] 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).

[0019] 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.

[0020] FIG. 1 is a schematic illustration of a system 10
configured to provide sensory stimulation to a subject 12.
The sensory stimulation may enhance sleep of subject 12,
e.g. by enhancing the restorative power of sleep. In some
embodiments, system 10 may be configured to enhance slow
wave activity (SWA) of a subject during sleep. In some
embodiments, system 10 may comprise one or more of a
sensory stimulator 16, a sensor 18, a processor 20, electronic
storage 22, a user interface 24, and/or other components.
Cardio-respiratory signals may provide a correlate of neural
activity that is close to the information provided by an EEG.
The timing of the delivery of sensory stimulation may be
based on the (estimated) level of neural activity.

[0021] In some embodiments, system 10 may be config-
ured to detect a particular sleep stage (based on one or more
cardiac attributes and/or one or more respiratory attributes of
subject 12) and use such detections as a basis for the
provision of sensory stimulation. Alternatively, and/or
simultaneously, in some embodiments, system 10 may be
configured to detect and/or determine slow wave sleep, and
provide sensory stimulation based thereon, e.g. without
determining a current sleep stage. Alternatively, and/or
simultaneously, in some embodiments, system 10 may be
configured to detect and/or determine a particular autonomic
state of subject 12, and provide sensory stimulation based
thereon, e.g. without determining a current level of neural
activity of subject 12.

[0022] System 10 is configured to determine the level of
neural activity of subject 12, for example during sleep. The
level of neural activity may be determined based on one or
more cardiac parameters and/or one or more respiratory
parameters. These parameters may be based on output
signals generated by one or more sensors 18. System 10 is
configured to deliver sensory stimulation (e.g., auditory
stimulation) based on output signals generated by sensor 18
that convey information related to one or both of a cardiac
attribute and a respiratory attribute of subject 12, and/or
other information during a current sleep session. System 10
is configured such that the delivery of sensory stimulation
during sleep induces and/or enhances slow wave activity in
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subject 12. The delivery of the sensory stimulation may be
timed to correspond to sleep stages (likely to be) associated
with slow wave activity.

[0023] The term “slow wave sleep” may be used to refer
to sleep of a subject during which the amount, intensity,
magnitude, power, and/or level of neural activity in a
particular band of frequencies (e.g. 0.5-4 Hz) is at and/or
below a particular target level of neural activity. Neural
activity may be observed by way of, e.g., an electro-
encephalogram (EEG). FIG. 2 illustrates hypnogram 200
and EEG signal 202. Hypnogram 200 illustrates sleep stage
204 variation over time 206 for a sleep session of a subject.
The sleep stages may include wakefulness (W), rapid eye
movement (R), and/or non-rapid eye movement stage N1,
stage N2, or stage N3 sleep. In some embodiments, slow
wave sleep and/or slow wave activity may correspond to
stage N3 sleep. In some embodiments, stage N2 and/or stage
N3 sleep may be slow wave sleep and/or correspond to slow
wave activity. In the non-limiting example shown in FIG. 2,
auditory stimulation 208 is timed for delivery during (suf-
ficiently extensive) periods of slow wave sleep 210. In some
embodiments, slow waves may not be present throughout an
entire N3 period, for example, but it may be significantly
more likely that such slow waves are present during N3.
Slow waves may also be present (although to a lesser extent)
during N2, for example. An EEG signal is typically gener-
ated via a headset worn by a subject during sleep. Wearing
an EEG monitoring system on the head during sleep may be
cumbersome and disrupt the sleep of the subject. The system
described herein may alleviate the need for wearing a
headset and/or any use of an EEG monitoring system during
sleep.

[0024] In some embodiments, the amount, intensity, mag-
nitude, power, and/or level of neural activity in other bands
of frequencies (e.g. the beta band between 15-30 Hz, the
spindle band between 11-15 Hz, etc.) may be used by system
10. In some embodiments, ratios between two or more bands
may be used, e.g. by neural component 30.

[0025] Returning to FIG. 1, sensory stimulator 16 is
configured to provide sensory stimuli to subject 12. Sensory
stimulator 16 is configured to provide sensory stimuli 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 sensory stimuli to subject 12
during slow wave sleep in the current sleep session. Sensory
stimulator 16 may be configured to provide sensory stimu-
lation to subject 12 during the current sleep session to
induce, enhance, and/or adjust slow wave activity in subject
12. In some embodiments, sensory stimulator 16 may be
configured such that adjusting includes increasing, decreas-
ing, and/or other adjustment of slow wave activity in subject
12.

[0026] In some embodiments, sensory stimulator 16 may
be configured to induce and/or adjust slow wave activity
through non-invasive brain stimulation and/or other meth-
ods. Sensory stimulator 16 may be configured to induce,
enhance, and/or adjust slow wave activity through non-
invasive brain stimulation using sensory stimuli. The sen-
sory stimuli may include odors, sounds, visual stimulation,
touches, tastes, and/or other stimuli. For example, sensory
stimulator 16 may be configured to induce, enhance, and/or
adjust slow wave activity via auditory stimulation of subject
12. Examples of sensory stimulator 16 may include one or
more of a music player, a tone generator, a collection of



US 2016/0310696 A1

electrodes, a unit to deliver vibratory stimulation (also
known as somato-sensory stimulation). a coil generating a
magnetic field to directly stimulate the brain’s cortex, light
generators, a fragrance dispenser, and/or other devices. In
some embodiments, sensory stimulator 16, sensors 18, and/
or other components of system 10 may be integrated into a
single device. For example, sensory stimulator 16 may be
incorporated into a wristband worn by subject 12 during
sleep that also includes sensor 18. In some embodiments,
sensory stimulator 16 may be configured to deliver vibratory
stimulation to the wrist of subject 12. The number of sensory
stimulators in system 10 is not limited by any of the figures.
[0027] Sensor 18 is configured to generate output signals
conveying information related to one or more cardiac attri-
butes and/or one or more respiratory attributes of subject 12,
e.g. during sleep. The number of sensors in system 10 is not
limited by any of the figures. For example, system 10 may
include multiple sensors 18. System 10 may include differ-
ent types of sensors 18. Sensors 18 may include one or more
of optical sensors (e.g. using photoplethysmography), bal-
listocardiographic sensors (e.g. based on accelerometers,
piezoelectric sensors, and/or strain gauges installed e.g. in or
under a mattress), Doppler radar, (in-ear) electrodes, (infra-
red) cameras, and/or other sensors. In some embodiments,
sensor 18 may include an in-ear photoplethysmographic
sensor.

[0028] Cardiac attributes may include heart rate, cardiac
interbeat intervals (IBIs), and/or other cardiac attributes, e.g.
cardiac attributes related to output signals generated by
sensor 18. Respiratory attributes may include respiratory
rate/frequency, respiratory effort, respiratory timing, and/or
other respiratory attributes, e.g. respiratory attributes related
to output signals generated by sensor 18.

[0029] In some embodiments, sensor 18 may be config-
ured to maintain the comfort of subject 12 during sleep such
that sleep is not interrupted by discomfort caused by sensor
18. Sensor 18 may include an optical sensor 40 (shown in
FIG. 3), a camera 50 (shown in FIG. 4), an accelerometer,
and/or other sensors configured to measure movement and/
or other characteristics of subject 12. Sensor 18 may be
configured to be carried (e.g., worn) by an extremity of
subject 12, placed at a distance from subject 12, and/or
configured in other ways. Sensor 18 may comprise one or
more sensors that generate output signals conveying infor-
mation indirectly. Sensor 18 may generate output signals
conveying information related to movement of subject 12,
respiration of subject 12, and/or other characteristics of
subject 12. For example. sensor 18 may include an accel-
erometer such that sleep may be analyzed using actigraphy
signals. The accelerometer may be integrated with sensor 18
as a single device and/or may be configured to be a stand-
alone component of system 10. In some embodiments, the
accelerometer may be integrated into a bracelet and/or a
wrist band, for example, worn by subject 12.

[0030] By way of a non-limiting example, FIG. 3 illus-
trates an embodiment of sensor 18 wherein sensor 18
includes optical sensor 40 and is configured to be worn on
the wrist 300 of subject 12. As shown in FIG. 3, optical
sensor 40 includes light source 42, photodiode assembly 44,
and/or other components. In some embodiments, light
source 42 and/or photodiode assembly 44 may be housed by
a housing (e.g., case 302) coupled to the extremity of subject
12, coupled with a band of flexible material worn around an
extremity of subject 12, removably coupled to an extremity
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of subject 12 via an adhesive, and/or carried by an extremity
of subject 12 via other mechanisms. Light 304 from light
source 42 may be scattered and/or absorbed by blood in
blood vessels 306. Photodiode assembly 44 may generate
output signals indicating an amount of light from light
source 42 not absorbed by the blood in blood vessels 306 in
wrist 300.

[0031] In some embodiments, optical sensor 40 is config-
ured such that the extremity of subject 12 includes an arm,
a leg, a wrist, a finger, an ankle, a toe, and/or other
extremities of subject 12. In some embodiments, optical
sensor 40 may be incorporated into a clamp and/or other
devices configured to removably couple with an extremity of
subject 12. Optical sensor 40 may be configured to remain
in a position facing the skin of'subject 12, e.g. throughout the
sleep session. In some embodiments, optical sensor 40 may
be configured such that the output signals are transmitted
wirelessly.

[0032] Light source 42 is configured to light an area of
skin on an extremity of subject 12. In some embodiments,
light source 42 may be a light emitting diode (LED). The
LED may emit monochromatic light. In some embodiments,
the monochromatic light is green. In some embodiments, the
monochromatic light is a color other than green. In some
embodiments, the light is not monochromatic. At least some
of the emitted light may be scattered and/or absorbed by
blood in blood vessels 306 of the area of skin. Photodiode
assembly 44 is configured to generate output signals indi-
cating an amount of light 304 from the light source not
absorbed by the blood in the blood vessels in the area of
skin. The amount of light 304 not absorbed is related to one
or more cardiac attributes and/or respiratory attributes, and/
or other characteristics of subject 12. By way of non-limiting
example, when the heart of subject 12 pulsates, the blood
volume of the blood vessels in the skin changes (as well as
other electrophysiological changes may occur) and the out-
put signals from photodiode 44 reflect this change or other
changes to indicate more or less absorbed light.

[0033] As shown in FIG. 4, camera 50 is configured to be
placed at a distance 400 from subject 12 and directed toward
an area of the skin of the body of subject 12. In some
embodiments, the area of the skin of the body of subject 12
is the face of subject 12. In some embodiments, camera 50
may be directed at subject 12 while subject 12 sleeps in a bed
402, for example. Camera 50 is configured to generate
output signals related to changes in the color of the skin in
the area of the body of subject 12 toward which the camera
is directed. The color of the skin may be related to one or
more physiological attributes of subject 12, and/or other
characteristics of subject 12. For example, changes in the
color of the skin may indicate changes in the volume of
blood in the blood vessels in the monitored area, for
example. In some embodiments, camera 50 may be a vital
signs camera. In some embodiments, camera 50 may be a
camera of a mobile device associated with subject 12 and/or
other users. In some embodiments camera 50 may utilize
infrared light to generate output signals related to the
changes in skin color. Utilizing infrared light may decrease
the likelihood that the user wakes up during the sleep
session. In some embodiments, an infrared light source is
placed next to the bed, which illuminates the user’s body and
can then enhance the signal received by the camera. In some
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embodiments, system 10 may be configured such that the
output signals from camera 50 are transmitted wirelessly
and/or via wires.

[0034] Returning to FIG. 1, although sensor 18 is
described herein at a location carried by an extremity of
subject 12 or located at a distance from subject 12, this is not
intended to be limiting. Sensor 18 may include one or more
of the different types of sensors disposed in a plurality of
locations. For example, multiple sensors 18 may be disposed
on multiple limbs of subject 12. An optical sensor may be
disposed on an extremity of subject 12 while a camera is
disposed at a distance from subject 12. In some embodi-
ments, multiple cameras may be disposed at multiple dis-
tances from subject 12.

[0035] 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, and a digital circuit designed to process informa-
tion, 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 plu-
rality of processing units. These processing units may be
physically located within the same device (e.g., sensory
stimulator 16), or processor 20 may represent processing
functionality of a plurality of devices operating in coordi-
nation.

[0036] As shown in FIG. 1, processor 20 is configured to
execute one or more computer program components. The
one or more computer program components may comprise
one or more of a parameter component 30, a neural com-
ponent 32, a control component 34, a sleep stage component
36, an arousal component 38, and/or other components.
Processor 20 may be configured to execute components
30-38 by software; hardware; firmware; some combination
of software, hardware, and/or firmware; and/or other mecha-
nisms for configuring processing capabilities on processor
20.

[0037] It should be appreciated that although components
30-38 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 30-38 may be located remotely from the other
components. The description of the functionality provided
by the different components 30-38 described below is for
illustrative purposes, and is not intended to be limiting, as
any of components 30-38 may provide more or less func-
tionality than is described. For example, one or more of
components 30-38 may be eliminated, and some or all of its
functionality may be provided by other components 30-38.
As another example, processor 20 may be configured to
execute one or more additional components that may per-
form some or all of the functionality attributed below to one
of components 30-38.

[0038] Determinations by parameter component 30, neu-
ral component 32, sleep stage component 36, and/or arousal
component 38 may include approximations, estimations,
probabilities, and/or other ways to make decisions. As used
herein, the term “determine” may be interpreted to mean
“measure, analyze, process, approximate, estimate, and/or
otherwise decide.”

[0039] Parameter component 30 is configured to deter-
mine one or more cardiac parameters and/or one or more
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respiratory parameters. Determinations by parameter com-
ponent 30 may be based on output signals from sensors 18.
The cardiac and respiratory parameters described herein
have been experimentally determined to be useful in dis-
criminating between sleep stages. By way of non-limiting
example, in some experiments, validation used a (2-class
Bayesian) linear discriminant classifier. Alternatively, and/or
simultaneously, the cardiac and respiratory parameters
described herein have been experimentally determined to be
useful in discriminating between different levels/intensities
of (slow wave) neural activity (e.g. without measuring
neural activity directly). Alternatively, and/or simultane-
ously, the cardiac and respiratory parameters described
herein have been experimentally determined to be useful in
discriminating between different autonomic states. The dis-
criminatory power (e.g. sensitivity, specificity, and/or pre-
cision) of these parameters may increase upon combination.
In some embodiments, discriminatory power may be repre-
sented, for each attribute/parameter, by its absolute stan-
dardized mean distance (ASMD), based on the standardized
mean difference (SMD). SMD expresses the difference
between classes relative to the variability.

[0040] The one or more cardiac parameters may include
cardiac interbeat intervals (IBls), a pulse rate metric, a blood
volume metric, windowed de-trended fluctuation analysis
(DFA) coefficients of RR interval series, mean absolute
deviation of the RR intervals, standard deviation of RR
intervals, sample entropy of the RR intervals time series,
value range of RR intervals, power of heart rate variability
(HRV) spectrum at the respiratory frequency (in the fre-
quency domain), low frequency HRV power, approximate
entropy of respiratory effort amplitude peaks, ratio between
low and high HRV power, module of the HF power of HRV,
high frequency HRV power, scaling exponent of DFA over
all time scales, very low frequency HRV power, phase
coordination between RR intervals and respiratory fre-
quency (using only IBIs), and/or other parameters. The pulse
rate metric may be related to heart rate variability (HRV),
and/or other pulse rate metrics. Heart rate variability may be
defined as the variation in the time interval between heart-
beats. Blood volume metric may be related to low frequency
changes in blood volume in about the 0.04-0.30 Hz range,
for example, and/or other blood volume metrics.

[0041] The one or more respiratory parameters may
include a standardized median trough respiratory amplitude,
a standardized mean trough respiratory amplitude, standard
deviation of the respiratory frequency over a sliding win-
dow, approximate entropy of respiratory effort trough ampli-
tudes, mean breath-by-breath correlation, ratio between the
low and high frequency band power of respiratory effort,
high frequency band power of respiratory effort, and/or other
respiratory parameters. For any parameter using respiratory
trough some embodiment may use respiratory peak instead,
and vice versa. In some embodiments, respiratory param-
eters may use and/or be based on information pertaining to
both respiratory trough and respiratory peak.

[0042] In some embodiments, parameter component 30
may be configured to determine parameters based on both at
least one cardiac attribute and at least one respiratory
attribute. For example, determined parameters may include
phase coordination between RR intervals and respiratory
effort. Combinations and/or transformations of cardiac and/
or respiratory parameters (including but not limited to
aggregation, statistical manipulations, low-pass filtering,
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high-pass filtering, and/or combinations thereof) are consid-
ered within the scope of this disclosure.

[0043] In some embodiments, parameter component 30
may be configured to determine one or more arousal metrics
based on the generated output signals. Arousal metrics may
indicate a level of wakefulness in subject 12, and/or a
likelihood that subject 12 will wake up very soon.

[0044] In some embodiments, parameter component 30
may be configured to determine one or more autonomic
parameters based on the generated output signals. Auto-
nomic parameters may indicate a current (estimated and/or
determined) autonomic state of subject 12 and/or may
indicate or correspond to a particular level of neural activity.
[0045] FIG. 5 illustrates an example of an output signal
500 from sensor 18 (shown in FIG. 1). The characteristics
(e.g., frequency, amplitude, baseline variations, peak to peak
time intervals, etc.) of output signal 500 may be used by
parameter component 30 (shown in FIG. 1) to determine the
one or more cardiac parameters and/or other information.
Output signal 500 may illustrate a signal representing
changes in blood volume, for example, generated by optical
sensor 40 (shown in FIG. 3), camera 50 (shown in FIG. 4),
and/or other sensors. The signal strength 502 of output
signal 500 varies over time 504. Peaks 506 in signal 500
appear approximately every second in this example and may
represent heart beats of a subject (e.g., subject 12). Param-
eter component 30 may determine heart rate variability, for
example, based on peaks 506.

[0046] Referring to FIG. 1, neural component 32 is con-
figured to determine whether subject 12 generates a target
level of neural activity based on one or more determinations
by parameter component 30. The target level of neural
activity may be selected such that an amount, intensity,
magnitude, power, or level above the target level is deemed
inappropriate to be considered slow wave sleep, and such
that an amount, intensity, magnitude, power, or level at
and/or below the target level is deemed appropriate to be
considered slow wave sleep. In some embodiments, deter-
minations by neural component 32 are performed by esti-
mating an intensity of slow wave neural activity of subject
12. Estimation accuracy may improve by using multiple
different cardiac parameters and/or respiratory parameters,
as determined by parameter component 30, in conjunction.
In some embodiments, neural component 32 is configured to
detect a neural state of subject 12 based on one or more
determinations by parameter component 30.

[0047] In some embodiments, determinations by neural
component 32 may be based on one or more autonomic
parameters.

[0048] Arousal component 38 is configured to detect
arousals of subject 12 and/or determine an arousal metric
indicating a level of wakefulness in subject 12. For example,
Arousals may be detected based on one or more arousal
metrics. By way of non-limiting example, an arousal metric
may be determined based on movement of subject 12.
Movement of subject 12 may be determined based on high
frequency noise in the cardiac signals from sensors 18,
movement of subject 12 determined via camera 50, move-
ment of subject 12 determined via the accelerometer, and/or
based on other information. Alternatively, and/or simulta-
neously, an arousal metric may be determined based on
cortical arousals. Cortical arousals may, for example, be
detected using RR intervals. In some embodiments, arousal
component 38 may be configured to determine a likelihood
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of an arousal by subject 12. In some embodiments, arousal
component 38 may be configured to determine a level and/or
degree of arousal for subject 12. In some embodiments, an
arousal metric may be based on the detection of a particular
neural state, for example by neural component 30. Other
components of system 10 may use or be based on detections
and/or determinations by arousal component 38.

[0049] Returning to FIG. 1, sleep stage component 36 is
configured to determine the current sleep stage of subject 12
based on cardiac parameters, respiratory parameters, output
signals from sensors 18, and/or other information. Some
embodiments do not require knowledge of the current sleep
stage. As described above, the current sleep stage of subject
12 may correspond to one or more of wakefulness, REM
sleep, stage N1, stage N2, and/or stage N3 sleep. Sleep stage
component 36 is configured to determine whether subject 12
is presently in slow wave sleep. In some embodiments, slow
wave sleep and/or slow wave activity may correspond to
stage N3 sleep. In some embodiments, stage N2 and/or stage
N3 sleep may be slow wave sleep and/or correspond to slow
wave activity. By way of non-limiting example, as subject
12 progresses into deeper and deeper stages of sleep, the
pulse rate of the subject and/or the pulse rate metric may
show a corresponding decrease. Sleep stage component 36
may be configured to determine the current sleep stage based
on the decrease in the pulse rate metric. System 10 may
control the provision of sensory stimulation based on deter-
minations by one or more components, including, but not
limited to, sleep stage component 36.

[0050] The parasympathetic nervous system of subject 12
is responsible for regulating activities that occur when the
body is at rest. The behavior of the parasympathetic nervous
system during sleep is different than the behavior of the
parasympathetic nervous system during wakefulness
because the level of consciousness during sleep interferes
less with ongoing processes in the brain. During sleep, the
low frequency oscillations decrease in intensity compared to
the wakeful state such that the intensity of the low frequency
oscillations is lowest during stage N3 sleep. Sleep stage
component 36 may be configured to determine the current
sleep stage based on the decrease in the intensity of the low
frequency oscillations.

[0051] Forexample, FIG. 5 illustrates high frequency peak
506 to peak 506 oscillation in output signal 500 strength at
a frequency of about 1 Hz that corresponds to the pulse rate
of a subject (e.g., subject 12). A low frequency oscillation in
the range 0.04-0.3 Hz indicated by peak 510 is superim-
posed on the high frequency oscillation (subsequent peaks
510 are not shown in FIG. 5). The low frequency oscillation
is related to the activity of the parasympathetic nervous
system. Sleep stage component 36 (FIG. 1) may determine
whether the subject is presently in slow wave sleep based at
least in part on differences in the intensities of the low
frequency oscillations for individual sleep stages.

[0052] FIG. 6A illustrates a comparison between sleep
stages determined from an EEG 600 and a blood volume
metric 602 (e.g., based on the output signals of optical
sensor 40 in the 0.04-0.30 Hz range) for a subject. Sleep
stage variation over time 604 determined from EEG 600 and
variation of the blood volume metric over time 606 gener-
ally correlate with each other. The general correlation of
sleep stage variation over time 604 and the blood volume
metric over time 606 indicates that low frequency oscilla-
tions of the blood volume are related to the sleep stage in a
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subject such that sleep stage component 36 (shown in FIG.
1) may determine the current sleep stage of subject 12 based
on the determined blood volume metric and/or the output
signals from sensors 18.

[0053] Similarly, FIG. 6B illustrates that heart rate vari-
ability (the pulse rate metric) 620 over time generally
correlates with sleep stage variation 630 over time such that
sleep stage component 36 (shown in FIG. 1) may determine
the current sleep stage of subject 12 based on the determined
heart rate variability. Heart rate variability over time 620
may be determined by parameter component 30. Sleep stage
variation over time 630 may be determined via an EEG by
using, for example, the heart rate variability information
conveyed by the electrocardiogram (ECG) signals.

[0054] Control component 34 is configured to control the
one or more sensory stimulators to provide the sensory
stimuli to the subject to induce, enhance, and/or adjust slow
wave activity in the subject, e.g. based on one or more
determinations and/or detections by one or more other
components of system 10. For example, control component
34 may operate based on determinations by neural compo-
nent 32 and/or arousal component 38. For example, control
component 34 may operate while subject 12 is determined to
be in slow wave sleep (e.g., stage N3). In some embodi-
ments, adjusting slow wave activity may include enhancing
slow wave activity. In some embodiments, the one or more
sensory stimulators are controlled to provide sensory stimuli
to the subject to induce sleep slow waves. In some embodi-
ments, the manifestation of induced sleep slow waves may
be measured via slow wave activity.

[0055] In some embodiments, control component 34 may
determine timing for delivery of sensory stimulation. In
some embodiments, the timing for delivery of sensory
stimulation may correspond to, e.g., the determination that
subject 12 is presently in slow wave sleep and/or a target
level of neural activity. For example, control component 34
may be configured to determine timing for delivery of
sensory stimulation such that auditory stimulation is deliv-
ered to subject 12 a predetermined amount of time after
sleep stage component 36 determines that subject 12 is
presently in sleep stage N3. Control component 34 may be
configured to determine a timing for delivery of sensory
stimulation such that the determined timing corresponds to
sleep stages associated with slow wave activity because the
likelihood for slow-wave induction, and/or adjustment dur-
ing the specific sleep stage may be comparatively higher
than in other sleep stages, the user may be less likely to be
awakened by the sensory stimuli, and/or for other reasons. In
some embodiments, control component 34 is configured to
control sensory stimulator 16 to cease providing sensory
stimulation to subject 12 responsive to the arousal metric,
e.g. as determined by parameter component 30, indicating
that subject 12 is waking up.

[0056] In some embodiments, control component 34 may
be configured to operate by using detections in a feedback
manner. In some embodiments, control component 34 may
be configured to operate by using detections in an adaptive
manner. For example, sensory stimulation may be reduced
as more arousals are detected and/or the likelihood of
arousals increases. For example, sensory stimulation may be
increased as fewer arousals are detected and/or the likeli-
hood of arousals decreases, e.g. throughout a sleep session.
In some embodiments, control component 34 may be con-
figured to (adaptively) learn patient-specific characteristics
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with regard to sensory stimulations and arousals. For
example, a particular patient may be sensitive to a particular
type and/or characteristics of sensory stimulation, and less
sensitive to another type and/or characteristic of sensory
stimulation. The different types and/or characteristic may
correspond to different sounds, different amplitudes or inten-
sities, different frequencies for sounds used as stimulation,
and so forth. Arousal information, e.g. thresholds for differ-
ent types and/or characteristics of sensory stimulations that
may wake up a subject, may be patient-specific. specific. For
example, a particular subject may be sensitive to a particular
type of visual stimulation. In such a case, control component
34 may be configured to adjust the provided sensory stimu-
lation accordingly (e.g. by reducing and/or avoiding the
particular type of visual stimulation) for that particular
subject.

[0057] In some embodiments, control component 34 may
be configured to control sensory stimulator 16 to adjust slow
wave activity in subject 12 during the current sleep session.
Adjusting slow wave activity in subject 12 while subject 12
is asleep during the current sleep session may include
controlling sensory stimulator 16 to increase and/or decrease
slow wave activity in subject 12 during sleep. In some
embodiments, control component 34 may control sensory
stimulator 16, e.g. in a feedback manner, to provide the
sensory stimulation during the current sleep session such
that the sensory stimulation does not wake subject 12. For
example, control component 34 may control sensory stimu-
lator 16 to provide the sensory stimulation at a low intensity
level.

[0058] In some embodiments, control component 34 may
cause information related to the current sleep session of
subject 12 to be stored in electronic storage 22. Information
related to the current sleep session may include information
related to a sleep pressure, slow wave activity induction
and/or adjustments, the intensity level of the stimulation,
transitions between sleep stages, timing information, infor-
mation related to the one or more cardiac and/or respiratory
parameters, and/or other information.

[0059] 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 from subject 12, and/or other information that
enables system 10 to function properly. Electronic storage
22 may be (in whole or in part) a separate component within
system 10, or electronic storage 22 may be provided (in
whole or in part) integrally with one or more other compo-
nents of system 10 (e.g., processor 20).

[0060] 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
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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, the cardiac activity parameters may be displayed to
a caregiver via user interface 24. As another example, user
interface 24 may be configured to receive entry and/or
selection of sensor 18 configuration information. The con-
figuration information may allow a user to customize the
operation of sensor 18 and/or other aspects of system 10.
[0061] 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 sensory stimulator
16, sensory stimulator 16, and/or other components of
system 10. In some embodiments, user interface 24 may
include camera 50, for example.

[0062] 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.
[0063] FIG. 7 illustrates a method 700 for providing
sensory stimuli to enhance sleep of a subject. The operations
of method 700 presented below are intended to be illustra-
tive. In some embodiments, method 700 may be accom-
plished 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 700 are illustrated in FIG. 7 and described below is
not intended to be limiting.

[0064] In some embodiments, method 700 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 700 in response
to instructions stored electromcally 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 700.

[0065] At an operation 702, output signals are generated,
conveying information related to one or both of a cardiac
attribute and a respiratory attribute of the subject during
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sleep. In some embodiments, operation 702 is performed by
one or more sensors the same as or similar to one or more
sensors 18 (shown in FIG. 1 and described herein).

[0066] At an operation 704, one or both of a cardiac
parameter and a respiratory parameter are determined based
on the generated output signals. In some embodiments,
operation 704 is performed by a parameter component the
same as or similar to parameter component 30 (shown in
FIG. 1 and described herein).

[0067] At an operation 706, it is determined whether the
subject generates a target level of neural activity based on
the determination of one or both of the cardiac parameter
and the respiratory parameter. In some embodiments, opera-
tion 706 is performed by a neural component the same as or
similar to neural component 32 (shown in FIG. 1 and
described herein).

[0068] At an operation 708, the one or more sensory
stimulators are controlled to provide sensory stimuli to the
subject based on the determination whether the subject
generates the target level of neural activity. In some embodi-
ments, operation 708 is performed by a control component
the same as or similar to control component 34 (shown in
FIG. 1 and described herein).

[0069] In the claims, any reference signs placed between
parentheses shall not be construed as limiting the claim. The
word “comptrising” or “including” does not exclude the
presence of elements or steps other than those listed in a
claim. In a device claim enumerating several means, several
of these means may be embodied by one and the same item
of hardware. The word “a” or “an” preceding an element
does not exclude the presence of a plurality of such ele-
ments. In any device claim enumerating several means,
several of these means may be embodied by one and the
same item of hardware. The mere fact that certain elements
are recited in mutually different dependent claims does not
indicate that these elements cannot be used in combination.
[0070] Although the description provided above provides
detail for the purpose of illustration based on what is
currently considered to be the most practical and preferred
embodiments, it is to be understood that such detail is solely
for that purpose and that the disclosure is not limited to the
expressly disclosed embodiments, but, on the contrary, is
intended to cover modifications and equivalent arrange-
ments that are within the spirit and scope of the appended
claims. For example, it is to be understood that the present
disclosure contemplates that, to the extent possible, one or
more features of any embodiment can be combined with one
or more features of any other embodiment.

1. A system configured to provide sensory stimuli to

enhance sleep of a subject, the system comprising:

one or more sensory stimulators configured to provide
sensory stimuli to the subject;

one or more sensors configured to generate output signals
conveying information related to a cardiac attribute of
the subject during sleep; and

one or more processors configured to execute computer
program components, the computer program compo-
nents comprising:

a parameter component configured to determine a cardiac
parameter of the subject, wherein such determination is
based on the generated output signals from the one or
more sensors, and wherein the cardiac parameter is
based on cardiac interbeat intervals (IBIs);
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a neural component configured to determine whether the
subject generates a target level of neural activity based
on the cardiac parameter; and

a control component configured to control the one or more
sensory stimulators to provide the sensory stimuli to
enhance sleep of the subject, wherein control is based
on determinations by the neural component.

2. The system of claim 1, wherein the target level of

neural activity corresponds to a particular sleep stage.

3. The system of claim 1, wherein determinations by the
neural component are performed by estimating an intensity
of slow wave neural activity of the subject.

4. The system of claim 1, wherein the parameter compo-
nent is further configured to determine an autonomic param-
eter based on the generated output signals, wherein the
autonomic parameter is related to functioning of the auto-
nomic nervous system of the subject, and wherein determi-
nations by the neural component are further based on the
determined autonomic parameter.

5. The system of claim 1, further comprising:

an arousal component configured to detect arousals of the
subject,

wherein the control component is configured to adjust
provision of the sensory stimuli based in a feedback
manner on detections by the arousal component.

6. A method for determining whether to provide sensory
stimuli to enhance sleep of a subject with a system that
includes one or more sensory stimulators, one or more
sensors, one or more processors configured to execute
computer program components, a parameter component, a
neural component, and a control component, the method
comprising:

generating, by the one or more sensors, output signals
conveying information related to a cardiac attribute of
the subject during sleep;

determining, by the parameter component, a cardiac
parameter of the subject based on the generated output
signals, wherein the cardiac parameter is based on
cardiac interbeat intervals (IBIs);

determining, by the neural component, whether the sub-
ject generates a target level of neural activity based on
the cardiac parameter; and

determining whether to control, by the control compo-
nent, the one or more sensory stimulators to provide
sensory stinuli that enhance sleep of the subject,
wherein a determination to control is based on the
determination whether the subject generates the target
level of neural activity.

7. The method of claim 6, wherein the target level of

neural activity corresponds to a particular sleep stage.
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8. The method of claim 6, wherein determining whether
the subject generates the target level of neural activity
includes estimating an intensity of slow wave neural activity
of the subject.

9. The method of claim 6, further comprising:

determining an autonomic parameter based on the gener-

ated output signals, wherein the autonomic parameter is
related to functioning of the autonomic nervous system
of the subject, and

wherein determining whether the subject generates the

target level of neural activity is further based on the
autonomic parameter.

10. The method of claim 6, further comprising:

detecting arousals of the subject,

wherein controlling the one or more sensory stimulators is

further based on the detected arousals.

11. A system configured to provide sensory stimuli to
enhance sleep of a subject, the system comprising:

means for providing sensory stimuli to the subject;

means for generating output signals conveying informa-

tion related to a cardiac attribute of the subject during
sleep;
first means for determining a cardiac parameter of the
subject based on the generated output signals from the
means for generating output signals, wherein the car-
diac parameter is based on cardiac interbeat intervals
(IBIs);

second means for determining whether the subject gen-
erates a target level of neural activity based on the
cardiac parameter; and

means for controlling the means for providing sensory

stimuli to the subject to enhance sleep of the subject
based on determinations by the second means.

12. The system of claim 11, wherein the target level of
neural activity corresponds to a particular sleep stage.

13. The system of claim 11, wherein the second means is
configured to estimate an intensity of slow wave neural
activity of the subject.

14. The system of claim 11, wherein the first means is
further configured to determine an autonomic parameter
based on the generated output signals, wherein the auto-
nomic parameter is related to functioning of the autonomic
nervous system of the subject, and

wherein operation of the second means is further based on

the autonomic parameter.

15. The system of claim 11, further comprising:

means for detecting arousals of the subject,

wherein operation of the means for controlling the one or

more sensory stimulators is further based on the
detected arousals.
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