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Description

[0001] The present disclosure pertains to systems and
methods to detect sleep stages of a subject, and, in par-
ticular, increasing the probability of an accurate estima-
tion by analyzing the physiological response of a subject
to sensory stimuli.
[0002] It is well known that poor or inadequate sleep
is both prevalent and medically undesirable. It is known
that sleep habits can be improved, assuming the patient
is aware of the current quality of his or her sleep. By
providing feedback regarding the sleep quality, patients
may enact behavioral changes and/or adjust sleep habits
in a way that promotes improved sleep quality. It is known
that an indication of sleep quality may require identifica-
tion of different sleep stages during sleep, as well as tran-
sitions therebetween. It is known that the sleep stages
commonly include a rapid-eye-movement (REM) stage
and one or more non-rapid-eye-movement stages
(NREMs). It is known that for example polysomnography
(PSG) may be used to analyze, detect, and/or determine
the current sleep stage of a subject, though there are
various problems implementing PSG in a manner that
consumers may easily deploy at home without requiring
assistance of specialized (medical) personnel.
[0003] Methods and/or systems for estimating sleep
stages are known from Doroshenkov et al., "Classifica-
tion of Human Sleep Stages Based on EEG Processing
Using Hidden Markov Models", Biomedical Engineering
vol. 41 no. 1 pp. 24-28; from Mendez et al., "Sleep staging
classification based on HRV: Time-variant analysis",
Proc. 31st Ann. Int. Conf. of IEEE Eng. in Med. and Biol.
Soc.: Engineering the Future of Biomedicine, EMBC
2009, pp. 9-12; from U.S. patent application publication
2005/0043652 A1; and from Gevins et al., "Classifier-
Directed Signal Processing in Brain Research", IEEE
Trans. Biomed. Eng. vol. BME-19, no. 12, pp. 1054-1068.
[0004] Accordingly, it is an object of one or more em-
bodiments of the present invention to provide a system
to detect sleep stages of a subject. The system comprises
a stimulus source configured to provide stimuli to the sub-
ject, one or more sensors that generate output signals
conveying information related to one or more physiolog-
ical parameters of the subject, and one or more proces-
sors configured to execute computer program modules.
The computer program modules comprises a reaction
module configured to analyze reactions to stimuli provid-
ed by the stimulus source, a sleep stage module, a com-
parison module, and a stimulus control module. The a
sleep stage module is configured to i) generate a sleep
stage estimation of the subject based on one or both of
the analyzed reactions and/or the one or more physio-
logical parameters, and ii) determine a probability of ac-
curacy of the sleep stage estimation. The comparison
module is configured to determine whether the probability
of accuracy breaches a predetermined threshold. The
stimulus control module is configured to, responsive to
the probability of accuracy failing to breach the predeter-

mined threshold, control the stimulus source to provide
a reassessment stimulus. The sleep stage module is fur-
ther configured to reassess one or both of the sleep stage
estimation of the subject and/or the probability of accu-
racy based on an analyzed reaction to the reassessment
stimulus provided by the stimulus source.
[0005] It is yet another aspect of one or more embod-
iments of the present invention to provide a method to
detect sleep stages of a subject. The method comprises
generating output signals conveying information related
to one or more physiological parameters of the subject;
generating a sleep stage estimation of the subject based
on the one or more physiological parameters; determin-
ing a probability of accuracy of the sleep stage estimation;
determining whether the probability of accuracy breach-
es a predetermined threshold; providing, responsive to
the probability of accuracy failing to breach the predeter-
mined threshold, a reassessment stimulus to the subject;
analyzing a reaction to the reassessment stimulus based
on one or more physiological parameters; and reassess-
ing one or both of the sleep stage estimation and/or the
probability of accuracy based on the analyzed reaction.
[0006] It is yet another aspect of one or more embod-
iments to provide a system configured to detect sleep
stages of a subject. The system comprises means for
generating output signals conveying information related
to one or more physiological parameters of the subject;
first means for generating a sleep stage estimation of the
subject based on the one or more physiological param-
eters, wherein the first means is further configured for
determining a probability of accuracy of the sleep stage
estimation; means for determining whether the probabil-
ity of accuracy breaches a predetermined threshold;
means for providing, responsive to the probability of ac-
curacy failing to breach the predetermined threshold, a
reassessment stimulus to the subject; and means for an-
alyzing a reaction to the reassessment stimulus based
on one or more physiological parameters. The first
means is further configured for reassessing one or both
of the sleep stage estimation and/or the probability of
accuracy based on the analyzed reaction.
[0007] These and other objects, features, and charac-
teristics of the present invention, 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 consid-
eration 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 invention.

FIG. 1 schematically illustrates a system to detect
sleep stages of a subject according to one or more
embodiments;
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FIGs. 2A-2B-2C illustrate characteristic features of
brain activity in various sleep stages; and
FIG. 3 illustrates a method to detect sleep stages in
accordance with one or more embodiments.

[0008] 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 intermedi-
ate 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.
[0009] 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 sep-
arately and then coupled together as a unit is not a "uni-
tary" component or body. As employed herein, the state-
ment 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 inter-
mediate parts or components. As employed herein, the
term "number" shall mean one or an integer greater than
one (i.e., a plurality).
[0010] 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.
[0011] FIG. 1 schematically illustrates a system 10 to
detect sleep stages of a subject 12. As used herein, the
detection, determination, and/or estimation of a particular
sleep stage may interchangeably be referred to as "sleep
staging." During sleep, subjects commonly alternate be-
tween a REM stage and three or four different NREM
stages, depending on the models and/or definitions used.
NREM stages as usually referred to as stage 1 through
stage 3 or stage 4, as appropriate. Through sleep staging
a pattern of stages may be obtained for subject 12. Sys-
tem 10 includes one or more of a stimulus source 20,
one or more sensors 142, one or more processors 110,
a parameter determination module 111, an electronic
storage 1230, a user interface 120, a reaction module
112, a sleep stage module 113, a comparison module
114, a stimulus control module 115, a learning module
116, and/or other components and/or computer program
modules.
[0012] System 10 may be configured to provide func-
tionality and/or information similar to a PSG study/meas-
urement, but without various complications and down-
sides typically associated with a PSG study/measure-
ment. System 10 may be configured for (easy-to-use)
consumer usage that does not require specialized med-

ical personnel or a (sleep) lab environment. The level of
comfort for using system 10 may be improved in com-
parison to a PSG study/measurement. The number and
type of sensors, electrodes, and/or other equipment cou-
pled, connected, and/or attached to the subject for sys-
tem 10 may be improved in comparison to a PSG
study/measurement.
[0013] Stimulus source 20 is configured to provide sen-
sory stimuli to subject 12. Sensory stimuli may include
visual stimuli, auditory stimuli, tactile stimuli, olfactory
stimuli, electromagnetic stimuli, somatosensory stimuli,
other sensory stimuli and/or any combination and/or se-
quence thereof. As used herein, stimuli that are primarily
intended for different senses may be referred to as having
different modalities. For example, a visual stimulus has
a different modality from an auditory stimulus. To some
extent, the perception threshold for a particular modality
of stimuli may be patient-specific. For example, a partic-
ular patient, having exceptional hearing, may have a low-
er-than-average perception threshold for auditory stimuli.
As used herein, the term "perception threshold" refers to
a threshold for a measurable reaction or response to a
stimulus. The perception threshold may be determined
independent of the state of wakefulness and/or sleep
stage of a subject. As such, a subject’s perception thresh-
old may be different in different sleep stages. For exam-
ple, a subject may have different perception thresholds
for auditory stimuli depending on the current sleep stage.
In some embodiments, the different perception thresh-
olds may be used to distinguish between different sleep
stages for a particular patient.
[0014] Stimulus source 20 may include one or more of
a light source, a loudspeaker, an electroacoustic trans-
ducer, a vibrating component or device, a device or sys-
tem configured to produce scents, electrodes 20a, and/or
other sources of sensory stimuli or transmitters 20b of
sensory stimuli. Stimulus source 20 and/or components
included or integrated with stimulus source 20, such as,
by way of non-limiting example, electrodes 20c, may be
embedded and/or combined with a headband 20c, a hat,
a helmet, a wristband, and armband, and/or other objects
or combinations of objects that can be worn, used, and/or
carried in proximity of subject 12. For example, a light
source may need to be positioned in sufficient proximity
such that electromagnetic radiation from the light source
can impinge on the eyes, eyelids, and/or face of subject
12 to provide a sensory stimulus to subject 12. In some
embodiments, operation of, e.g., a loudspeaker included
in stimulus source 20 may be adjusted based on the dis-
tance between the loudspeaker and subject 12, the level
of ambient noise, and/or other environmental consider-
ations, in addition to other considerations described else-
where herein.
[0015] One or more sensors 142 of system 10 in FIG.
1 are configured to generate output signals conveying
measurements related to physiological parameters of
subject 12. Physiological parameters may include pa-
rameters related to brain function/activity, such as elec-
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troencephalography (EEG), electromyography (EMG),
electrooculography (EOG), parameters related to move-
ment, location, position, tilt, and/or angle of subject 12
and/or a body part of subject 12, respiratory parameters,
and/or other parameters.
[0016] By way of illustration, FIG. 2C illustrates char-
acteristic features of brain activity in various sleep stages.
In particular, FIG. 2C illustrates common exemplary
graphs for an EEG, an EOG, and an EMG during wake-
fulness, REM stage and NREM stage. Commonly, such
signals may be measured and/or received using one or
more electrodes positioned on the head of a subject, for
example during a PSG study/measurement. The (aver-
age) amplitude of these signals, as well as the specifics
of the peaks, troughs, sleep spindles, k-complexes, slow
waves, and/or frequency-based characteristics within
these signals may be analyzed to distinguish the current
sleep stage of a subject. For example, slow waves are
known to be more abundant in sleep stage 3 and sleep
stage 4, whereas sleep spindles may be more abundant
in sleep stage 2.
[0017] By way of illustration, FIG. 2B illustrates the
progress of a subject through five sleep stages through
a period of approximately 8 hours of sleep, as recorded
through an EEG. FIG. 2A illustrates approximately the
first two hours depicted in FIG. 2B in more detail. For
example, FIG. 2A depicts a sleep spindle during stage
2, in which the amplitude increases in the center of the
sleep spindle. Analysis of the signals in FIG. 2B and 2C,
for example frequency-based analysis, may be used to
distinguish between different sleep stages, e.g. based
on different characteristics per sleep stage.
[0018] Referring to FIG. 1, the one or more sensors
142 may include an accelerometer, positional sensor,
movement sensor, light sensor, infra-red (IR) sensor,
electromagnetic sensor, electrode, tilt meter, (video)
camera, and/or other sensors. For example, one or more
sensors 142 may be configured to generate output sig-
nals conveying information pertaining to eye movement
of subject 12 (regardless of whether the eyelids of subject
12 are open or closed). Such information which may be
used, by way of non-limiting example, to determine
whether subject 12 is current in a REM stage or NREM
stage.
[0019] The illustration of sensor 142 including three
members in FIG. 1 is not intended to be limiting. In some
embodiments, system 10 may use one or more sensors
142. The illustration of the locations of sensors 142 as
depicted in FIG. 1 is not intended to be limiting. An indi-
vidual sensor 142 may be located at or near (a body part
of) subject 12, embedded and/or integrated in a pillow,
bed, and/or blanket, and/or at other locations. For exam-
ple, an individual sensor 142 may include an accelerom-
eter positioned on or near the wrist of subject 12 and
used for actigraphy. Resulting signals or information from
one or more sensors 142 may be transmitted to processor
110, user interface 120, electronic storage 130, and/or
other components of system 10. This transmission may

be wired and/or wireless.
[0020] The illustration of sensor 142 as being separate
and distinct from electrodes 20c is not intended to be
limiting. In some embodiments, the same one or more
electrodes 20c may be used to provide a stimulus (e.g.
in the form of an electrical pulse) and (subsequently) to
sense/measure the reaction and/or response of subject
12 to that stimulus.
[0021] The one or more sensors 142 may be config-
ured to generate output signals in an ongoing manner
during sleep, as well as before or after a period of sleep.
This may include generating signals intermittently, peri-
odically (e.g. at a sampling rate), continuously, continu-
ally, at varying intervals, and/or in other ways that are
ongoing during at least a portion of period of sleep. The
sampling rate may be about 1 second, about 10 seconds,
about 20 seconds, about 30 seconds, about 40 seconds,
about 50 seconds, about 1 minute, about 2 minutes,
and/or other sampling rates. It is noted that multiple in-
dividual sensors 142 may operate using different sam-
pling rates, as appropriate for the particular output signals
and/or parameters derived therefrom. For example, in
some embodiments, the generated output signals may
be considered as a vector of output signals, such that a
vector includes multiple samples of information con-
veyed related to one or more physiological parameters
and/or other parameters. Different parameters may be
related to different vectors. A particular parameter deter-
mined in an ongoing manner from a vector of output sig-
nals may be considered as a vector of that particular pa-
rameter.
[0022] Electronic storage 130 of system 10 in FIG. 1
comprises electronic storage media that electronically
stores information. The electronic storage media of elec-
tronic storage 130 may include 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 ex-
ample, a port (e.g., a USB port, a FireWire port, etc.) or
a drive (e.g., a disk drive, etc.). Electronic storage 130
may include 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, EEPROM, RAM, etc.), solid-state storage
media (e.g., flash drive, etc.), and/or other electronically
readable storage media. Electronic storage 130 may
store software algorithms, information determined by
processor 110, information received via user interface
120, and/or other information that enables system 10 to
function properly. For example, electronic storage 130
may record or store timing information (including duration
of sleep stages and transitions between sleep stages),
and/or other parameters (as discussed elsewhere here-
in), and/or other information. Electronic storage 130 may
be a separate component within system 10, or electronic
storage 130 may be provided integrally with one or more
other components of system 10 (e.g., processor 110).
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[0023] User interface 120 of system 10 in FIG. 1 is
configured to provide an interface between system 10
and a user (e.g., a user 108, subject 12, a caregiver, a
therapy decision-maker, etc.) through which the user can
provide information to and receive information from sys-
tem 10. This enables data, results, and/or instructions
and any other communicable items, collectively referred
to as "information," to be communicated between the us-
er and system 10. An example of information that may
be conveyed to user 108 is a report detailing durations
of and/or transitions between different sleep stages dur-
ing a period of sleep or a period of monitoring subject 12.
Examples of interface devices suitable for inclusion in
user interface 120 include a keypad, buttons, switches,
a keyboard, knobs, levers, a display screen, a touch
screen, speakers, a microphone, an indicator light, an
audible alarm, and a printer. Information may be provided
to user 108 or subject 12 by user interface 120 in the
form of auditory signals, visual signals, tactile signals,
and/or other sensory signals.
[0024] It is to be understood that other communication
techniques, either hardwired or wireless, are also con-
templated herein as user interface 120. For example, in
one embodiment, user interface 120 may be integrated
with a removable storage interface provided by electronic
storage 130. In this example, information is 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 system 10. Other exemplary input
devices and techniques adapted for use with system 10
as user interface 120 include, but are not limited to, an
RS-232 port, RF link, an IR link, modem (telephone, ca-
ble, Ethernet, internet or other). In short, any technique
for communicating information with system 10 is contem-
plated as user interface 120.
[0025] Processor 110 of system 10 in FIG. 1 is config-
ured to provide information processing capabilities in sys-
tem 10. As such, processor 110 includes one or more of
a digital processor, an analog processor, a digital circuit
designed to process information, an analog circuit de-
signed to process information, and/or other mechanisms
for electronically processing information. Although proc-
essor 110 is shown in FIG. 1 as a single entity, this is for
illustrative purposes only. In some embodiments, proc-
essor 110 includes a plurality of processing units.
[0026] As is shown in FIG. 1, processor 110 is config-
ured to execute one or more computer program modules.
The one or more computer program modules include one
or more of parameter determination module 111, reaction
module 112, sleep stage module 113, comparison mod-
ule 114, stimulus control module 115, learning module
116, and/or other modules. Processor 110 may be con-
figured to execute modules 111-116 by software; hard-
ware; firmware; some combination of software, hard-
ware, and/or firmware; and/or other mechanisms for con-
figuring processing capabilities on processor 110.
[0027] It should be appreciated that although modules
111-116 are illustrated in FIG. 1 as being co-located with-

in a single processing unit, in embodiments in which proc-
essor 110 includes multiple processing units, one or more
of modules 111-116 may be located remotely from the
other modules. The description of the functionality pro-
vided by the different modules 111-116 described herein
is for illustrative purposes, and is not intended to be lim-
iting, as any of modules 111-116 may provide more or
less functionality than is described. For example, one or
more of modules 111-116 may be eliminated, and some
or all of its functionality may be incorporated, shared,
integrated into, and/or otherwise provided by other ones
of modules 111-116. Note that processor 110 may be
configured to execute one or more additional modules
that may perform some or all of the functionality attributed
below to one of modules 111-116.
[0028] Parameter determination module 111 of system
10 in FIG. 1 is configured to determine one or more phys-
iological parameters and/or other parameters from out-
put signals generated by sensor(s) 142. Operation of pa-
rameter determination module 111 may be performed in
an ongoing manner. One or more physiological param-
eters may be determined at different locations and/or po-
sitions within system 10 or near subject 12.
[0029] Parameter determination module 111 may de-
rive vectors of parameters in an ongoing manner during
a period of sleep or a period of monitoring subject 12
from vectors of generated output signals and/or other
(vectors of) determined parameters.
[0030] Sleep stage module 113 is configured to gen-
erate estimations of sleep stages and determine proba-
bilities of accuracy of the generated estimations, for ex-
ample through a sleep staging algorithm. A sleep staging
algorithm may produce a particular estimation and a
probability of accuracy that is associated with that par-
ticular estimation in conjunction, e.g. simultaneously. Op-
eration of sleep stage module 113 may be based on one
or both of analyzed reactions (by reaction module 112)
and/or the one or more physiological parameters (as de-
termined by parameter determination module 111).
[0031] In some embodiments, sleep stage module 113
may use a model of sleep stage transitions that is based
on a Markov-chain. A Markov-chain may use a matrix
including elements pij where i and j are indexes that refer
to sleep stages such that pij indicates the probability of
a transition from sleep stage i to sleep stage j. In some
embodiments, sleep stage module 113 may use a neural
network to determine the probability of accuracy of a
sleep stage estimation. The neural network may include
a neuron (having a "softmax" activation function) per
sleep stage (that the model aims to detect and/or identify)
such that the sum of the output values from all neurons
is equal to 1 . By way of non-limiting example, a model
that includes three NREM stages, a REM stage and a
wakefulness stage would use five neurons. The output
values of each neuron may be interpreted as probabili-
ties. The ideal output of the neural network (in response
to input signals that are generated by one or more sen-
sors) would have a 100% probability, i.e. one neuron has

7 8 



EP 2 950 707 B1

7

5

10

15

20

25

30

35

40

45

50

55

an output value of 1 while all other neurons have an output
value of zero. More realistic (i.e. non-ideal) outputs of the
neural network may be less than 100%. In some embod-
iments, the accuracy of the neural network may be de-
fined as the difference between the highest two output
values among the neurons, thus a values ranging from
0 to 1. Other ways to determine accuracy are contem-
plated within the scope of this disclosure. It is noted that
Markov analysis of sleep dynamics may be implemented
in one or more computer program modules of system 10.
In some embodiments, the sleep staging algorithm may
operate on vectors of physiological parameters, thus tak-
ing prior measurements into account.
[0032] For consumer-grade implementations, a trade-
off between ease of use (including for example comfort)
and accuracy/quality of sensor readings may need to be
addressed. For example, patients who wish to monitor
their sleep habits at home for, by way of non-limiting ex-
ample, a week, month, or year, may require a higher level
of comfort than possible or feasible during a lab-based
sleep study of one night.
[0033] Comparison module 114 is configured to deter-
mine whether the probability of accuracy of a sleep stage
estimation (as generated by sleep stage module 113)
breaches or exceeds a predetermined threshold of prob-
ability. The predetermined threshold of probability may
be 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, and/or
another threshold of probability. Comparison module 114
may be configured to compare the probability of accuracy
(as determined by sleep stage module 113) to the pre-
determined threshold of probability.
[0034] In some embodiments, one or more particular
sleep stage estimations and the probabilities of accuracy
associated with the particular one or more sleep stage
estimations may be based on output signals and the pa-
rameters derived therefrom, in absence of stimuli being
provided to subject 12. In other words, system 10 may
be able to detect the current sleep stage with a sufficiently
high level of accuracy without providing stimuli to subject
12. As long the predetermined threshold is met or
breached for newly generated output signals and phys-
iological parameters, there may be no need to provide
stimuli to subject 12. However, if and when the deter-
mined probability of accuracy fails to breach the prede-
termined threshold of probability, the provision of stimuli
in conjunction with an analysis of the reactions to such
stimuli (through reaction module 112) may produce ad-
ditional information to reassess and/or refine one or both
of the generated sleep stage estimation and/or reassess
and/or refine (upwardly) the associated probability of ac-
curacy. In other words, an insufficient level of accuracy
for a particular estimation of the current sleep stage may
be reassessed and/or refined through the use of a stim-
ulus. Such a stimulus may interchangeably be referred
to as a reassessment stimulus. In some embodiments,
reassessment stimuli may be provided repeatedly in or-
der to (attempt to) increase the probability of accuracy
of the estimation of the current sleep stage. Such a se-

quence of stimuli may include similar stimuli, stimuli of
increasing intensity, stimuli of varying modality, and/or
other stimuli and/or combinations thereof.
[0035] Responsive to the provision of one or more re-
assessment stimuli, sleep stage module 113 may be con-
figured to reassess and/or refine one or both of the sleep
stage estimation and/or the probability of accuracy. Re-
assessment may be based on analysis of the reaction of
subject 12 to a particular stimulus, such as the analysis
performed by reaction module 112.
[0036] Stimulus control module 115 is configured to
stimulus source 20 to provide stimuli to subject 12. Stim-
ulus control module 115 may be configured to adjust
and/or vary the intensity and/or modality of the stimulus
that is to be provided to subject 12. For example, the
intensity of an auditory stimulus may be adjusted upward-
ly (i.e. becoming louder) in order to breach the predeter-
mined threshold of probability. Alternatively, and/or si-
multaneously, stimulus control module 115 may be con-
figured to provide multiple stimuli in conjunction (e.g. si-
multaneously), in sequence, and/or both. Operation of
stimulus control module 115 may be responsive to the
probability of accuracy of a sleep stage estimation, as
determined by sleep stage module 113, failing to breach
a predetermined threshold (of probability). In other
words, if the probability of accuracy is sufficiently high in
comparison to a predetermined threshold of probability,
there may be no need to provide stimuli to subject 12. If
the probability of accuracy is not sufficiently high, the
provision of stimuli may be used to increase the proba-
bility. In some embodiments, control of stimulus source
20 may be based on the sleep stage estimation, and/or
other (optionally patient-specific) considerations. For ex-
ample, the intensity of a particular modality of stimuli may
be limited at a predetermined maximum intensity level
such that the chance of waking up subject 12 is at an
acceptably low level. Such maximum intensity levels may
be patient-specific. Alternatively, and/or simultaneously,
such maximum intensity levels may be determined
and/or estimated through sensory testing while subject
12 is awake.
[0037] In some embodiments, stimulus control module
115 may be configured to repeatedly provide stimuli, for
example of increasing intensity, until the determined
probability of accuracy breaches the predetermined
threshold. Stimulus control module 115 may be config-
ured to provide a sequence of stimuli, a combination of
stimuli, a sequence of combined stimuli, and/or any per-
mutation of stimuli, sequences, and combinations in an
attempt to increase the probability of a sufficiently accu-
rate sleep stage estimation, e.g. up to or above the pre-
determined threshold of probability.
[0038] Operations of stimulus control module 115 may
be adjusted based on environmental conditions, such as,
by way of non-limiting example, ambient noise. For ex-
ample, auditory stimuli may need to be intensified in the
presence of higher levels of ambient noise.
[0039] Reaction module 112 is configured to analyze
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reactions of subjects to stimuli provided by stimulus
source 20. Reaction module 112 may be configured to
sample and/or measure one or more particular output
signals and/or physiological parameters within a specific
period of time. For example, the specific period of time
may be selected to fall within a period that is appropriate
for a reaction by subject 12 in light of the particular meas-
urements being taken. For example, a reaction by subject
12 as measured through an accelerometer may typically
occur 0.5 seconds after a stimulus of a first modality, and
typically 0.25 seconds after a stimulus of a second mo-
dality. A reaction by subject 12 as measured through
electrodes (e.g. an EEG) may typically occur 0.1 seconds
after a stimulus of a first modality (e.g. a visual stimulus),
and typically 0.2 seconds after a stimulus of a second
modality (e.g. an auditory stimulus). As such, the timing
of the operations of reaction module 112 may depend
with considerable precision of the timing of stimulus con-
trol module 115 and/or stimulus source 20. It is noted
that these specific periods of time may be patient-spe-
cific. It is further noted that for a particular patient, these
specific periods of time may gradually change over the
course of weeks, moths, and/or other periods of time. By
way of non-limiting example, such a gradual change may
occur by virtue of a patient becoming accustomed and/or
habituated to one or more types of stimuli. For example,
the first time the stimuli include the sound of a fire engine
in conjunction with the smell of smoke, a particular patient
may react rapidly and the stimuli may be very effective.
However, by the 100th time these same stimuli are pro-
vided, the particular patient may become accustomed to
some degree, such that the reaction may be less intense,
slower, and/or both.
[0040] Learning module 116 is configured to determine
the effectiveness of different stimuli. Operation of learn-
ing module 116 may be patient-specific. Effectiveness
may be quantified by the ability or probability of evoking
a reaction in response to a stimulus. Alternatively, and/or
simultaneously, such effectiveness may be quantified by
the ability or likelihood of increasing the probability of
accuracy of the sleep stage estimation by sleep stage
module 113. As such, a higher probability of either a re-
action or the accuracy of the sleep stage estimation may
be commensurate with a higher level of effectiveness. In
some embodiments, effectiveness may be quantified by
the difference between the level of intensity for a stimulus
of a particular modality that evokes at least some prede-
termined level of response (or increase inaccuracy) and
the maximum intensity level for stimuli of that particular
modality. Such a level of intensity may be referred to as
a responsiveness level of intensity. In other words, if the
responsiveness level of intensity in a first modality is
close to the maximum intensity level, whereas the re-
sponsiveness level of intensity in a second modality is
not close to the maximum intensity level, the second mo-
dality may be considered more effective than the first
modality. Note that the responsiveness level of intensity
may vary across different sleep stages. Learning module

116 may be configured to determine which stimulus or
set of stimuli is most likely to confirm an estimation of the
current sleep stage, optionally on a per-patient basis.
[0041] For example, if preliminary measurements of
physiological parameters for a particular subject indicate
that the current sleep stage is probably stage 2, but the
probability of accuracy is insufficient, stimulus control
module 115 may be guided, through information from
learning module 116, to use visual stimuli in an attempt
to increase the probability of accuracy. Assume in this
example that learning module 116 has established visual
stimuli as an effective way to confirm an estimation of
sleep stage 2, at least for this particular subject. For the
same subject, at a different moment during the period of
monitoring, measurements of physiological parameters
may indicate that the current sleep stage is probably
stage 4. However, assume that the probability of accu-
racy of this estimation is insufficient. Responsive to learn-
ing module 116 having established that auditory stimuli
are an effective way to confirm an estimation of sleep
stage 4, at least for this particular subject, stimulus control
module 115 may be guided, through information from
learning module 116, to use auditory stimuli in an attempt
to increase the probability of accuracy. In some embod-
iments, learning module 116 may be configured to de-
termine different levels of effective intensity for different
sleep stages.
[0042] FIG. 3 illustrates a method 300 to detect sleep
stage of a subject. The operations of method 300 pre-
sented below are intended to be illustrative. In certain
embodiments, method 300 may be accomplished with
one or more additional operations not described, and/or
without one or more of the operations discussed. Addi-
tionally, the order in which the operations of method 300
are illustrated in FIG. 3 and described below is not in-
tended to be limiting.
[0043] In certain embodiments, method 300 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 de-
signed to process information, and/or other mechanisms
for electronically processing information). The one or
more processing devices may include one or more de-
vices executing some or all of the operations of method
300 in response to instructions stored electronically on
an electronic storage medium. The one or more process-
ing devices may include one or more devices configured
through hardware, firmware, and/or software to be spe-
cifically designed for execution of one or more of the op-
erations of method 300.
[0044] At an operation 302, output signals are gener-
ated that convey information related to one or more phys-
iological parameters of the subject. In some embodi-
ments, operation 302 is performed by one or more sen-
sors the same as or similar to sensors 142 (shown in
FIG. 1 and described herein).
[0045] At an operation 306, a sleep stage estimation
of the subject is generated based on the one or more
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physiological parameters. In some embodiments, oper-
ation 306 is performed by a sleep stage module the same
as or similar to sleep stage module 113 (shown in FIG.
1 and described herein).
[0046] At an operation 308, a probability of accuracy
of the sleep stage estimation is determined. In some em-
bodiments, operation 308 is performed by a sleep stage
module the same as or similar to sleep stage module 113
(shown in FIG. 1 and described herein).
[0047] At an operation 310, it is determined whether
the probability of accuracy breaches a predetermined
threshold. In some embodiments, operation 310 is per-
formed by a comparison module the same as or similar
to comparison module 114 (shown in FIG. 1 and de-
scribed herein).
[0048] At an operation 312, responsive to the proba-
bility of accuracy failing to breach the predetermined
threshold, a reassessment stimulus is provided to the
subject. In some embodiments, operation 312 is per-
formed by a stimulus control module the same as or sim-
ilar to stimulus control module 115 (shown in FIG. 1 and
described herein).
[0049] At an operation 314, a reaction to the reassess-
ment stimulus is analyzed based on one or more physi-
ological parameters. In some embodiments, operation
314 is performed by a reaction module the same as or
similar to reaction module 112 (shown in FIG. 1 and de-
scribed herein).
[0050] At an operation 316, one or both of the sleep
stage estimation and/or the probability of accuracy is re-
assessed based on the analyzed reaction. In some em-
bodiments, operation 316 is performed by a sleep stage
module the same as or similar to sleep stage module 113
(shown in FIG. 1 and described herein).
[0051] In the claims, any reference signs placed be-
tween parentheses shall not be construed as limiting the
claim. The word "comprising" or "including" does not ex-
clude 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 enumer-
ating 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.
[0052] Although the invention has been described in
detail for the purpose of illustration based on what is cur-
rently 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 invention is not limited
to the disclosed embodiments, but, on the contrary, is
intended to cover modifications and equivalent arrange-
ments that are within the scope of the appended claims.
For example, it is to be understood that the present in-
vention 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.

Claims

1. A system to detect sleep stages of a subject, the
system comprising:

a stimulus source (20) configured to provide
stimuli to the subject;
one or more sensors (142) that generate output
signals conveying information related to one or
more physiological parameters of the subject;
and
one or more processors (110) configured to ex-
ecute computer program modules, the computer
program modules comprising:

a reaction module (112) configured to ana-
lyze, based on the one or more physiologi-
cal parameters, reactions to the stimuli pro-
vided by the stimulus source;

a sleep stage module (113) configured to:

i) generate a sleep stage estimation of the
subject based on one or both of the ana-
lyzed reactions and/or the one or more
physiological parameters, and
ii) determine a probability of accuracy of the
sleep stage estimation;

a comparison module (114) configured to deter-
mine whether the probability of accuracy
breaches a predetermined threshold; and
a stimulus control module (115) configured to,
responsive to the probability of accuracy failing
to breach the predetermined threshold, control
the stimulus source to provide a reassessment
stimulus to the subject,
wherein the reaction module is further config-
ured to analyze a reaction to the reassessment
stimulus, wherein the sleep stage module is fur-
ther configured to reassess one or both of the
sleep stage estimation of the subject and/or the
probability of accuracy based on the analyzed
reaction to the reassessment stimulus.

2. The system of claim 1, further comprising:

a parameter determination module (111) config-
ured to determine one or more physiological pa-
rameters based on the generated output sig-
nals.

3. The system of claim 1, wherein the one or more phys-
iological parameters pertain to brain function of the
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subject.

4. The system of claim 1, wherein the one or more phys-
iological parameters pertain to movement of the sub-
ject.

5. The system of claim 1, wherein the stimulus control
module controls the stimulus source repeatedly to
provide reassessment stimuli of increasing intensity
until the probability of accuracy breaches the prede-
termined threshold.

6. The system of claim 1, further comprising a learning
module (116) configured to determine effectiveness
of different stimuli to evoke reactions corresponding
to higher probabilities of accuracy.

7. A method to detect sleep stages of a subject, the
method comprising:

providing stimuli to the subject;
generating output signals conveying information
related to one or more physiological parameters
of the subject;

using one or more processors to perform the steps of:

analyzing, based on the one or more physiolog-
ical parameters, reactions to the stimuli;

generating a sleep stage estimation of the
subject based on the one or more physio-
logical parameters;
determining a probability of accuracy of the
sleep stage estimation;
determining whether the probability of ac-
curacy breaches a predetermined thresh-
old;
responsive to the probability of accuracy
failing to breach the predetermined thresh-
old, controlling a stimulus source to provide
a reassessment stimulus to the subject;
analyzing a reaction to the reassessment
stimulus based on one or more physiologi-
cal parameters; and
reassessing one or both of the sleep stage
estimation and/or the probability of accura-
cy based on the analyzed reaction to the
reassessment stimulus.

8. The method of claim 7, further comprising:

determining one or more physiological parame-
ters based on the generated output signals.

9. The method of claim 7, wherein the one or more
physiological parameters pertain to brain function of
the subject.

10. The method of claim 7, wherein the one or more
physiological parameters pertain to movement of the
subject.

11. The method of claim 7, wherein providing a reas-
sessment stimulus to the subject is performed re-
peatedly with increasing intensity until the probability
of accuracy breaches the predetermined threshold.

12. The method of claim 7, further comprising:

determining effectiveness of different stimuli to
evoke reactions corresponding to higher prob-
abilities of accuracy.

Patentansprüche

1. System zum Detektieren von Schlafphasen einer
Person, wobei das System Folgendes umfasst:

eine Stimulusquelle (20), die konfiguriert ist, um
der Person Stimuli bereitzustellen;
einen oder mehrere Sensoren (142), die Aus-
gangssignale erzeugen, welche Informationen
in Bezug auf einen oder mehrere physiologische
Parameter der Person übermitteln; und
einen oder mehrere Prozessoren (110), die kon-
figuriert sind, um Computerprogrammodule
auszuführen, wobei die Computerprogramm-
module Folgendes umfassen:

ein Reaktionsmodul (112), das konfiguriert
ist, um basierend auf dem einen oder meh-
reren physiologischen Parametern Reakti-
onen auf die durch die Stimulusquelle be-
reitgestellten Stimuli zu analysieren;

ein Schlafphasenmodul (113), das konfiguriert
ist zum:

i) Erzeugen einer Schlafphasenschätzung
der Person basierend auf den analysierten
Reaktionen und/oder dem einen oder meh-
reren physiologischen Parametern, und
ii) Ermitteln einer Wahrscheinlichkeit für die
Genauigkeit der Schlafphasenschätzung;

ein Vergleichsmodul (114), das konfiguriert ist,
um zu ermitteln, ob die Genauigkeitswahr-
scheinlichkeit einen vorgegebenen Schwellen-
wert überschreitet; und
ein Stimulussteuerungsmodul (115), das konfi-
guriert ist, um die Stimulusquelle in Reaktion
darauf, dass die Genauigkeitswahrscheinlich-
keit den vorgegebenen Schwellenwert nicht
überschreitet, so zu steuern, dass sie der Per-
son einen Neubewertungsstimulus bereitstellt,
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wobei das Reaktionsmodul weiterhin konfigu-
riert ist, um eine Reaktion auf den Neubewer-
tungsstimulus zu analysieren, wobei das Schlaf-
phasenmodul weiterhin konfiguriert ist, um die
Schlafphasenschätzung der Person und/oder
die Genauigkeitswahrscheinlichkeit basierend
auf der analysierten Reaktion auf den Neube-
wertungsstimulus neu zu bewerten.

2. System nach Anspruch 1, das weiterhin Folgendes
umfasst:

ein Parameterermittlungsmodul (111), das kon-
figuriert ist, um einen oder mehrere physiologi-
sche Parameter basierend auf den erzeugten
Ausgangssignalen zu ermitteln.

3. System nach Anspruch 1, wobei sich der eine oder
mehrere physiologische Parameter auf Hirnfunktio-
nen der Person beziehen.

4. System nach Anspruch 1, wobei sich der eine oder
mehrere physiologische Parameter zu Bewegung
der Person beziehen.

5. System nach Anspruch 1, wobei das Stimulussteu-
erungsmodul die Stimulusquelle wiederholt so steu-
ert, dass sie Neubewertungsstimuli von zunehmen-
der Intensität bereitstellt, bis die Genauigkeitswahr-
scheinlichkeit den vorgegebenen Schwellenwert
überschreitet.

6. System nach Anspruch 1, das weiterhin ein Lernmo-
dul (116) umfasst, welches konfiguriert ist, um die
Effektivität von verschiedenen Stimuli in Bezug auf
das Hervorrufen von Reaktionen zu ermitteln, die
höheren Genauigkeitswahrscheinlichkeiten ent-
sprechen.

7. Verfahren zum Detektieren von Schlafphasen einer
Person, wobei das Verfahren Folgendes umfasst:

Bereitstellen von Stimuli für die Person;
Erzeugen von Ausgangssignalen, welche Infor-
mationen in Bezug auf einen oder mehrere phy-
siologische Parameter der Person übermitteln;
Verwenden von einem oder mehreren Prozes-
soren, um die folgenden Schritte durchzuführen:

Analysieren, basierend auf dem einen oder
mehreren physiologischen Parametern,
von Reaktionen auf die Stimuli;
Erzeugen einer Schlafphasenschätzung
der Person basierend auf dem einen oder
mehreren physiologischen Parametern;
Ermitteln einer Wahrscheinlichkeit für die
Genauigkeit der Schlafphasenschätzung;
Ermitteln, ob die Genauigkeitswahrschein-

lichkeit einen vorgegebenen Schwellenwert
überschreitet;
in Reaktion darauf, dass die Genauigkeits-
wahrscheinlichkeit den vorgegebenen
Schwellenwert nicht überschreitet, Steuern
einer Stimulusquelle derartig, dass sie der
Person einen Neubewertungsstimulus be-
reitstellt,
Analysieren einer Reaktion auf den Neube-
wertungsstimulus basierend auf einem
oder mehreren physiologischen Parame-
tern; und
Neubewerten der Schlafphasenschätzung
und/oder der Genauigkeitswahrscheinlich-
keit basierend auf der analysierten Reakti-
on auf den Neubewertungsstimulus.

8. Verfahren nach Anspruch 7, das weiterhin Folgen-
des umfasst:

Ermitteln von einem oder mehreren physiologi-
schen Parametern basierend auf den erzeugten
Ausgangssignalen.

9. Verfahren nach Anspruch 7, wobei sich der eine oder
mehrere physiologische Parameter auf Hirnfunktio-
nen der Person beziehen.

10. Verfahren nach Anspruch 7, wobei sich der eine oder
mehrere physiologische Parameter zu Bewegung
der Person beziehen.

11. Verfahren nach Anspruch 7, wobei das Bereitstellen
eines Neubewertungsstimulus für die Person wie-
derholt mit zunehmender Intensität erfolgt, bis die
Genauigkeitswahrscheinlichkeit den vorgegebenen
Schwellenwert überschreitet.

12. Verfahren nach Anspruch 7, das weiterhin Folgen-
des umfasst:

Ermitteln der Effektivität von verschiedenen Sti-
muli in Bezug auf das Hervorrufen von Reakti-
onen, die höheren Genauigkeitswahrscheinlich-
keiten entsprechen.

Revendications

1. Système pour détecter des stades de sommeil d’un
sujet, le système comprenant :

une source de stimuli (20) configurée pour four-
nir des stimuli au sujet ;
un ou plusieurs capteurs (142) qui génèrent des
signaux de sortie acheminant des informations
relatives à un ou plusieurs paramètres physio-
logiques du sujet ; et
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un ou plusieurs processeurs (110) configurés
pour exécuter des modules de programme in-
formatique, les modules de programme informa-
tique comprenant :

un module de réactions (112) configuré
pour analyser, sur la base du ou des para-
mètres physiologiques, des réactions aux
stimuli fournis par la source de stimuli ;
un module de stade de sommeil (113) con-
figuré pour :

i) générer une estimation de stade de
sommeil du sujet sur la base de l’un ou
des deux des réactions analysées et/ou
du ou des paramètres physiologiques,
et
ii) déterminer une probabilité de préci-
sion de l’estimation de stade de
sommeil ;

un module de comparaison (114) configuré
pour déterminer si la probabilité de préci-
sion dépasse un seuil prédéterminé ; et
un module de contrôle de stimuli (115) con-
figuré pour contrôler, en réponse au fait que
la probabilité de précision ne dépasse pas
le seuil prédéterminé, la source de stimuli
pour fournir un stimulus de réévaluation au
sujet,
dans lequel le module de réactions est en
outre configuré pour analyser une réaction
au stimulus de réévaluation, dans lequel le
module de stade de sommeil est en outre
configuré pour réévaluer une ou les deux
de l’estimation du stade de sommeil du sujet
et/ou de la probabilité de précision sur la
base de la réaction analysée au stimulus de
réévaluation.

2. Système selon la revendication 1, comprenant en
outre :

un module de détermination de paramètres
(111) configuré pour déterminer un ou plusieurs
paramètres physiologiques sur la base des si-
gnaux de sortie générés.

3. Système selon la revendication 1, dans lequel le ou
les paramètres physiologiques ont trait à la fonction
cérébrale du sujet.

4. Système selon la revendication 1, dans lequel le ou
les paramètres physiologiques ont trait au mouve-
ment du sujet.

5. Système selon la revendication 1, dans lequel le mo-
dule de contrôle de stimuli contrôle la source de sti-

muli de façon répétée pour fournir des stimuli de réé-
valuation d’intensité croissante jusqu’à ce que la pro-
babilité de précision dépasse le seuil prédéterminé.

6. Système selon la revendication 1, comprenant en
outre un module d’apprentissage (116) configuré
pour déterminer l’efficacité de différents stimuli pour
susciter des réactions correspondant à de plus fortes
probabilités de précision.

7. Procédé permettant de détecter des stades de som-
meil d’un sujet, le procédé comprenant :

la fourniture de stimuli au sujet ;
la génération de signaux de sortie acheminant
des informations relatives à un ou plusieurs pa-
ramètres physiologiques du sujet ;
l’utilisation d’un ou plusieurs processeurs pour
réaliser les étapes suivantes :

l’analyse, sur la base du ou des paramètres
physiologiques, de réactions aux stimuli;
la génération d’une estimation du stade de
sommeil du sujet sur la base du ou des pa-
ramètres physiologiques ;
la détermination d’une probabilité de préci-
sion de l’estimation du stade de sommeil ;
la détermination du fait que la probabilité de
précision dépasse un seuil prédéterminé ;
en réponse au fait que la probabilité de pré-
cision ne dépasse pas le seuil prédétermi-
né, le contrôle d’une source de stimuli pour
fournir un stimulus de réévaluation au
sujet ;
l’analyse d’une réaction au stimulus de réé-
valuation sur la base du ou des paramètres
physiologiques ; et
la réévaluation d’une ou des deux de l’esti-
mation du stade de sommeil et/ou de la pro-
babilité de précision sur la base de la réac-
tion analysée au stimulus de réévaluation.

8. Procédé selon la revendication 7, comprenant en
outre :

la détermination du ou des paramètres physio-
logiques sur la base des signaux de sortie gé-
nérés.

9. Procédé selon la revendication 7, dans lequel le ou
les paramètres physiologiques ont trait à la fonction
cérébrale du sujet.

10. Procédé selon la revendication 7, dans lequel le ou
les paramètres physiologiques ont trait au mouve-
ment du sujet.

11. Procédé selon la revendication 7, dans lequel la four-
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niture d’un stimulus de réévaluation au sujet est réa-
lisée de façon répétée avec une intensité croissante
jusqu’à ce que la probabilité de précision dépasse
le seuil prédéterminé.

12. Procédé selon la revendication 7, comprenant en
outre :

la détermination de l’efficacité de stimuli diffé-
rents pour susciter des réactions correspondant
à de plus fortes probabilités de précision.
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