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SYSTEM COMPRISING A SENSING UNIT AND A DEVICE FOR PROCESSING DATA RELATING TO
DISTURBANCES THAT MAY OCCUR DURING THE SLEEP OF A SUBJECT

FIELD OF THE INVENTION

The present invention relates to devices, systems and methods for detecting disturbances that may occur

during the sleep of a subject.

BACKGROUND

The most common methodology issued for the assessment of sleep disorders and more specifically sleep
disordered breathing is the in-lab polysomnography (PSG). This testing requires an overnight stay in a
dedicated facility supervised by trained technicians. However, this method is expensive, time-consuming
and is unable to keep pace with demand. Multiple physiological signals are recorded during PSG testing
by different types of sensor (e.g. EEG, EMG, ECG, thermistor, pressure, video). Data from these sensors

are later reviewed by a health care professional.

Alternative systems are considered in the art,

US 2017/0265801 relates to a bruxism detection system for detection of teeth grinding and tapping. This
system includes a chin mounted accelerometer that senses and records acceleration changes at the
beginning and the end of jaw clenching. Data from the accelerometer is processed to distinguish bruxism
related motion from other movements of the head by comparison to accelerometer threshold values.
US 2017/0035350 also relates to a bruxism detection system. This system includes two masseter mounted
accelerometer, the first accelerometer being attached to the skin of the left masseter muscle and the
second being attached to the skin of the right masseter muscle. Bruxism is detected when the recorded
data of the two accelerometers is substantially equal.

US 2007/273366 relates to a sleep disorder detector system. This system includes a device for measuring
distances by detection of emitted magnetic fields. The device can be mounted on a support arranged to
be applied onto the head so as to measure movements of the mouth. Data from the device is processed

to detect sleep respiratory disorders such as snoring.

A problem with the known systems is that the movement of the head of a subject wearing the sensing

unit and that of their mandible are considered separately from one another. The same applies to the
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positions of the head and of the mandible, which are calculated from the accelerometer measured
movements. However, data from an accelerometer is limiting and can be affected by movements of other
body parts, such as the chest or trachea during breathing. Thus, the link between these various
movements and positions is not taken sufficiently into consideration to analyse sleep disturbances, which
can have a negative impact on a diagnosis to be based on the measured data streams.

In fact, a mandibular movement may be induced by either respiratory or non-respiratory movements.
Thus, a movement of the head when the human being is sleeping may cause a movement of their
mandible. The mandible may be considered as both a mechanical linkage with the tracheal tug or an
effector of the brain control. Thus, mandibular movement may be passively induced by the breathing
movements of the tracheal tug, or directly controlled by the brain. The tug is the traction exerted by the
thorax on the head of the human being. This traction is at the respiratory frequency of that human being,
because the thorax is moved with respiration because the respiratory muscles are controlled by the brain.
Thus, if the head moves at the respiratory frequency, the mandible, which is attached to the head, will
follow the movement imposed by the head, at the respiratory frequency. This is a passive movement that
follows that of the head. The mandibular movement may equally be controlled directly and actively by
the brain, even when the head may not move, or most often does not move. The brain controls the
mandibular movements by stimulating a group of jaw muscles. It is therefore useful to be able to make a
distinction between a mandibular movement controlled by the brain or by the attachment with tracheal
tug. There is a need for a system that can more accurately interpret signals from the brain and more

accurately identify sleeping disorders.

SUMMARY OF THE INVENTION

The present invention aims to provide a system of a sensing unit and of a data processing device for
associating in time the measurements of the movements and positions of the head and of the mandible
of a subject during the analysis of the measured data.

In particular, the present invention concerns a system (equivalently, a combination) comprising a sensing
unit and a processing unit for processing data relating to disturbances that may occur during the sleep of
a subject, which sensing unit includes gyroscope adapted to measure movements of the mandible of a
subject. The inventors have surprisingly found that the use of a gyroscope allows to capture mandibular
spin and therefore to assess the activity of the brainstem which controls the mandibular motion during
sleep.

In some embodiments, the present invention concerns a system comprising a sensing unit and a device

for processing data, e.g. processing unit, relating to disturbances that may occur during sleep of a subject,
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which sensing unit includes an accelerometer adapted to measure movements of the head and/or of the
mandible of a subject and a gyroscope adapted to measure movements of the mandible of that subject.
The sensing unit is adapted to produce measurement signals based on the measurements effected and
the processing unit includes first and second inputs for receiving a first, respectively a second, time stream
of measurement signals coming from the accelerometer, respectively the gyroscope.

Thus provided herein is a system for characterizing sleep disorders in a subject having a head and a
mandible comprising a gyroscope, a data analysis unit which are connected by a data link. In particular
embodiments, the system is characterized in that it comprises:

- a gyroscope configured for measuring rotational movements of the mandible of the subject;

- a data analysis unit and a data link, the data link being configured for sending measured rotational
movement data from the gyroscope to the data analysis unit;

wherein the data analysis unit comprises a memory unit which is configured for storing N mandible
movement classes, wherein N is an integer larger than one, and wherein at least one of the N mandible
movement classes is indicative of a sleep disorder event;

- wherein each j™ (1<j<N) mandible movement class comprises of a j" set of rotational values, each j* set
of rotational values being indicative of at least one rate, rate change, frequency, and/or amplitude of
mandibular rotations associated with the j" class;

- wherein the data analysis unit comprises a sampling element configured for sampling the measured
rotational movement data during a sampling period, thereby obtaining sampled rotational movement
data;

- wherein the data analysis unit is configured to derive a plurality of measured rotational values from the
sampled rotational movement data; and,

- wherein the data analysis unit is further configured for matching the measured rotational values with
the N mandible movement classes.

In some embodiments, the system comprises an accelerometer that is adapted to measure accelerations,
the accelerations being indicative of movements and/or positions of the head and/or mandible of the
subject,

- the data link further being configured for sending measured acceleration data from the accelerometer
to the data analysis unit;

- wherein each j" (1<j<N) mandible movement class comprises of a j" set of acceleration values, each jt
set of acceleration values being indicative of at least one mandibular movement or head movement
associated with the j™ class;

- wherein the sampling element is configured for sampling the measured acceleration data during a

sampling period, thereby obtaining sampled acceleration data;
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- wherein the data analysis unit is configured to derive a plurality of measured acceleration values from
the sampled acceleration data; and,

- wherein the data analysis unit is further configured for matching the measured acceleration values with
the N mandible movement classes.

In some embodiments, the system further comprises a magnetometer, the magnetometer being adapted
to measure magnetic field data, variations in magnetic field data being indicative of movements of the
head and/or of the mandible of said subject,

- the data link further being configured for sending measured magnetic field data from the accelerometer
to the data analysis unit;

- wherein each j™ (1<j<N) mandible movement class comprises a j™" set of magnetic field data values, each
i set of magnetic field data values being indicative of at least one rate or rate change of mandibular
movement or head movement associated with the j* class;

- wherein the data analysis unit comprises a sampling element configured for sampling the measured
magnetic field data during a sampling period, thereby obtaining sampled magnetic field data;

- wherein the data analysis unit is configured to derive a plurality of measured magnetic field values from
the sampled magnetic field data; and,

- wherein the data analysis unit is further configured for matching the measured magnetic field values
with the N mandible movement classes.

In some embodiments, the gyroscope, and optionally the accelerometer and/or the magnetometer or a
part thereof are comprised in a sensing unit, the sensing unit being mountable on the mandible of the
subject.

In some embodiments, one or more of the N mandible movement classes are characterized by a
predetermined frequency range.

In some embodiments, the analysis unit is configured for identifying a movement of the head of the
subject based on the gyroscope data, on the accelerometer data, and/or the magnetometer data.

In some embodiments, at least one of the N mandible movement classes is indicative of the subject being
awake, and a plurality of the N mandible movement classes is indicative of the subject being asleep.

In some embodiments, at least one of the N mandible movement classes is indicative of the subject being
in an N1 sleeping state; and wherein at least one of the N mandible movement classes is indicative of the
subject being in a REM sleeping state; optionally wherein at least one of the N mandible movement classes
is indicative of the subject being in an N2 sleeping state and/or wherein at least one of the N mandible

movement classes is indicative of the subject being in an N3 sleeping state.
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In some embodiments, one or more of the N mandible movement classes are indicative of an obstructive
apnoea, an obstructive hypopnoea, a respiratory effort linked to arousal, a central apnoea, and/or a
central hypopnoea.

In some embodiments, one of the N mandible movement classes is indicative of bruxism, and wherein the
measured rotational movement data is indicative of a mandibular movement amplitude of at least 1 mm,
at a frequency established in a range of 0.5 to 5 Hz during at least three respiratory cycles when the
movement is phasic, or beyond 1 mm in a sustained, tonic manner for at least 2 seconds.

Further provided is a method for assisting in the characterization of sleep disorders in a subject having a
mandible, comprising the steps:

- receiving, by a data analysis unit and via a data link, rotational movement data from a gyroscope
positioned on the mandible of the subject;

- storing, by means of a memory unit comprised in the data analysis unit, N mandible movement classes,
wherein N is an integer larger than one, and wherein at least one of the N mandible movement classes is
indicative of a sleep disorder event;

- wherein each j* (1<j<N) mandible movement class consists of a j™" set of rotational values, each j set of
rotational values being indicative of at least one rate, rate change, frequency, or amplitude of mandibular
rotations associated with the j* class;

- sampling, by means of a sampling element comprised in the data analysis unit, the rotational movement
data during a sampling period, thereby obtaining sampled rotational movement data;

- deriving, by means of the data analysis unit, a plurality of measured rotational values from the sampled
rotational movement data; and,

- matching, by means of the data analysis unit, the measured rotational values to the N mandible
movement classes.

In some embodiments, the method further comprises the steps of:

- measuring accelerations by means of an accelerometer, the accelerations being indicative of movements
and/or positions of the head and/or mandible of the subject;

- sending, by means of the data link, measured acceleration date from the accelerometer to the data
analysis unit;

- wherein each j" (1<j<N) mandible movement class comprises of a j" set of acceleration values, each jt
set of acceleration values being indicative of at least one mandibular movement or head movement
associated with the j class;

- sampling, by means of a sampling element, the measured acceleration data during a sampling period,

thereby obtaining sampled acceleration data;
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- deriving, by means of the data analysis unit, a plurality of measured acceleration values from the sampled
acceleration data; and,

- matching, by means of the data analysis unit, the measured acceleration values with the N mandible
movement classes.

In some embodiments, the method further comprises the steps of:

- measuring, by means of a magnetometer, magnetic field data, the variations in magnetic field data being
indicative of movements of the head and/or of the mandible of said subject;

- sending, by means of the data link, measured magnetic field data from the magnetometer to the data
analysis unit;

- wherein each j™ (1<j<N) mandible movement class comprises of a j™ set of magnetic field data values,
each j" set of magnetic field data values being indicative of at least one rate or rate change of mandibular
movement or head movement associated with the j* class;

- sampling, by means of a sampling element comprised in the data analysis unit, the measured magnetic
field data during a sampling period, thereby obtaining sampled magnetic field data;

- deriving, by means of the data anlaysis unit, a plurality of measured magnetic field values from the
sampled magnetic field data; and,

- matching, by means of the data analysis unit, the measured magnetic field values with the N mandible
movement classes.

In some embodiments, the method further comprises the step of identifying, by means of the analysis
unit, a movement of the head of the subject based on the gyroscope data, on the accelerometer data,
and/or the magnetometer data.

In some embodiments, at least one of the N mandible movement classes is indicative of bruxism, and
wherein the measured rotational movement data is indicative of a mandibular movement amplitude of
at least 1 mm, at a frequency established in a range of 0.5 to 5 Hz during at least three respiratory cycles
when the movement is phasic, or beyond 1 mm in a sustained, tonic manner for at least 2 seconds.
Accordingly, in a first aspect, there is provided a system for detection of a sleeping state of a subject
having a head and a mandible,

- the system comprising a data analysis unit, a data link and a sensing unit configured for mounting on the
subject’s mandible;

- wherein the sensing unit comprises a gyroscope configured for measuring rotational movements of the
mandible of the subject, and an accelerometer configured for measuring accelerations indicative of
movements or positions of the head and the mandible of the subject, or combinations thereof;

- wherein the data link is configured for sending measured rotational movement data from the gyroscope

and measured acceleration data from the accelerometer to the data analysis unit;
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- wherein the data analysis unit comprises a first input for receiving a first timestream of measured
acceleration data from the accelerometer, and a second input for receiving a second timestream of
measured rotational movement data from the gyroscope;

- wherein the data analysis unit comprises an identifying unit configured to identify, in the first and in the
second timestreams, a first signal, the frequency of which is situated in a first predetermined range
consisting of frequencies that characterize a sleeping state of the subject, and a second signal, the value
of which is situated in a second predetermined range consisting of values of movements or positions of
the head and the mandible of the subject, or combination thereof, that characterize a sleeping state;

- wherein the identifying unit is configured to produce a triggering signal, after observing that the first and
second signals that have been identified in the first and second timestreams are present for a first
predetermined time period, and, after it has produced the triggering signal, to identify in the first and
second timestreams, a third signal in which the frequency or the value of at least one intrinsic
characteristic represents a movement of the mandible or change in the position of the head and the
mandible of the subject, or combinations thereof;

- wherein the data analysis unit comprises a memory unit which is configured for storing N mandible
movement classes, wherein N is an integer larger than one, and wherein at least one of the N mandible
movement classes is indicative of the subject being awake, and wherein a plurality of the N mandible
movement classes is indicative of the subject being asleep;

- wherein each jth (1<j<N) mandible movement class comprises of a jth set of rotational movement values,
each jth set of rotational movement values being indicative of at least one rate, rate change, frequency,
amplitude of mandibular rotations associated with the jth class or combinations thereof;

- wherein each jth (1<j<N) mandible movement class further comprises of a jth set of acceleration values
being indicative of at least one mandibular movement, a head movement, or combinations thereof,
associated with the jth class;

- wherein the data analysis unit comprises a sampling element configured for sampling the second
timestream of measured rotational movement data and the first timestream of measured acceleration
data during the same sampling period, thereby obtaining sampled rotational movement and acceleration
data;

- wherein the data analysis unit is configured to

- derive a plurality of measured rotational movement and acceleration values from the sampled rotational
movement and acceleration data;

- match the measured rotational movement and acceleration values with the N mandible movement
classes; and,

- detect the sleeping state indicative of the subject being awake or asleep.
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In a second aspect, there is provided a method for detection of a sleeping state of a subject having a head
and a mandible, comprising the steps:

- measuring, by means of a gyroscope, rotational movements of the mandible of the subject and, by means
of an accelerometer, accelerations indicative of movements or positions of the head and mandible of the
subject, or combinations thereof; wherein the gyroscope and accelerometer are positioned on the
subject’s mandible;

- receiving, by a data analysis unit and via a data link, measured rotational movement data from the
gyroscope and measured acceleration data from the accelerometer;

- wherein the data analysis unit comprises a first input for receiving a first timestream of measured
acceleration data from the accelerometer and a second input for receiving a second timestream of
measured rotational movement data from the gyroscope;

- identifying, by means of an identifying unit comprised in the data analysis unit, in the first and in the
second timestreams, a first signal, the frequency of which is situated in a first predetermined range
consisting of frequencies that characterize a sleeping state of the subject, and a second signal, the value
of which is situated in a second predetermined range consisting of values of movements of the head and
of the mandible of the subject that characterize a sleeping state;

- producing, by the identifying unit, a triggering signal, after observing that the first and second signals
that have been identified in the first and second timestreams are present for a first predetermined time
period, and, after it has produced the triggering signal, to identify in the first and second timestreams, a
third signal in which the frequency or the value of at least one intrinsic characteristic represents a
movement of the mandible or change of the position of the head of the subject, or combinations thereof;
- storing, by means of a memory unit comprised in the data analysis unit, N mandible movement classes,
wherein N is an integer larger than one, and wherein at least one of the N mandible movement classes is
indicative of the subject being awake, and wherein a plurality of the N mandible movement classes is
indicative of the subject being asleep;

- wherein each jth (1<j<N) mandible movement class comprises a jth set of rotational movement values,
each jth set of rotational movement values being indicative of at least one rate, rate change, frequency,
or amplitude of mandibular rotations associated with the jth class;

- wherein each jth (1<j<N) mandible movement class further comprises a jth set of acceleration values,
each jth set of acceleration values being indicative of at least one mandibular movement, head
movement, or a combination thereof, associated with the jth class;

- sampling, by means of a sampling element comprised in the data analysis unit, the second timestream
of measured rotational movement data and the first timestream of measured acceleration data during

the same sampling period, thereby obtaining sampled rotational movement and acceleration data;
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- deriving, by means of the data analysis unit, a plurality of measured rotational movement and
acceleration values from the sampled rotational movement and acceleration data;

- matching, by means of the data analysis unit, the measured rotational movement and acceleration
values to the N mandible movement classes; and,

- detecting the sleeping state indicative of the subject being awake or asleep.

DESCRIPTION OF THE FIGURES
The invention will now be described in more detail with the aid of the drawings, which show the system

and its operation. The present system may be described as a system of a sensing unit and a device or unit
for processing sensed data. In the drawings:

Figure 1 shows a system according to the invention.

Figures 2A and B show two streams during a change in the position of the head of a human being lying in
bed.

Figures 3A and B show streams captured by the sensing unit during bruxism.

Figure 4 shows the loop gain.

Figure 5 shows the identification of micro-arousals following preprocessing.

Figure 6 shows the measured signal after application of band-pass filtering.

Figure 7 shows a signal indicating micro-arousals.

Figure 8 shows an example of the first and second measurement signal streams in the case of obstructive
apnoea;

Figure 9 shows an example of the first and second measurement signal streams in the case of obstructive
hypopnoea;

Figure 10 shows an example of the first and second measurement signal streams in the case of mixed
apnoea;

Figure 11 shows an example of the first and second measurement signal streams in the case of central
apnoea;

Figure 12 shows an example of the first and second measurement signal streams in the case of central
hypopnoea;

Figure 13 shows an example of the first and third measurement signal streams during respiratory-effort
related arousal (RERA); and

Figure 14 shows spectrograms of the frequency distribution of the mandibular movement.

Figure 15 shows an exemplary procedure for feature extraction, data processing, and data description.
Figures 16 and 17 show an analysis of mandibular movement data captured by means of a magnetic

sensor.
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Figures 18 shows an exemplary method for automated sleep stages detection from mandibular
movement data captured by means of gyroscope and an accelerometer. The method is discussed further

in Example 18.

In figure 1, the following numbering is used: 1 — sensing unit; 2 — accelerometer; 3 — gyroscope; 4 —
magnetometer; 5 — oximeter; 6 — thermometer; 7 — audio sensor; 8 — electromyography unit; 9 — pulse
photoplethysmograph; 10 — device for processing data; 11-1 —first input; 11-2 — second input; 11-3 — third

input; 11-4 fourth input; 12 — identifying unit; 13 — analysis unit.

DETAILED DESCRIPTION

Before the present systems and processes of the invention are described, it is to be understood that this
is not limited to particular systems and methods or combinations described, since such systems and
methods and combinations may, of course, vary. It is also to be understood that the terminology used
herein is not intended to be limiting, since the scope will be limited only by the appended claims.

As used herein, the singular forms "a", "an", and "the" include both singular and plural referents unless
the context clearly dictates otherwise.

The terms "comprising”, "comprises" and "comprised of" as used herein are synonymous with "including”,
"includes" or "containing", "contains", and are inclusive or open-ended and do not exclude additional,
non-recited members, elements or method steps. It will be appreciated that the terms "comprising",
"comprises" and "comprised of" as used herein comprise the terms "consisting of", "consists" and
"consists of".

The recitation of numerical ranges by endpoints includes all numbers and fractions subsumed within the
respective ranges, as well as the recited endpoints.

The term "about" or “approximately” as used herein when referring to a measurable value such as a
parameter, an amount, a temporal duration, and the like, is meant to encompass variations of +/-10% or
less, preferably +/-5% or less, more preferably +/-1% or less, and still more preferably +/-0.1% or less of
and from the specified value, insofar such variations are appropriate to perform in the disclosed aspects
and embodiments. It is to be understood that the value to which the modifier "about" or “approximately”
refers is itself also specifically, and preferably, disclosed.

Whereas the terms “one or more” or “at least one”, such as one or more or at least one member(s) of a
group of members, is clear per se, by means of further exemplification, the term encompasses inter alia
a reference to any one of the members, or to any two or more of the members, such as, e.g., any 23, >4,

25, 26 or 27 etc. of the members, and up to all the members.
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All references cited in the present specification are hereby incorporated by reference in their entirety. In
particular, the teachings of all references herein specifically referred to are incorporated by reference.
Unless otherwise defined, all terms used herein, including technical and scientific terms, have the meaning
as commonly understood by one of ordinary skill in the art. By means of further guidance, term definitions
are included to better appreciate the teaching as described herein.

In the following passages, different aspects are defined in more detail. Each aspect so defined may be
combined with any other aspect or aspects unless clearly indicated to the contrary. In particular, any
feature indicated as being preferred, particular or advantageous may be combined with any other feature

or features indicated as being preferred, particular or advantageous.

The present invention relates to the measurement and assessment of mandibular movement of a sleeping
subject. The mandible or lower jawbone sits beneath the maxilla and forms the lower jaw. It is the only
movable bone of a human skull (discounting the ossicles of the middle ear). During movement, the
mandible pivots around the temporomandibular joint, where the mandible connects to the skull
(temporal bone) in front of the ear. During mandibular movement the relationship between the length
and the tension of muscular fibres anchored on the mandible will change, which may result in a stiffening
of the upper airways in subjects who are at risk of instability during sleep. This movement is activated
under agonist and antagonist muscles for elevating or lowering the mandible, thereby closing or opening
the mouth, respectively. The agonist and antagonist muscles are innervated by motor neurons originating
from the nucleus of the trigeminal nerve located in the brainstem (mid-pons) and are supported by the

motor branch of this nerve.

Provided herein is a system for characterizing sleep disorders in a subject having a head and a mandible.
The system comprises a gyroscope. The gyroscope is configured for measuring rotational movements of
the mandible of the subject, which, as observed by the inventors, is an activity that gyroscopes are
particularly well-suited for. The gyroscope can be used to assess the activity of the brainstem stimulating
mandible movement during sleep, in a way to keep open the upper airways (pharynx) and prevent from
sleep disordered breathing. The mandibular mobile bone is turned around like a lever to stretch
pharyngeal muscular fibres attached directly or indirectly (via the second mobile bone - the hyoid bone)
including the tongue, on the mandibular bony arch.

To some extent the gyroscopic movement is representative of the central drive meaning that the nucleus
of the trigeminal nerve in the pons is acting to finely displace the mandible with regard to the respiratory
centres located also in the brainstem and under the influence of higher centres responsible for the sleep

organization (sleep staging). As a result, the provision of a gyroscope in a sensing unit can be used for
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assessing various sleep related activities, by looking at the rotational mandibular displacements, which
may include respiration, sleep stages or other events (e.g. movement or motor events). Moreover, values
measured by gyroscope arranged for measuring rotational movements of the mandible of the subject,
such as the rate and the amplitude of the mandibular gyroscopic signal, in addition to metrics directly or
indirectly derived from the measured values, can be used for obtaining assessment of the central drive
stemming from the nucleus of the trigeminal nerve.

The inventors have found that other sensing units are not suitable for the measurement and assessment
of mandibular movement as provided herein. For instance, an inertial sensor like an accelerometer allows
only a limited measurement of linear acceleration and is thus unsuitable for measurement of rotational
mandibular displacements. Measurement by an accelerometer can be affected by movement of the body
or the head, such as the chest or trachea during breathing and distinguishing between the origins of data
is difficult and adds unnecessary noises and complexity to the system. As a result, the link between the
possible body and head movement is not taken sufficiently into consideration by existing systems for
analysis of sleep disturbances. This has a negative impact on a diagnosis that is based on the measured
data streams. The inventors have found that the rotation of the mandible carries the necessary
information to arrive at an accurate assessment and moreover that such movement can accurately be
recorded by a gyroscope.

The system further comprises a data analysis unit and a data link. The data link provides a communication
path between the gyroscope and the data analysis unit. Preferably, the data link is a wireless datalink, e.g.
because of improved subject comfort, though data links employing communication by wire are certainly
possible as well.

Rotational movement data is sent via the data link from the gyroscope to the data analysis unit. The data
link is of a conventional nature and contains arrangements for transferring data either wirelessly or by
wire.

The data analysis unit comprises a memory unit, e.g. a data storage device such as hard drive, solid-state
drive, memory card or the like. The memory unit is configured for storing a number (N) mandible
movement specific patterns (classes), with N an integer larger than one. At least one of the N mandible
movement classes is indicative of a sleep disorder event. Preferably, the N mandible movement classes
comprise a plurality of movement classes which are indicative of various mandibular movements. Each jt"
(1<j<N) mandible movement class comprises of a j" set of rotational values, and each j" set of rotational
values is indicative of at least one rate, rate change, frequency, and/or amplitude of mandibular rotations
associated with the j™ class.

The rotational movement data measured or recorded by the gyroscope is linked to the mandible

movement classes as follows:
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The data analysis unit comprises a sampling element configured for sampling the measured rotational
movement data during a sampling period. Thus, sampled rotational movement data is obtained.
Information contained in the signals recorded by the gyroscope may thus be extracted for further analysis.
It shall be understood that in some embodiments, the data analysis unit may be comprised in a general
purpose computing device such as a personal computer or a smartphone, though the provision of
specialized hardware is certainly possible as well.

The data analysis unit is configured to derive a plurality of measured rotational values from the sampled
rotational movement data, and for matching the measured rotational values with the N mandible
movement classes. Preferably, deriving the measured rotational values from the sampled rotational
movement data comprises one or more of the following procedures: discretization, time-averaging, fast
Fourier transformation, etc. Additionally, the matching may be fully or partially automated by the
provision of a machine learning model, such that the data analysis unit is configured to learn a number of
statistical and/or physical metrics in order to capture the characteristics of the signal in frequency and
time domains and identify patterns of rotation signal to specific events, such as sleep stages, respiratory
efforts, and the like. The provision of a machine learning model may thus provide for automatic
interpretation of the relevant information and/or matching characteristic data with sleep disorder events
Study of mandibular movement during sleep therefore provides information on the respiratory control
state in response to changes of permeability or of resistance to flow of the air flows in the upper
respiratory tracts, whether or not that is involved in series of modifications in the position of the head.
Analysis of the nature of mandibular movement using the system according to the invention can also
detect non-respiratory motor events repeated during sleep, such as bruxism or chewing, or of anisolated
nature, such as oro-facial dyskinesia. Deglutition and suckling movements in the infant can also be clearly
identified. Additionally, deglutition movements can be detected in adults as well. This allows
differentiating arousals from micro-arousals.

In some embodiments, one or more mandibular movement classes are indicative of an isolated large
mandibular movement (IMM). IMMs are associated with micro-arousals or respiratory disturbance
induced arousals, such that micro-arousals can be effectively inferred from the measurements and the
analysis.

In some embodiments, the process of matching the measured rotational values with the N mandible

movement classes makes use of an artificial intelligence method, for example random forests.

In some embodiments, the system further comprises an accelerometer. The accelerator is adapted to
measure accelerations (including acceleration variations) which are indicative of movements and/or

positions of the head and/or mandible of the subject. The inventors have found that accelerometers are
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particularly well-suited for measuring movements and positions of the head. The addition of an
accelerometer to the present system allows for further assessing the behaviour of the mandible during
sleep. In particular, the inventors have found that the measurement of accelerations can be used to
explain unexpected changes in the movement, amplitude and/or rate of the gyroscope. Measurements
by an accelerometer may thus be used to supplement measurements performed by the gyroscope.
Measured or recorded acceleration data is sent by the accelerometer to the data analysis unit via the data
link. In these embodiments, each " (1<j<N) mandible movement class comprises of a j™" set of acceleration
values. Each j set of acceleration values or metrics is indicative of at least one mandibular movement or
head movement associated with the j™ class. The sampling element is configured for sampling the
measured acceleration data during a sampling period. After sampling, the measured acceleration data are
termed sampled acceleration data. The data analysis unit is configured to derive a plurality of measured
acceleration values from the sampled acceleration data, for example by discretization and optionally time
averaging. Information contained in the signals recorded by the accelerometer may be extracted for
further analysis. The data analysis unit is further configured for matching the measured acceleration
values with the N mandible movement classes. This process of matching is understood to involve
automatically determining the mandible movement class that corresponds the closest to the measured
acceleration values. The matching may be fully or partially automated by the provision of a machine
learning model, which may provide for automatic interpretation of the relevant information and/or
matching characteristic data with sleep disorder events.

The inventors have found that the accelerometer is particularly sensitive to movements of the head.
Together, the gyroscope and the accelerometer allow efficiently discerning head movements from
mandible movements, which in turn allows for improved detection of sleep disorder events. As a result,
the provision of a gyroscope and an accelerometer in a single system can increase the sensitivity and
accuracy of the present system, and may also for assessment of new information that could not be
interpreted from the measured values provided by a gyroscope or accelerometer alone. For example,
changes in the head position stimulated by a central activation could impact the mandible rotation
movement, which could be mistakenly interpreted as changes in the degree of mouth opening or closing.
The combination of a gyroscope and an accelerometer can thus allow for discerning head movement from
jaw movement. In view of the superior and unexpected functionality provided by the present
combination, the presence of a gyroscope cannot be regarded an alternative to other sensing devices, like

for example a second accelerometer.

In some embodiments, the system further comprises a magnetometer, the magnetometer adapted to

measure magnetic field data. The variations in magnetic field data are indicative of the direction of
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movements and/or positions of the head and/or of the mandible of said subject. The addition of a
magnetometer to the present system may allow for further assessing the behaviour of the mandible
during sleep. It may be appreciated that the provision of a magnetometer in the present system serves to
assess the orientation of the sensing unit similar to a compass. As such, the magnetometer is not intended
to serve as a unit for measuring distances as contemplated in systems of the art; although the primary
functionality is understood to be not limitative to the scope of the present system.

The data link is further configured for sending measured or recorded magnetic field data from the
magnetometer to the data analysis unit. Each j" (1<j<N) mandible movement class comprises a j™ set of
magnetic field data values. Each j™ set of magnetic field data values is indicative of at least one rate or
rate change of mandibular movement or head movement associated with the j*" class. The data analysis
unit comprises a sampling element configured for sampling the measured magnetic field data during a
sampling period. Thus sampled magnetic field data is obtained. The data analysis unit is configured to
derive a plurality of measured magnetic field values from the sampled magnetic field data. The data
analysis unit is further configured for matching the measured magnetic field values with the N mandible
movement classes.

In a particular form, the magnetometer may comprise two parts: one part mounted on the forehead of a
patient, and one part mounted on the mandible of the patient. The inventors have found that this is a
particularly effective configuration for detecting mandibular movements.

In some embodiments, signals originating from the magnetometer, gyroscope, accelerometer and/or
further sensors are transferred via a single physical medium using, for example time-division multiplexing

and/or using carrier waves of different frequencies.

In some embodiments, the gyroscope, and/or the accelerometer, and/or the magnetometer or a part
thereof are comprised in a sensing unit. The sensing unit is mountable on the mandible of the subject.
This is an embodiment with a highly compact form factor, it is easy to apply, and offers improved patient
comfort. The provision of an accelerometer and/or magnetometer is understood to not substitute the
functionality of a gyroscope, but rather to arrive at new interpretations that are made possible only
through the combination of gyroscope with one ore more additional sensing devices, such as an
accelerometer and/or the magnetometer. Preferably, interpretation of the acquired signal is firstly
associated with data from the gyroscope and in a second step supplemented with data from the
accelerometer and/or magnetometer. For example, data from the gyroscope may be used first for analysis
of the angular speed of the mandible to arrive at a comprehensive cycle by cycle analysis; data from the
accelerometer may then be used to provide context on which cycle is produced (e.g, the origin of the

activation (cortical and subcortical), the endotype (the dynamic of the breathing disorder), the types of
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the muscular masticatory activity (more or less tonic or phasic)). Additionally, novel assessment can be
made from the combination of data that are not possible based on data from a single sensing unit alone.
For example, precise description of the event type opens the possibility of making predictions about the
occurrence or reoccurrence of sleep disorder event or changes in breathing (e.g. peripheral capillary
oxygen saturation SpQ,).

Preferably, the sensing unit has a size of at most 5 cm long, 2 cm thick and 1 cm high. This reduces

interference with the normal sleep of the subject.

In some embodiments, one or more of the N mandible movement classes are associated with a
predetermined frequency range. In other words, in these embodiments one or more of the N mandible
movement classes comprise mandible movements which occur in a pre-determined frequency range.
Preferably, at least two of the N mandible movement classes are associated with a predetermined
frequency range, including an A™ predetermined frequency range and a B™ predetermined frequency
range, and the A" predetermined frequency range and the B™ predetermined frequency range do not
overlap.

In some embodiments, at least one pre-determined frequency range consists of frequencies between 0.15
Hz to 0.60 Hz, or between 0.25 Hz and 0.50 Hz, or between 0.30 Hz and 0.40 Hz. This is the frequency
range of signals which are indicative of breathing of the subject.

In some embodiments, the system further comprises one or more ancillary components selected from
the list comprising an oximeter and/or a thermometer and/or an audio sensor and/or an
electromyography unit and/or a pulse photoplethysmograph. Preferably, these ancillary components are

operationally connected to the analysis unit via a data link.

In some embodiments, the analysis unit is configured for identifying a movement of the head of the
subject based on the gyroscope data, and/or the accelerometer data, and/or the magnetometer data.
Preferably, the movement of the head comprises a rotation, e.g. a rotation around an axis through the
centre of the head of the subject. Preferably then, at least one of the N mandible movement classes is
indicative of a change of position of the head. This allows efficiently discerning generic head movements
from movements of the mandible per se. In these embodiments, the system preferably comprises both

an accelerometer and a gyroscope.

In some embodiments, the analysis unit is adapted to apply one or more pre-processing steps to the
gyroscope data, and/or the accelerometer data, and/or the magnetometer data. The one or more pre-

processing steps are selected from the list comprising: the application of a band pass filter, the application
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of a low pass filter, an exponential mobile mean, and/or a calculation of the entropy of the frequency of
the gyroscope data, and/or the accelerometer data, and/or the magnetometer data. The application of
low pass filtering improves the detection of micro-arousals.

In some embodiments, the analysis unit may comprise an interpretation module configured for
interpreting specific parameters which measure the sleep quality and the extend of sleep breathing
disturbances. The sleep quality parameters may include, e.g., total sleep time (TST), seep onset latency
(SOL), first awake from sleep onset (WASQ), awake index, sleep efficiency (SE), ratios of REM, nhonREM
sleep, REM sleep latency, and other sleep quality metrics. The sleep respiratory disturbances related
metrics may include the hourly occurring rate and cumulated duration of respiratory efforts during sleep.
The analysis unit may be configured for reporting the interpreted subject specific parameters. The
reporting may include providing an output to a device, such as a computer or smartphone. The reporting
may also include providing a visual or textual report of the subject specific parameters, for example in the

form of a hypnogram.

In some embodiments, at least one of the N mandible movement classes is indicative of the subject being
awake, and wherein a plurality of the N mandible movement classes is indicative of the subject being
asleep. Incorporating a classification of “asleep” and “awake” in the present methods ensures that
measurements done while the subject is in awake or asleep are interpreted accordingly. The
interpretation may be performed using an interpretation module.

In some embodiments, at least one of the N mandible movement classes is indicative of the subject being
in an N1 sleeping state; and at least one of the N mandible movement classes is indicative of the subject
being in a REM sleeping state. Optionally, at least one of the N mandible movement classes is indicative
of the subject being in an N2 sleeping state and/or at least one of the N mandible movement classes is
indicative of the subject being in an N3 sleeping state.

In some embodiments, at least one of the N mandible movement classes is indicative of the subject being
in an N2 sleeping state.

In some embodiments, at least one of the N mandible movement classes is indicative of the subject being

in an N3 sleeping state.

In some embodiments one or more of the N mandible movement classes are associated with a detection
of a sleeping stage. Detection of sleeping stages may further be implemented for establishing a subject
specific sleeping pattern. The sleeping stage detection is preferably automated at different levels of
resolution.

In preferred embodiments the sleeping patterns may include (sorted by increasing level of complexity):
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(1) 2 Class (i.e. binary) scoring for detecting the awake or sleeping state in a subject;
(2) 3 Class scoring for classifying the sleeping stage, including the awake state, nonREM sleeping
stage or REM sleeping stage in a subject;
(3) 4 Class scoring for classifying the sleeping stage, including the awake state, light sleeping (N1
and N2) stage, deep sleeping (N3) stage or REM sleeping stage in a subject;
(4) 5 Class scoring for classifying all sleeping stages, including the awake state, N1 sleeping stage,
N2 sleeping stage, N3 sleeping stage and REM sleeping stage in a subject.

Exemplary method for achieving an automated sleeping stage detection of 3 class scoring is provided in

Examples 18 and 19.

In some embodiments, at least one of the N mandible movement classes is indicative of cortical activity.
In some embodiments, at least one of the N mandible movement classes is indicative of sub-cortical

activity.

In some embodiments, one or more of the N mandible movement classes are indicative of an obstructive
apnoea, an obstructive hypopnoea, a respiratory effort linked to arousal, a central apnoea, and/or a
central hypopnoea.

In some embodiments, one of the N mandible movement classes is indicative of bruxism, and the
measured rotational movement data is indicative of a mandibular movement amplitude of at least 1 mm,
at a frequency established in a range of 0.5 to 5 Hz during at least three respiratory cycles when the
movement is phasic, or beyond 1 mm in a sustained, tonic manner for at least 2 seconds.

Bruxism during sleep is a frequent complaint by 5 to 10% of the adult population. It is often intermittent,
variable in time, sometimes liable to disappear for a few weeks before bouncing back and imposing itself
repeatedly during the night, several nights in a row. Bruxism is often recognized by the partner of the
sleeper in the form of disagreeable and loud grinding of the teeth. This can lead to facial or temporal pain
and signs of wear of the dental enamel in the subject. Its origin is not well understood, but the syndrome

of obstructive sleep apnoea has been referred to as one possible cause.

In some embodiments, one or more of the N mandible movement classes is indicative of the loop gain, of
the muscular gain mobilizing the mandible during apnoea or hypopnoea or a period of effort, of the point

of passive collapsibility after activation and/or of the point of arousability before activation.
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Further provided herein is a method for assisting in the characterization of sleep disorders, for example
sleep disordered breathing (SDB), in a subject having a mandible. The method comprises the following
steps:

- receiving, by a data analysis unit and via a data link, rotational movement data from a gyroscope
positioned on the mandible of the subject.

- storing, by means of a memory unit comprised in the data analysis unit, N mandible movement classes.
Note that N is an integer larger than one, and that at least one of the N mandible movement classes is
indicative of a sleep disorder event (for example a sleep disordered breathing (SDB) event). Each j™" (1<j<N)
mandible movement class consists of a j™" set of rotational values, and each j™ set of rotational values is
indicative of at least one rate, rate change, frequency, or amplitude of mandibular rotations associated
with the j class.

- sampling, by means of a sampling element comprised in the data analysis unit, the rotational movement
data during a sampling period. Thus sampled rotational movement data is obtained.

- deriving, by means of the data analysis unit, a plurality of measured rotational values from the sampled
rotational movement data; and,

- matching, by means of the data analysis unit, the measured rotational values to the N mandible
movement classes.

Thus sleep disorders can be efficiently detected with excellent patient comfort.

In some embodiments, the method further comprises the steps of:

- measuring accelerations by means of an accelerometer. The accelerations are indicative of movements
and/or positions of the head and/or the mandible of the subject;

- sending, by means of the data link, measured acceleration date from the accelerometer to the data
analysis unit;

- sampling, by means of a sampling element, the measured acceleration data during a sampling period,
thereby obtaining sampled acceleration data;

- deriving, by means of the data analysis unit, a plurality of measured acceleration values from the sampled
acceleration data;

- matching, by means of the data analysis unit, the measured acceleration values with the N mandible
movement classes. Note that in these embodiments, each j*" (1<j<N) mandible movement class comprises
of a j™ set of acceleration values, each j set of acceleration values being indicative of at least one
mandibular movement or head movement associated with the j™ class.

The use of both accelerometer and gyroscope allows effectively discerning mandible movements from

movements of the entire head.
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In some embodiments, the method further comprises the steps of:

- measuring, by means of a magnetometer, magnetic field data, the variations in magnetic field data being
indicative of movements and/or positions of the head and/or of the mandible of said subject;

- sending, by means of the data link, measured magnetic field data from the accelerometer to the data
analysis unit;

- sampling, by means of a sampling element comprised in the data analysis unit, the measured magnetic
field data during a sampling period, thereby obtaining sampled magnetic field data;

- deriving, by means of the data analysis unit, a plurality of measured magnetic field values from the
sampled magnetic field data; and,

- matching, by means of the data analysis unit, the measured magnetic field values with the N mandible
movement classes. Note that in these embodiments, each j (1<j<N) mandible movement class comprises
of a j™ set of magnetic field data values, each j™ set of magnetic field data values being indicative of at
least one rate or rate change of mandibular movement or head movement associated with the j™ class.
In some embodiments, the method further comprises the step of identifying, by means of the analysis
unit, a movement of the head of the subject based on the gyroscope data, and/or on the accelerometer

data, and/or the magnetometer data.

In some embodiments, at least one of the N mandible movement classes is indicative of bruxism, and the
measured rotational movement data is indicative of a mandibular movement amplitude of at least 1 mm,
at a frequency established in a range of 0.5 to 5 Hz during at least three respiratory cycles when the
movement is phasic, or beyond 1 mm in a sustained, tonic manner for at least 2 seconds. This combination
of parameters is indicative of a bruxism, such that bruxism can be effectively detected. In some
embodiments, this frequency range is between 1.0 to 4.5 Hz, or 1.5 to 4.0 Hz, or 2.0 to 3.5 Hz, or 2.5 to
3.0 Hz.

In the following, specific embodiments of matching data (e.g. preferably sampled rotational, acceleration
data, and/or magnetic field data), with the N mandible movement classes are discussed. These
embodiments involve the extraction of features from the aforementioned data. The features comprise
measured rotational values, and optionally include measured acceleration values, and/or measured
magnetic field values. Once the features are extracted, they are matched with one or more mandible
movement classes. Preferably, the mandible movement classes that the features are matched with
comprise central hypopneas, normal sleep, and obstructive hypopneas. Preferably, features are matched

with the mandible movement classes by means of a SHAP score to interpret and explain the matching.
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In some embodiments, the features are chosen from the non-exhaustive list comprising: central tendency
(mean, median and mode) of MM (i.e. mandibular movement, signifying rotations, accelerations, and/or
positions measured using a gyroscope, accelerometer, and/or magnetometer) amplitudes; MM
distribution (raw or enveloped signals): skewness, Kurtosis, IQR, 25th, 75th and 90th centiles; extreme
values: Min, Max, 5th and 95th centiles of MM amplitudes; tendency of variation: Linear trend and
coefficients of Tensor product-based spline factors (S1, 2, 3, 4) from a generalized additive model to
evaluate MM in function of Time; duration of each event. It shall be understood that such features refer
to measured rotational values, measured acceleration values, and/or magnetic values, whether sampled
and/or discretized or not. Preferably, the aforementioned values are sampled and discretized. It shall be
understood that the list present exemplary embodiments which are therefore regarded as non-limiting to
the present system.

In some embodiments, the extraction of features comprises isolating events. An event is a sequence of
mandibular movement data (preferably sampled rotational, acceleration, and/or magnetic data) that can
be attributed to a single movement of the head and/or the mandible. One specific type of event is normal
breathing, for example normal breathing for a pre-determined amount of time. The pre-determined
amount of time may be, for example, between 2 and 20 seconds, or between 5 and 15 seconds, 30 seconds
or 10 seconds. The time range size may be adapted to the intended application; for example 30 seconds
may be suitable for identifying stages of sleep, 10 seconds for sleep bruxism or micro-awakenings, 20

seconds for respiratory events, and so on,

In some embodiments, the extraction of features follows the following procedure comprising steps 1 to
4:
1. Obtaining sampled mandibular movement data. The mandibular movement data comprises sampled
rotational values, and optionally sampled acceleration values and/or sampled magnetic field values.
Preferably, the sampling rate is from 1.0 to 100.0 Hz, or from 2.0 to 50.0 Hz, or from 5.0 to 25.0 Hz,
preferably 10.0 Hz. Preferably, obtained sampled mandibular movement data was obtained during a
period between 10.0 minutes and 12.0 hours, or during a period between 20.0 minutes and 4.0 hours, or
during a period between 30.0 minutes and 2.0 hours.
2. Marking timestamps of mandible movement events.
3. For each time stamp ti, perform the following steps

3.a. Check whether ti is the beginning of a mandible movement event;

3.b. If ti is the beginning of a mandible movement event,

- assign ti to t_begin, and subsequently search for the ending (t_end) of the mandible

movement event; and,
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-index t_begin and t_end;

4. For each mandible movement event E, perform the following step

4.a. Calculate event duration dt = (t_end —t_begin)

4.b. Determine the statistical distribution of the sampled mandibular movement data during the

event. Preferably, this involves calculating one or more features selected from the list comprising

Min, Max, Mean, median, mode, 5%, 25%, 75™ 90®™, 95t™ centiles, Skewness, Kurtosis, IQR;
Additionally or alternatively, a GAM (General Additive Model) non-linear model is used to estimate MM
amplitude and/or position by a spline function on time t, then the coefficient of spline function is
extracted.
Additionally or alternatively, a simple linear model is fitted, and intercept and slope are extracted from
the mandibular movements, including amplitude and/or position.
Optionally, all features are concatenated.
The mandible movement event is then matched with a mandible movement class.
In some embodiments, matching a mandible movement event with a mandible movement class involves
the use of exploratory data visualization, one-way ANOVA, and pairwise student-t tests with Bonferroni
correction. Preferably, during this procedure, significance levels are set at p = 0.0001 to 0.01, more
preferably at p = 0.001.
In some embodiments, a machine learning method, e.g. extreme gradient boosting, deep neural network,
convolutional neural network, random forest, is used to classify the measured mandible movement data
into mandible movement classes.
In some embodiments, the employed random forest method algorithm employs between 20 and 5000,
or between 100 and 2000, or between 200 and 1000, or 500 decision trees. In some embodiments, each
decision tree is constructed on a random subset of the aforementioned features.
In some embodiments, model development (i.e. training the artificial intelligence method) involves
randomly splitting the measured mandible movement data into two subsets, a larger set for model
development and a smaller set for model validation. In some embodiments, the larger set comprises 60
to 80%, or 70% of the measured mandible movement data. In some embodiments, the smaller set
comprises 20 to 40%, or 30% of the mandible movement data. Preferably, a synthetic minority over-
sampling technique (SMOTE), is used on the training set before the model is developed.
In some embodiments, the model development involves the evaluation of the contribution of a plurality
of features to classification by means of the Lundberg’s Shapley additive explanation (SHAP) method. The
SHAP method thus allows for interpreting the prediction made by the employed machine learning model;

it allows for the model to be explainable.
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Certain aspects of the present disclosure may be alternatively or additionally worded as follows:

In some embodiments, the system comprises a sensing unit and a device for processing data relating to
disturbances that may occur during the sleep of a subject. The processing device includes an identifying
unit adapted to identify in the first and second measurement signal streams first signals the frequency of
which is situated in a first predetermined frequency range and second signals in which the value of at
least one intrinsic characteristic characterizing a movement of the head and/or of the mandible is situated
in a second predetermined range consisting of values, said first predetermined frequency range and said
second predetermined range consisting of values being frequencies, respectively values, of movements
of the head and of the mandible of said subject that characterize a sleeping state of said subject, said
identifying unit being adapted to produce a triggering signal after observing that the first and second
signals that have been identified in the first and second streams are present for a first predetermined time
period, said identifying unit being also adapted, after it has produced the triggering signal, to identify in
the first and second measurement signal streams third signals in which the frequency and/or the value of
said at least one intrinsic characteristic represents a movement of the mandible and/or a change of the
position of the head of said subject, said identifying unit being connected to an analysis unit adapted to
be activated under the control of the triggering signal, said analysis unit being also adapted to compare
the third signals to profiles that characterize frequencies and/or values linked to sleep disturbances and
to produce a result of that comparison. The invention is based on the concept that during sleep of the
subject the respiratory movement of that subject is controlled by the nerve centres of the brain of that
subject, which nerve centres control the muscles of the head and of the mandible that are attached
thereto, which muscles will then position the head and the mandible of that subject. The accelerometer,
as well as the gyroscope, will each supply a respective time stream of measurement signals that
characterize the movements of the head and of the mandible. Using the identifying unit makes it possible
to identify in these streams of measurement signals those that characterize a sleeping state of that subject
and thus to activate the analysis unit to analyze any disturbances of sleep affecting the subject when the
subject is actually asleep.

Thus it has been found that the movement of the mandible is determined, not only by the movement of
the thorax, but also directly by the nerve centres of the brain that control the muscles attached thereto
and that will position the mandible. They also control the position of the head.

In fact the tracheal tug, which is necessarily at the respiration frequency, can cause the head to move and
it is for this reason that a measurement by both the accelerometer and by the gyroscope is preferred. In
fact, the gyroscope is more sensitive to a movement of rotation of the mandible actuated by its own
muscles under direct control of the brain than the accelerometer, which will show the movement of the

head that the tracheal tug can produce. Outside of the respiratory movement, upon central activation, it
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is an isolated signal of large amplitude that will be measured. However, the movement imposed by the
tracheal tug is a movement damped by the elasticity of the tissues that connect the mandible to the rest
of the head and can therefore passively transmit a movement. This is therefore a relatively imperceptible
reflection of the spinal drive, that is to say the diaphragm that produces the tracheal tug, whereas the
antagonist/agonist muscles of the mandible impart a direct movement, notably by the action of the
driving branch of the trigeminal nerve direct from the brain, i.e. the trigeminal drive. The gyroscope
enables good measurement of movements of rotation of the mandible that are produced by the muscles
of the mandible and that are therefore the result of a direct action of the brain on the mandible.
Combining the signals coming from the accelerometer and from the gyroscope therefore enables
improved detection of the origin and the nature of the mandibular movement and therefore improved
determination of whether the human being is sleeping or not.

Preferably, the sensing unit includes a magnetometer adapted to measure movements of the head and/or
of the mandible of said subject, which device or unit includes a third input for receiving a third time stream
of measurement signals coming from the magnetometer, said analysis unit being adapted to integrate the
measurement signals coming from the magnetometer with the third signals. Using a magnetometer
makes it possible to determine an absolute position of the head and of the mandible.

Preferably, the sensing unit includes an oximeter and/or a thermometer and/or an audio sensor and/or
an electromyography unit and/or a pulse photoplethysmograph, said identifying device or unit including
a fourth and/or fifth and/or sixth and/or seventh and/or eighth input for receiving a fourth and/or fifth
and/or sixth and/or seventh and/or eighth time stream of measurement signals coming from the
oximeter, respectively from the thermometer, from the audio sensor, from the electromyography unit,
from the pulse photoplethysmograph, said analysis unit being adapted to integrate the measurement
signals coming from the oximeter, respectively from the thermometer, from the audio sensor, from the
electromyography unit, from the pulse photoplethysmograph with the third signals. The identifying device
or unit is then adapted to associate the measurement signals coming from the oximeter and/or from the
thermometer and/or from the audio sensor and/or from the electromyography unit and/or the pulse
photoplethysmograph with the third signals. These measurement signals coming from the oximeter
and/or the thermometer and/or the audio sensor and/or the electromyography unit enable more
measurement signals to be taken into consideration and thus more reliable analysis of the sleep
disturbances.

Preferably, the first predetermined range consisting of frequencies is situated between 0.15 Hz and
0.60 Hz inclusive, the identifying unit being adapted to identify first signals over a time period of at least
two respiration cycles of the subject, the second predetermined range consisting of values being a

mandible rotation movement amplitude value. That value is for example an amplitude of the order of
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1/10 millimetre i.e. based on normal respiration. The frequency range between 0.15 Hz and 0.60 Hz
inclusive characterizes a situation in which the head of the subject is so to speak quasi-immobile and
therefore reflects a situation in which the subject is sleeping or is falling asleep.

Preferably, the analysis unit is adapted to identify among the third signals those which in the first and
second streams characterize rotation of the head about at least one axis that extends through the head
of the subject. The rotation of the head will often go hand in hand with arousal, micro-arousal or cortical

and/or sub-cortical activation during sleep and indicate a sleep disturbance.

Further provided herein is a method for automated detection of sleeping stages from mandible rotational
movement data preferably recorded by means of gyroscope. The method may be a machine learning-
based method according to one or more embodiments as described herein. The method preferably
comprises the following steps:

- providing sampled rotational movement data from at least 1 subject; the sampled data may be provided
by one or more sampling and processing methods as described herein;

- feeding the provided data to a machine learning classifier to generate prediction scores;

- determining a sleep stage on the basis of the generated scores.

Itis understood that preferred embodiments for other methods described in the present specification are
also preferred embodiments for the method of automated sleep or sleeping stage detection. Data from

the method may be used as input for other methods or devices, which may be therapeutic in nature.

In some embodiments, the sleeping stages may include the following classes (sorted by increasing level
of complexity):
(1) 2 Class (i.e. binary) scoring for detecting the awake or sleeping state in a subject;
(2) 3 Class scoring for classifying the sleeping stage, including the awake state, nonREM sleeping
stage or REM sleeping stage in a subject;
(3) 4 Class scoring for classifying the sleeping stage, including the awake state, light sleeping (N1
and N2) stage, deep sleeping (N3) stage or REM sleeping stage in a subject;
(4) 5 Class scoring for classifying all sleeping stages, including the awake state, N1 sleeping stage,
N2 sleeping stage, N3 sleeping stage and REM sleeping stage in a subject.
Exemplary methods for achieving an automated sleeping stage detection of 3 class scoring is presented

discussed in Examples 18 and 19.

Aside from detection of sleeping related disorders, the systems and methods as described herein may

also be used for the following exemplary applications: sleeping stage detection and/or sleep quality
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monitoring in healthy subjects, elderly or subjects suffering from abnormal sleeping patterns. Detection
of sleeping disorders, whether clinical or psychological in nature, may allow for tailoring treatments or to
a subject’s need. Moreover, studying the impact on sleep behaviour on clinical outcomes in a chronic
disease may allow for gaining novel insights about said disease and also about the treatments efficacy.
Additionally, the system as described herein may also be used in combination with other systems or
methods. These systems may optionally be therapeutic in nature, such as a breathing apparatus (CPAP,
BiPAP, Adaptive Support Ventilation), a mandibular advancement orthosis, and an oral device, a device
for stimulating nerves and/or muscles whether transcutaneous or implanted, a device for correcting the
posture and/or position of the body and/or head during sleeping. In some embodiments an alarm can be
coupled to the system or the system may be connected to or provided with a device having an alarm
function.

Additionally or alternatively, the present invention may be described by way of the following numbered
embodiments. In these numbered embodiments, the term “combination” is equivalent to the term
“system”, unless the context clearly indicates otherwise.

Embodiment 1. Combination comprising a sensing unit and a device for processing data, e.g. processing
unit, relating to disturbances that may occur during the sleep of a subject, which sensing unit includes an
accelerometer, adapted to measure movements of the head and/or of the mandible of a subject, and a
gyroscope, adapted to measure movements of the mandible of that subject, said sensing unit being
adapted to produce measurement signals based on the measurements effected, which device includes
first and second inputs for receiving a first, respectively a second, time stream of measurement signals
coming from the accelerometer, respectively the gyroscope, characterized in that the device includes an
identifying unit adapted to identify in the first and second measurement signal streams first signals the
frequency of which is situated in a first predetermined frequency range and second signals in which the
value of at least one intrinsic characteristic characterizing a movement of the head and/or of the mandible
is situated in a second predetermined range consisting of values, said first predetermined frequency range
and said second predetermined range consisting of values being frequencies, respectively values, of
movements of the head and of the mandible of said subject that characterize a sleeping state of said
subject, said identifying unit being adapted to produce a triggering signal after observing that the first and
second signals that have been identified in the first and second streams are present for a first
predetermined time period, said identifying unit being also adapted, after it has produced the triggering
signal, to identify in the first and second measurement signal streams third signals in which the frequency
and/or the value of said at least one intrinsic characteristic represents a movement of the mandible
and/or a change of the position of the head of said subject, said identifying unit being connected to an

analysis unit adapted to be activated under the control of the triggering signal, said analysis unit being
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also adapted to compare the third signals to profiles that characterize frequencies and/or values linked
to sleep disturbances and to produce a result of that comparison.

Embodiment 2. Combination according to embodiment 1, characterized in that the sensing unit includes
a magnetometer adapted to measure movements of the head and/or of the mandible of said subject, said
device or unit including a third input for receiving a third time stream of measurement signals coming
from the magnetometer, said analysis unit being adapted to integrate the measurement signals coming
from the magnetometer with the third signals.

Embodiment 3. Combination according to embodiment 1 or 2, characterized in that the sensing unit
includes an oximeter and/or a thermometer and/or an audio sensor and/or an electromyography unit
and/or a pulse photoplethysmograph, said identifying device or unit including a fourth and/or a fifth
and/or a sixth and/or seventh and/or an eighth input for receiving a fourth and/or fifth and/or sixth and/or
seventh and/or eighth time stream of measurement signals coming from the oximeter, respectively from
the thermometer, from the audio sensor, from the electromyography unit, from the pulse
photoplethysmograph, said analysis unit being adapted to integrate the measurement signals coming
from the oximeter, respectively from the thermometer, from the audio sensor, from the
electromyography unit, from the pulse photoplethysmograph into the third signals.

Embodiment 4. Combination according to any one of embodiments 1 to 3, characterized in that the first
predetermined range consisting of frequencies is situated between 0.15 Hz and 0.60 Hz, the identifying
unit being adapted to identify first signals over a time period of at least two respiration cycles of the
subject.

Embodiment 5. Combination according to any one of embodiments 1 to 4, characterized in that the
second predetermined range consisting of values includes at least one head movement amplitude value
that indicates a change of position of the head.

Embodiment 6. Combination according to any one of embodiments 1 to 5, characterized in that the
analysis unit is adapted to identify among the third signals those which in the first and/or second stream
characterize rotation of the head about at least one axis that extends through the head of the subject.
Embodiment 7. Combination according to any one of embodiments 1 to 6, characterized in that the
identifying unit is adapted to identify in the first and second signal streams movements that characterize
a movement of the mandible and a change of the position of the head of the subject, said analysis unit
being adapted to remove from the movement signal streams at least one characteristic to be used to
identify information that characterizes said movement.

Embodiment 8. Combination according to any one of embodiments 1 to 7, characterized in that the

processing device is adapted to apply pre-processing to the first and/or second stream by applying thereto



2020245769 23 Dec 2024

25

30

28

a band-pass filter and/or a low-pass filter and/or a exponential mobile mean and/or calculation of the
entropy of the frequency of the signals.

Embodiment 9. Combination according to embodiment 7 or embodiment 8 when dependent on
embodiment 7, characterized in that the analysis unit is adapted to verify whether during a second time
period, in particular a period of 30 seconds, said at least one characteristic to be used to identify
information that characterizes said movement has a value that characterizes a sleeping state, respectively
a waking state, said analysis unit being adapted to produce a first data item indicating a sleeping state,
respectively a waking state, if said at least one characteristic to be used to identify information that
characterizes said movement and that is removed from the analyzed signals of the first and second
streams received has a value that describes the sleeping state, respectively the waking state.
Embodiment 10. Combination according to any one of embodiments 7, 9 or 8 when dependent on
embodiment 7, characterized in that the analysis unit is adapted to verify whether during a second time
period, in particular a period of 30 seconds, said frequency and/or at least one characteristic to be used
to identify information that characterizes said movement and that is removed from the analyzed signals
of the first and second received streams has a value that characterizes an N1 sleeping state, respectively
an REM sleeping state, said analysis unit being adapted to produce a second, respectively a third, data
item indicating an N1 sleeping state, respectively an REM sleeping state, if said frequency and/or at least
one characteristic to be used to identify information that characterizes said movement and that is
removed from the analyzed signals of the first and second received streams has a value that represents
an N1 sleeping state, respectively an REM sleeping state.

Embodiment 11. Combination according to embodiment 7, 9 or 10, characterized in that the analysis unit
is adapted to verify whether during a second time period, in particular a period of 30 seconds, said at least
one characteristic to be used to identify information that characterizes said movement and that is
removed from the analyzed signals of the first and second received streams has a value that characterizes
an N2 sleeping state, respectively an N3 sleeping state, said analysis unit being adapted to produce a
fourth, respectively a fifth, data item indicating an N2 sleeping state, respectively an N3 sleeping state, if
said at least one characteristic to be used to identify information that characterizes said movement and
that is removed from the analyzed signals of the first and second received streams has a value that
represents an N2 sleeping state, respectively an N3 sleeping state.

Embodiment 12. Combination according to any one of embodiments 1 to 11, characterized in that said
analysis unit is adapted to verify whether during a third time period, in particular a period between 3 and
15 seconds, at least one intrinsic characteristic of the analyzed signals of the first and second received
streams has a level that characterizes cortical, respectively sub-cortical, activity, said analysis unit being

adapted to produce a sixth data item indicating cortical, respectively sub-cortical, activity, if said at least
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one intrinsic characteristic of the analyzed signals of the first and second received streams has a level that
represents cortical, respectively sub-cortical, activity.

Embodiment 13. Combination according to any one of embodiments 1 to 12, characterized in that said
analysis unit is adapted to verify whether at least one intrinsic characteristic of the analyzed signals has a
level that characterizes an obstructive apnoea, an obstructive hypopnoea, respectively a respiratory effort
linked to arousal, a central apnoea, a central hypopnoea, said analysis unit being also adapted to produce
a seventh, respectively eighth and ninth data item indicating obstructive apnoea, hypopnoea, respectively
a respiratory effort linked to arousal, central apnoea, central hypopnoea, if said at least one intrinsic
characteristic of the analyzed signals of the first and second streams has a level that describes obstructive
apnoea, obstructive hypopnoea, respectively a respiratory effort linked to arousal, central apnoea, central
hypopnoea.

Embodiment 14. Combination according to any one of embodiments 1 to 13, characterized in that the
identifying unit is adapted to identify in the first and second streams values of frequency and/or of at least
one intrinsic characteristic that shows a variability not observed during a sleeping state and to produce a
neutralization signal on observing such variability and to supply the neutralization signal to the analysis
unit in order to neutralize it.

Embodiment 15. Combination according to any one of embodiments 1 to 14, characterized in that the
analysis unit is adapted to verify if at least one intrinsic characteristic of the analyzed signals of the first
and second streams has increased beyond at least 1 mm, at a frequency established in a range of 0.5 to
5 Hz during at least three respiratory cycles when the movement is phasic, or beyond 1 mm in a sustained,
tonic manner for at least 2 seconds, and to produce a tenth data item indicating bruxism during such
verification.

Embodiment 16. Combination according to any one of embodiments 1 to 15, characterized in that the
analysis unit is adapted to capture one or more values in the first and second streams that give access to
the calculation of the loop gain, of the muscular gain mobilizing the mandible during apnoea or hypopnoea
or a period of effort, from the point of passive collapsibility after activation and/or from the point of

arousability before activation.

EXAMPLES
Example 1
In a first example, reference is made to figure 1. Figure 1 shows a system according to the invention. The
system includes a sensing unit 1 and a device 10 for processing data, preferably a processing unit, relating
to disturbances that can occur during the sleep of a subject. The sensing unit includes an accelerometer

2 adapted to measure movements of the head and/or of the mandible of the subject, preferably in three



2020245769 23 Dec 2024

25

30

dimensions. The sensing unit also includes a gyroscope 3 adapted to measure rotation movements of the
mandible of the subject, preferably in three dimensions. According to one preferred embodiment, the
sensing unit 1 also includes a magnetometer 4, in particular in compass form, and/or an oximeter 5 and/or
a thermometer 6 and/or an audio sensor 7 and/or an electromyography unit 8 and/or a pulse
photoplethysmograph 9. Other sensors, such as a perspiration sensor or a nasal pressure sensor, may also
form part of the sensing unit. The pulse photoplethysmograph functions by transmission or by reflection
and gives access to the calculation of the frequency of the pulse and of the change of arterial tonus.

The sensing unit is preferably of small size, for example at most 5 cm long, 2 cm thick and 1 cm high, in
order not to interfere with the normal sleep of the subject. The sensing unit is preferably of very small
overall size, light in weight and flexible, enabling good ergonomics. The signals produced by the sensing
unit are very suitable for decoding using artificial intelligence. The diagnostic power of the measurement
obtained by the sensing unit is comparable to that of complete polysomnography recording. The
movements of the mandible may preferentially occur on an axis, for example on an anteroposterior axis,
whereas the head of the subject is turned to the right. Movements on other axes may equally be
measured. The sensing unit is preferably intended to be used only once for reasons of hygiene, but it may
of course be reconditioned and reused.

The position of the head is preferably determined on the basis of values measured along the three axes
by the accelerometer 2. As the accelerometer measures values of acceleration relative to terrestrial
gravity, it is preferred to integrate these measured values over time in order to obtain positions of the
head which moreover will be relative positions if there was no initialization phase during application of
the sensing unit to the head of the human being. The position may be expressed according to the value
of the pitch, roll and yaw angles, of the Euler angles, or again by tranches of 15°, for example. The position
of the head may also be expressed in the following terms: standing, lying down, left, right, on the back.

The table below shows various angle values and the head positions deduced therefrom:

PITCH ROLL YAW POSITION

80° o° 10° Upright

10° 10° 70° Lying down, head on
left side

20° o° 15° Lying down, head on
back

The magnetometer 4 will be added to sense the orientation of the head, in particular when the movement

occurs perpendicularly to the gravity vector. Combining the values measured by the accelerometer and
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the magnetometer enables calculation of the movement distance and thus an absolute value of the
position of the head to be obtained.

As for the movements of the head, the movements of the mandible are measured with the aid of
measurements from the accelerometer 2, preferably on the three axes. The movements of the mandible
are also measured with the aid of the gyroscope 3.

The movements of the head and of the mandible and the resulting changes of position are of different
kinds. For the mandible, the movements are for example movements of rotation at the respiratory
frequency. However, latero-lateral movements are possible during sleep in the event of bruxism or
chewing, or in the event of oral dyskinesias, and there again the condyle of the mandible is subjected in
rotations in the glenoid cavity of the temporomandibular articulation, but these are not about the same
axes as in the event of respiratory movements.

For the head, the outcome of the movement is stochastic, i.e. the position that the head will occupy at
the end of the movement cannot be predicted after activation. The amplitudes of the movements and of
the changes of position have different values. Accordingly, if the amplitude of the movements of the head
is high, the changes of position of the mandible measured by the gyroscope are not studied, because if
such were the case, the subject is awoken and no information will be obtained on the sleep disturbances
of the subject. Small amplitudes of movement of the mandible captured by the gyroscope are observed
when they originate in a respiratory movement. A change of the yaw angle is to be related to the head
and indicates a rotation of the head from left to right. A change of the pitch angle is to be related to the
head in flexion or extension over and above the fact that it provides information on the movement of the
mandible albeit using other parameters. These values of the captured signals will be analyzed with the aid
of the analysis unit, as described hereinafter.

A mandibular movement may be imposed as much by a respiratory movement as by a non-respiratory
movement. Thus movement of the head when the human being is sleeping may cause mandibular
movement. Mandibular movement may be produced by the tracheal tug or by the brain of the human
being. The tracheal tug is the traction exerted by the thorax on the head of the human being. That traction
is at the respiratory frequency of that human being. Thus if the head moves at the respiratory frequency,
the mandible, which is attached to the head, will follow that movement imposed by the head, and will do
so at the respiratory frequency. This is a passive movement that follows that of the head. Mandibular
movement may equally be controlled directly and actively by the brain, and in this case the head will not
move. When the brain is controlling mandibular movement, it is the muscles of the mandible that are
directly stimulated. It is therefore useful to be able to make a clear distinction between a mandibular

movement controlled by the brain and by the tracheal tug.
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A distinction is made between isolated mandibular movements (IMM) at the time of activation of the
brain, for example at the end of a period of respiratory effort, during a cough, or spitting, or again when
talking in one's sleep, and respiratory mandibular movements (RMM) caused by the respiration of the
subject. There are also mandibular movements that are caused by bruxism or chewing. RMM type
mandibular movements are controlled directly by the brain of the subject and do not lead to movement
of the head. An RMM type movement may also be produced by the tracheal tug and will then be combined
with a movement of the head at the respiratory frequency. When an RMM type movement stops, is
normalized or starts, it is useful to observe, with the aid of the measurements effected by the
accelerometer, if the head moved on that occasion. A bruxism type movement very often follows on from
an activation that has caused the head to move and that the accelerometer will indicate, because itindeed
captures this movement of large amplitude that contrasts with the relatively fine rotatory movement of
the mandible that the gyroscope shows clearly.

The device 10 according to the invention for processing data relating to sleep disturbances includes a first
input 11-1 for receiving a first time stream F1 of measurement signals coming from the accelerometer 2,
i.e. measured acceleration data. It includes a second input 11-2 for receiving a second time stream F2 of
measurement signals coming from the gyroscope 3, i.e. measured rotational movement data. It may also
include a third input 11-3 for receiving a third time stream F3 of measurement signals coming from the
magnetometer 4, i.e. magnetic field data. When the sensing unit also includes an oximeter, said
identifying device will include a fourth input adapted to receive a fourth time stream F4 of measurement
signals coming from the oximeter, i.e. oximeter data. When the sensing unit also includes a thermometer,
said identifying device will include a fifth input adapted to receive a fifth time stream F5 of measurement
signals coming from the thermometer, i.e. thermometer data. When the sensing unit also includes an
audio sensor, said identifying device will include a sixth input adapted to receive a sixth time stream F6 of
measurement signals coming from the audio sensor, i.e. audio data. When the sensing unit also includes
an electromyography unit, said identifying device will also include a seventh input adapted to receive a
seventh time stream F7 of measurement signals coming from the electromyography unit, i.e.
electromyography data. When the sensing unit also includes a pulse photoplethysmograph, said
identifying device will also include an eighth input adapted to receive an eighth time stream F8 of
measurement signals coming from the pulse photoplethysmograph, i.e. photoplethysmography data. In
other words, measurement data from the various sensors is sent from the sensors to the analysis unit via
a data link.

The various inputs must not be physically different, because the various streams may be time-division
multiplexed and/or each carried by a carrier wave of different frequency. Accordingly, the various input

streams may be sent over a single data link.



2020245769 23 Dec 2024

25

30

33

The device includes a data analysis unit including an identifying unit 12 adapted to identify in the first and
second measurement signal streams F1 and F2 first signals the frequency of which is situated in a first
predetermined range consisting of frequencies and second signals the value of which is situated in a
second predetermined range consisting of values, said first predetermined range consisting of frequencies
and said second predetermined range consisting of values being frequencies, respectively values, of
movements of the head and of the mandible of said subject that characterize a sleeping state of said
subject. When the sensing unit includes a magnetometer 4, the identifying unit 12 will also be adapted to
identify in the third stream F3 of measurement signals third signals the value of which is situated in a third
predetermined range of values of the orientation of the head of said subject such as may be observed
during sleep. The identifying unit is adapted to produce a triggering signal after observing that the first
and second signals that have been identified in the first and second streams are present during a first
predetermined time period. The identifying unit is also adapted, after it has produced the triggering signal,
to identify in the first and second measurement signal streams third signals the frequency and/or the
value of which characterizes a movement of the mandible and/or a change of the position of the head of
the subject. The identifying unit is connected to an analysis unit 13 adapted to be activated under the
control of the triggering signal. The analysis unit is also adapted to compare the third signals to profiles
that characterize frequencies and/or values linked to sleep disturbances and to produce a result of that
comparison.

In particular, the identifying unit may be comprised in a data analysis unit that also comprises a memory
unit. The memory unit is configured for storing N mandible movement classes, wherein N is an integer
larger than one, and wherein at least one of the N mandible movement classes is indicative of a sleep
disordered breathing event. Each j (1<j<N) mandible movement class comprises of a j" set of rotational
values, each j* set of rotational values being indicative of at least one rate, rate change, frequency, and/or
amplitude of mandibular rotations associated with the j" class. Additionally, each j™" mandible movement
class optionally comprises a j™ set of acceleration values and/or a " set of magnetic field data values. The
data analysis unit comprises a sampling element configured for sampling the measured rotational
movement data, and optionally the measured acceleration data and/or the measured magnetic field data,
during a sampling period, thereby obtaining sampled rotational movement data and optionally sampled
acceleration data and/or sampled magnetic field data. The data analysis unit is configured to derive a
plurality of measured rotational values from the sampled rotational movement data; and, optionally to
derive a plurality of measured acceleration values and/or measured magnetic field values from the
sampled acceleration data and/or the sampled magnetic field data. The data analysis unit is further
configured for matching the measured rotational values with the N mandible movement classes.

Optionally, the data analysis unit is further configured for matching the measured acceleration values
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and/or magnetic field values with the N mandible movement classes. Thus, sleep disordered breathing
event are effectively detected.

Regarding the data link: the device and the sensing unit preferably communicate with each other
wirelessly, but it goes without saying that a cable connection is equally possible. The device is preferably
part of a computer situated in a data processing centre. Wireless communication is effected for example
with the aid of a telephone communications network and the sensing unit is for example fitted with a
Bluetooth system enabling it to communicate with a telephone. Thus the streams of measurement signals
produced by the sensing unit will be transmitted to the device.

The invention is based on the fact that it has been observed that the movement of the mandible is not
determined only by the movement of the thorax, as the literature indicates, but also by direct control
from the nerve centres of the brain that control the muscles that are attached to the mandible and the
role of which is to position it. It has been observed that the position of the head, and above all a change
thereof during sleep, could stop all mandibular movement or start that movement in a manner entirely
independent of the thoracic movement. That is to say that the mandibular movement can follow in the
presence of a thoracic movement only if the position of the head allows it and has not immobilized it. The
movement of the head can therefore action the mandibular movement or paralyze it and in this sense
can be nothing other than the epiphenomenon of a cerebral activation that marks the micro-arousal or
arousal and that may have other effects on the mandibular movement.

Movement of the head in fact affects the permeability of the upper respiratory tracts, either by exerting
crushing forces when they are more collapsible in a sleeping situation, or by activating/deactivating
muscle motor units of the upper respiratory tracts. These movements of the head during sleep modify
the permeability of the upper respiratory tracts and must be known and superimposed in time on the
movements of the mandible. These movements of the mandible can therefore be analyzed correctly and
then interpreted in terms of respiratory control variation starting from the air flow to be produced by the
sleeping subject. In other words, sensing and analyzing the mandibular movement taking account of the
position of the head and changes thereof during sleep, whether or not on the occasion of micro-arousals
or arousal, is to take account of the cerebral control for positioning or repositioning the mandible by
activating/deactivating the muscles attached thereto. Outside of cerebral activation, movement of the
position of the head at the respiration frequency would be produced by the tracheal tug whereas
mandibular movement at the same frequency is determined directly by the nerve centres.

By actuating in the manner of a lever the mobile bone that the mandible forms, cerebral control seeks to
stiffen the upper respiratory tracts by activating the muscles of the tongue and of the pharynx attached
thereto in order to parry the apnoea. To this end, cerebral control relies on the muscles raising or

lowering, opening or closing the mouth during sleep, at the respiration frequency. Cerebral control can
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also action the muscles that push the mandible forward, also at the respiration frequency, or even action
in a combined manner these combined muscular groups that are involved in movements in different
directions.

Changes in the position of the head during sleep are often accompanied by an arousal or a micro-arousal
that can also be recorded for example by electrodes placed on the scalp and that record the activity of
the cortex of the brain. The scalp electrode sometimes registers no activation when there is anyway a
movement of the head with a mandibular behaviour modification. The reason for this is that the activation
has remained sub-cortical and sometimes purely autonomic in the cerebral trunk. These movements of
the head are executed entirely independently of thoracic movement.

Analysis of the mandibular movement in the vertical plane and in the horizontal plane as a function of the
position of the head which can, by creating contortion of the neck because this position of the head is no
longer aligned with that of the body or because the change in the position of the head is the
epiphenomenon of spontaneous or non-spontaneous turning over under the control of the nerve centres,
provide information on the level of respiratory effort, in particular its amplitude, that control by the nerve
centres of the brain employs on the occasion of the change of resistance to the flow of the air streams
through the upper respiratory tracts. The respiratory event is considered as an increase of effort when
control from the nerve centres increases, and is considered as central when control by the nerve centres
decreases. Cerebral control to enable the organism to exit the apnoea must activate the mandibular lever
upward in the vertical plane and forward in the horizontal plane, ideally with the head in axial alignment
with the body in order to prevent any compression of the upper respiratory tracts. The (micro)-arousal
itself is identified by an isolated large mandibular movement (IMM) and its duration is measured and

clearly distinct from the mandibular movements that follow, whether respiratory or non-respiratory.

Example 2
In a further example, reference is made to Figures 2A and 2B.

It is on the state of cerebral control that, during sleep, the result of the analysis effected on the
measurement data streams coming from the sensing unit provides information, and the change of
position of the head, indicated by the signals coming from the accelerometer, is often the marker of its
change of state. Figures 2A+B show streams during a change of the position of the head of a human being
lying in bed. This movement can in no way be superposed on the movement of the mandible in the awake
and therefore conscious state during mastication, phonation or deglutition as studied by practitioners of
an art other than that reserved to sleep medicine. The latter concern problems with mastication,
phonation and deglutition studied in dentistry, stomatology, maxillo-facial surgery, orthodontics,

orthodontopedics, logopedics, etc. in a conscious subject not in a sleeping state.
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Figure 2A shows, from left to right, firstly a change of the head from a first position, in which the head is
turned to the left, to a second position, in which the head is turned to the right. Thereafter is seen a
change to a third position in which the head is again turned to the left. The first stream F1, which is that
produced by the accelerometer, relates to the three axes (Fx, Fy, Fz) of the three dimensions in which the
measurement is effected. The second stream F2, produced by the gyroscope, also relates to the three
axes. At the moment when the head turns it is clearly seen that the two streams have a peak of high
amplitude. It is also seen that when the head is in the first position the streams F1 and F2 have, in
particular in the vertical direction y for the stream F1, a greater variable amplitude that indicates an
increased cerebral control state, indicated by the reference 1, and variable in terms of control intensity.
Moreover this is also seen in the stream Ft, which shows the movements of the thorax. The analysis unit
can therefore deduce from the streams that the person is exhibiting increased and variable respiratory
effort.

When the rotation of the head has taken place and it is in the second position, it is seen that the amplitude
as much of the stream F1 as of the stream F2 has significantly decreased. The level of the stream F1 is
decreasing, which indicates that the mouth has opened, as indicated by the reference 2. It is also seen
that the air flow F5 decreases, which could lead to a loss of oxygen flow (reference 3). It is also seen in the
stream F2 that the amplitude has decreased, which indicates a loss of cerebral control amplitude, as
indicated by the reference 4. All this indicates that the amplitude of the effort has decreased and that
respiration is affected (see air flow F5), which will moreover cause cerebral activation and produce a
command causing a new change in the position of the head, which turns to the left. After this it is seenin
the stream F2 that the amplitude has become greater and that the flow F5 has increased. It will therefore
be found that the brain control tends to normalize respiration.

Figure 2B shows that even a small change in the position of the head is caused by cerebral control. This
Figure 2B shows a change where a slight rotation of the head to the right has occurred. The stream F1
shows firstly, as indicated by the arrow 1, that the cerebral control state has increased and that a
respiratory effort has been produced. It is seen that when the head changes position, the accelerometer
(F1) shows an increase in amplitude and frequency that indicates cerebral activation, indicated by the
reference 2. In the streams F8 (EEG) and F7 (EMG) cerebral activation is clearly seen for a period of
30 seconds, magnified here (reference 2). It is then seen that the level of the stream F1 (reference 3)
shows a cerebral control state of reduced amplitude and that the mandible has been raised (the mouth
has been closed).

The technique employed by the system according to the invention unexpectedly and unpredictably
provides information on the nature of mandibular movement during sleep, its central origin, the control

of the nerve centres that have to stiffen the pharynx to maintain ventilation and thereby oxygenation of
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the subject, whereas its cephalic extremity must during sleep ideally remain in alignment with the body
and in particular with the trunk. The mandibular movement must therefore be interpreted as a function
of the position of the head and of changes thereof as otherwise why it stops or starts or changes amplitude

during sleep would not be understood.

Example 3
In a third example, reference is made to Figures 3A and 3B.

The techniques provided herein are applicable to the detection of bruxism. The known diagnosis of
bruxism imposes electromyography of the masseter and anterior temporal muscles and possibly anterior
temporal muscles during a polysomnographic examination in the laboratory, which examination has
moreover to include audio-video recording. This examination is costly, laborious and somewhat
inaccessible, since the demand for sleep recordings is out of all proportion to the recording capacities of
sleep laboratories. This recording is effected during a single night, and its laborious nature most often
prevents it from being repeated. Also, to track bruxism, it must be possible to make recordings over a
plurality of nights because it may not be systematically reproduced every night and remain intermittent.
It is therefore necessary for it to be carried out at the home of the subject concerned, under real life
conditions and without interfering with the natural progress of sleep. The result must be given quickly to
optimize taking of control of bruxism and verifying the effects of treatment.

At present, bruxism is not detected in the home, since there is no technical solution for doing this. The
solutions proposed, such as surface electromyography of the masseter or anterior temporal muscles do
not enable sure diagnosis of the affliction. In fact, the only recording of the electromyographic activity of
the masseter or anterior temporal muscles can be affected by parasitic movements during the night or
because the adipose medium on the muscle prevents capture of its electromyographic (EMG) activity.
Video recording enables the laboratory to verify that the movements of the mandible and the resulting
electromyographic activity correspond to bruxism.

The technical solution proposed by the present invention consists in recording mandibular movements
with the aid of the sensing unit, preferably on the three principal axes of movement of the mandible in
space, and then to carry out algorithmic analysis of the signal with the aid of the analysis unit. That analysis
enables identification of mandibular movements that are specifically and exclusively those developed
during onset of bruxism as well established by detection of RMMA (rhythmic muscular masseter activity),
that is to say phasic but sometimes only tonic activity, during surface electromyography of the masseter.
The stream of signals produced by the sensing unit is analyzed on the three axes which also enables
capture of the lateral-lateral movement that may be imposed during grinding of the teeth and contribute

to wear of the enamel. The mandibular movement, termed bruxism, is the resultant of concomitant action
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of agonist and antagonist muscles that involve, not only the group of elevators of the mandible, such as
the anterior temporal, but also the subhyoid and pterygoid muscles both medialis and lateralis.

Figures 3A+B show streams captured by the capture unit during bruxism access. The EMG activity of the
muscles recorded, seen as the streams F7D and F7G, has been verified as contributing to mandibular
movement. The typical characteristics of masseter and/or anterior temporal electromyographic activity
are reflected in mandibular movements that are also pathognomonic of bruxism. The latter are
superposed, in the form of a modulated signal, on the tonic (sustained) or phasic (rhythmic)
electromyographic bursts of bruxism that generate them. The duration of the cycles or bursts can be
calculated.

A period of effort, indicated by the arrow 1, before the onset of bruxism can easily be identified by
mandibular movement analysis as well as a transitory arousal, indicated by the arrow 2, accompanied by
cortical or merely autonomic, sub-cortical activation. Activation, whether cortical, for example exclusively
reflected in a change of cortical wave frequency on the EEG, as indicated by the stream F8, or sub-cortical
and not visible on the EEG, is well marked by prior mandibular movement and it is described in the
literature that it often precedes the onset of bruxism. It is noted that the masseter phasic and/or tonic
activity peaks are contemporaneous with extreme positions of the mandibular movement clearly verifying
the relation between muscular recruitment and movement of the mandibular mobile bone. There is seen
in Figure 3A in the stream F1 a period of effort, indicated by the arrow 1, followed by activation, indicated
by the arrow 2, in turn followed by movement of the mandible caused by bruxism, indicated by the arrow
3. Figure 3B is an enlarged view of the period of 10 seconds indicated by the arrow K top right in Figure
3A. This Figure 3B shows synchronicity between the activity in the EMG of the right masseter (F7D) and
the left masseter (F7G) and bruxism mandibular movements.

Itis seen here that the resumed activity of the stream F7 (EMG) of the right masseter (F7D) is synchronized
with that of the left masseter (F7G) and that of mandibular movement caused by bruxism. The figure
clearly shows, after a period of effort shown clearly on F1Z and F2X, the occurrence of changes at the
respiration frequency of the position of the mandible of abnormal amplitude. There follows in F1Z a large
movement with movement of the head and on the gyroscope F2X, after a movement marking cortical
activation, four rotary movements at high frequency (1 Hz) that correspond to an onset of bruxism.
Thereafter, a period of effort reappears.

Movements of the head and of the mandible analyzed via their intrinsic characteristics, that is to say inter
alia frequency characteristics and morphological characteristics of the signal streams, may be
differentiated as a function of their production mechanism and be sequenced in time, successively. These
characteristics can be observed by analyzing for example the amplitude, the area or the slope of the

measured signal. They are for example:
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e Movements linked to respiratory effort, then
¢ Movements linked to transient cortical or sub-cortical activation, then
e Movements linked to bruxism or chewing movements that can be clearly differentiated, such as
for example the number of bursts during the bruxism cycle, the length of the cycle between two
bursts, or the duration of the burst.
The mandibular movement is produced by the agonist/antagonist play of the muscles for raising and lower
the mandible. The latter are directly controlled by the cores of the cerebral nerve centres of the trigeminal
drive branch. Here the mandibular movement can be sensed by changes of the angle that the mandible
exhibits during its movement relative to a plane, for example during its vertical movement relative to the
horizontal plane.

Mandibular movement may begin or stop only on the occasion of a change of the position of the
head, even if thoracic movements continue. A change of head position is always contemporaneous with
a cortical or sub-cortical micro-arousal and therefore disturbance to control by the cerebral nerve centres.
The mandibular movement may also continue at the respiration rate during sleep even if there is no longer
movement of the thorax of the abdomen, that is to say even if the diaphragm muscle that actions the
expansion of the thorax and of the abdomen during inspiration controlled by the spinal nerves is no longer
functional or has stopped. The mandibular movement may then be exerted in another plane, for example
the horizontal plane, in the form of a front to rear or rear to front movement, i.e. in a plane other than

that of the rostro-caudal traction whereby the tracheal tug would be affected.

There can be seen in the first stream supplied by the accelerometer, likewise the second stream supplied
by the gyroscope, the tonico-phasic movement at the respiration frequency of the mandibular position
that is upward i.e. in a direction opposite that which the traction produced by the tracheal tug would
exert. This upward and also forward movement is respectively produced by the anterior temporal and
masseter muscles and by the contraction of the pterygoid muscles, and in particular by the upper muscle
group.

When the respiratory effort commences and when the amplitude of the mandibular movement
will increase because of the increased central respiratory control, the direction imposed on the
mandibular movement may then also lie in a plane other than the vertical plane that was the plane of the
tug. This is owing to the action of certain muscle groups that are recruited more than others, such as for
example the pterygoid groups that are recruited more than the subhyoid groups. The movement at the
respiratory frequency may occur in a more horizontal direction that will be captured by the inertial unit.

The inertial unit comprises the accelerometer and the gyroscope. In fact, if the effort is monitored only in
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the vertical plane, periods of effort could escape signal analysis. The movement can also occur
predominantly in one direction (vertical or horizontal) rather than in another.

The shape of the respiratory movement, in particular its acceleration slope, changes as a function
of the muscle groups recruited. During a vertical movement, when the masseters are active, the direction
of the movement during inhalation is upward, in a direction opposite that observed when the antagonist,
lowering muscles dominate, and cause the decrease in movement, and this situation can generate a
change in the movement waveform.

This analysis of the streams supplied by the sensing unit enables verification of the fact that the movement
of the mandible during inhalation is downwards when the activity of the lowering muscles dominates and
upwards when the activity of the lifting muscles dominates. This information is obtained via analysis of
captured changes of speed and acceleration. This makes it possible to assess the level and the nature of
the response that the subject develops to parry the respiratory event that is unwinding and the greater
or lesser recruitment of the muscles lifting the mandible tasked with stabilizing the upper respiratory

tracts.

Example 4
In a fourth example, reference is made to Figure 4.

The stream observed refers to the identification of four characteristics that describe the behaviour of the
mandible during the event. These characteristics are going to make it possible to understand how, for the
subject, in a particular stage of sleep and for a particular position of the head, the respiratory event is
going to be constructed and how the brain is going to respond to attempt to free itself. Above and beyond
the description of the progress of the event, it is possible to identify information as to its risk of recidivism,
both in the short term and in the longer term. These characteristics have a predictive value, such as for
example, when the value of the amplitude of the response relative to the disturbance, termed the loop
gain, is high, i.e. the response to the disturbance is high. Figure 4 shows the loop gain. In this figure the
arrow 1 marks the point of collapsibility on the stream F1, that is to say a solution where there is no longer
exercise of cerebral control so that the mandible falls passively under the effect of local anatomic
constraints such as its weight determined for example by the obesity of the subject. The arrow 2 shows a
movement of the mandible that is moreover also seen at the same time in the stream 2. The peak-to-peak
amplitude of the movement of the mandible, at the beginning of the arrow 2, is low. Then, thereafter,
while the mouth is going to open, the mandible is going to be lowered, which can be seen at the level of
the stream 1 which is lowered, the peak-to-peak amplitude is going to increase. The level of the stream 1
will then reach a level indicated 3 that corresponds to the arousability point which, in turn, will be followed

by a much greater amplitude peak indicated by the arrow 4. This movement of large amplitude enables
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measurement of the loop gain that is accompanied by closing the mouth as shown by the peaks in the
streams F1 and F2 as well as the highest value that the stream 1 will then reach although the mouth has
closed again in the meantime. The loop gain indicates the response to the disturbance. It is calculated as
the ratio of the differences between the noteworthy points indicated by the arrows 4 and 3 to the
numerator and the arrows 3 and 1 to the denominator.

There is a high risk of seeing the events repeat in a self-sustaining manner, in particular in a central form,
of short apnoeas. Assessing the muscular, in particular phasic, gain of the upper respiratory tracts enables
prediction of the duration of the event. A low muscular gain signifies that the event risks lasting longer
than when the gain is high. The point of arousability, which is the lowest point of the mandibular position
just before the activation that terminates the event, also enables prediction of the duration of the event.
If the position is not much lowered, there is a risk of the event repeating, sometimes cyclically. The effect
of anatomical constraints, such as those linked to weight and to local accumulation of fatty tissue in the
upper respiratory tracts, may also be determined at the time of the mandibular drop immediately after a
micro-arousal or an arousal when the centres are still siderated by the latter, in particular by calculating
the position of the mandible on the basis of the values measured by the accelerometer (collapsibility

point).

Example 5
In a fifth example, reference is made to Figures 5 and 6.

The stream of measurement signals produced by the sensing unit may include noise affecting the
measured signal and it may prove useful to preprocess the stream when received by the device. The
principle of this preprocessing is simply to produce an enhanced signal. Analysis by the person skilled in
the art has made it possible to know that during a period with an augmented cerebral control state the
position of the mandible and therefore its speed and its acceleration periodically vary about the same
value at a frequency of the same order as the respiratory frequency, that is to say between 0.15 Hz and
0.60 Hz. It is possible to isolate signals concerning micro-arousals by retaining only the lower frequencies
of the band of respiratory frequencies, for example by low-pass filtering of the measurement signals from
the accelerometer and the gyroscope. Figure 5 shows that, by applying this preprocessing, the micro-
arousals, representing an activation, are siderated relative to periods with an augmented cerebral control
state. A clear peak is seen in the signal on the occasion of each micro-arousal. Application of this
preprocessing is made possible, for example, by the application of a sixth order Butterworth filter, well
known in the field of digital signal processing.

Conversely, it is possible to set aside periods with an augmented cerebral control state by filtering

one of the captured signals with the aid of a band-pass filter corresponding to the respiratory frequency
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band. The result of applying this kind of filter to the signal from the gyroscope is shown in Figure 6. It is

seen there that the value of the signal is higher during periods of effort.

The characteristics used to identify information in the stream of measurement signals are for example:

- Position of the head and of the mandible (roll, pitch, yaw angles for example)

- Acceleration of the mandible and of the head along each axis

- Speed of rotation of the mandible and of the head along each axis

- Norm of the rotation speed of the mandible and of the head about one or more axes (in space, if the
vector u has coordinates (x, y, z), its norm is written: (x* + y% + z2)%5)

- Norm of the acceleration of the mandible and of the head along one or more axes

- Median of the values measured over 10 or 30 seconds or defined by two activations

- Mean of the values measured over 10 or 30 seconds or defined by two activations

- Maximum of the values measured over 10 or 30 seconds or defined by two activations

- Minimum of the values measured over 10 or 30 seconds or defined by two activations

- Standard deviation of the values measured over 10 or 30 seconds or defined by two activations

- Exponential mobile mean of the measured values (with a half-life of 5, 60, 120 and 180 seconds)

- Fourier transformation and integration across all frequencies, over the respiratory frequency band
(0.15 — 0.60 Hz), over the low frequency band (0 — 0.10 Hz) of the measured values

- Fourier transformation and identification of the energy maximum frequency or the second energy
maximum frequency of the measured values

- Shannon entropy over a 90 second window of the measured values

- Time offset of the rotation speed and acceleration signals of the mandible and of the head and of the

other characteristics in order to take into account the past and the future.

It is equally possible to combine the above methods with one another.

When the characteristics have been identified in the streams of measurement signals, the analysis unit
can proceed to analyze them. To this end, it will for example use artificial intelligence calling on random
forest type algorithms. The features extracted in this way from a whole series of signal fragments the
polysomnography results of which are known are injected, in parallel with expected results, into an
algorithm in order to produce a model that will enable pattern recognition type classification of new
fragments.

The signal pattern is a specific state of a signal sequence, which may be visible physically or
mathematically via parameters. Pattern recognition is a process for identifying (classifying) a specific
pattern in the signal with the aid of an automatic learning algorithm based on information already

acquired or statistical parameters extracted from this signal.
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Deep learning is an automatic machine learning technique that involves models inspired by the structure
of the human brain, termed artificial neural networks. These networks are made up of multiple layers of
neurons that enable extraction of information in the data and production of the result. This technique is

very effective for unstructured types of data, for example an image, a sequence or biological signals.

Automatic learning (or statistical learning) is an area of artificial intelligence the objective of which is to
apply statistical modelling methods that give the machine (computer) the capacity to learn information
from data in order to improve the performance thereof in solving tasks without being explicitly

programmed for each of them.

Artificial intelligence (Al) is the set of technologies aimed at enabling machines to simulate intellectual

activities.

The development of these models may for example proceed as follows:

1) Two hundred subjects are equipped with the sensing unit at the same time as they undergo the
reference clinical examination in the field of sleep: polysomnography.

2) Thesignals captured from forty of these subjects are then used to train each random forest model.
The signals from the sensing unit and a subset of the characteristics obtained after the
preprocessing step are injected conjointly with the reference results of the examination of sleep
in the random forest algorithm and classification models are generated on the basis of this input
data.

3) The remainder of the subjects are then used in order to validate the model: the signals from the
sensing unit corresponding to these subjects are injected into the model generated in the
preceding step, generating in turn results, and those results are compared to the results obtained
by way of polysomnography. When the agreement between the results obtained by means of the
models and by polysomnography is deemed sufficient, the models are considered valid.

Otherwise, development resumes from step 2 of this section.

In order to be able to reliably identify disturbances that occur during the sleep of a subject it preferred to
be able to observe that the subject has actually entered the sleep phase. When it has been detected that
the subject is actually in the sleep phase, it will then also be possible to establish the subject’s sleep stage
in order to be able to interpret correctly the signals present in the streams of measurement signals. On
entering sleep, the mandible will assume a respiratory frequency between for example 0.15 Hz and
0.60 Hz. That respiratory frequency must be present for a plurality of tens of seconds at a stretch in order

to be able to affirm a stable sleep state.
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Example 6
In a sixth example, various sleep stages of a subject are discussed. In particular, table 1 {(included below,

after the examples) shows the various sleep stages of a subject and their relation with movement of the
mandible and movement and the position of the head of the subject. What essentially characterizes a
wakening state is that in that state the mandible moves unpredictably, whereas in a subject a sleep state
is characterized, with no sleep disturbance, by the mandible effecting a movement of rotation at a
frequency which is that of respiration. To detect a waking state, respectively a sleeping state, the analysis
unit will preferably function using an analysis window of 30 seconds and pre-processing of the first and
second streams using a band-pass filter and/or an exponential mobile mean. To extract the profile that
characterizes a waking state, respectively a sleeping state, a level of the normalized mean will for example
be taken into account. That level is in fact higher in a waking state than in a sleeping state.

Also distinguished in sleep are N1, N2, N3 and REM (Rapid Eye Movement) stages. During the N1 sleep
stage there is seen a variation of the movement of the mandible at the respiratory frequency with a peak-
to-peak amplitude variability for a period often limited to a few minutes in the adult. The position of the
head generally remains stable, but that of the mandible remains unpredictable, or may change
periodically. To detect an N1 sleep stage using the processing device an analysis window of 30 seconds is
preferably used in order to ensure continuity of movement. Pre-processing the first and second streams
by calculating the entropy of the frequency of the signals may be used. The level of the normalized mean
will be taken into account in a first approach as a profile that characterizes this N1 sleep stage, but other
approaches may be used to improve analysis accuracy. In an N1 stage the level of the normalized mean
will be higher than in N2 or N3 stages.

The analysis unit is adapted to verify if during a second time period, in particular a period of 30 seconds,
said normalized mean and a variance of the amplitude and of the frequency of the first and second
streams received have a level that characterizes an N1 sleep state. The analysis unit is adapted to produce
a second data item indicating an N1 sleep state if said normalized mean and the variance of the amplitude
and of the frequency of the first and second streams received have a level that characterizes a sleep state
N1.

During the N2 and N3 sleep stages, the variation of cerebral control amplitude and/or frequency is
increasingly low from N2 to N3. There will therefore be virtually no movement of the mandible or of the
head at these stages in a normal subject. To detect an N2 or N3 sleep stage with the aid of the processing
device an analysis window of 30 seconds will preferably be used in order to ensure continuity of
movement. Pre-processing with the aid of a low-pass or band-pass filter will also preferably be used. The
level of the normalized mean will be taken into account in a first approach as a profile for characterizing

this N2 sleep stage. In an N2, respectively N3, stage the level of the normalized mean will be less and less
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high. The level of the normalized median may also be used to identify the N2 or N3 stages or other
statistical measuring techniques.

The analysis unit is adapted to verify if during a second time period, in particular a period of 30 seconds,
said normalized mean and/or a normalized median of the first and second streams received has or have
a level that characterizes an N2 sleep state, respectively an N3 sleep state. The analysis unit is adapted to
produce a fourth, respectively fifth, data item indicating an N2 sleep state, respectively an N3 sleep state,
if said normalized mean and/or a normalized median for example of the first and second streams received
has a level that characterizes an N2 sleep state, respectively an N3 sleep state.

In the human being an REM stage is characterized by unpredictable movements of the mandible. To detect
this kind of stage with the aid of the processing device an analysis window of 30 seconds will preferably
be used in order to ensure continuity of movement. In adults, this type of movement of unpredictable
frequency and/or amplitude often lasts longer in REM than in the N1 stage. The periods of such movement
during an N1 stage are often limited to a few minutes. The direction of movement of the mandible position
during cerebral activation is often negative, because the mouth opens. In the REM stage there is seen a
variation of the movement of the mandible at the respiratory frequency with a variability of the peak-to-
peak amplitude that is not periodic. The position of the head generally remains unchanged during the
REM stage. Detection is effected in an analogous manner to that for the N1 period and the aim is to
observe the respiratory instability of the movement of the mandible. The REM stage is often entered
without cortical activation that the EEG could capture and with no movement of the head. The
accelerometer will therefore not measure anything, whereas the gyroscope will observe changes in
rotation of the mandible. This shows the importance of having both the signal from the gyroscope and
that from the accelerometer in order to correctly observe entry into the REM phase. Exit from the REM
phase often goes hand in hand with cerebral activation that will be observed by the accelerometer and
the gyroscope, which will observe an isolated mandibular movement (IMM) and where applicable a
movement of the head. The level of the normalized mean may be taken into account as a first approach.
The variance of the amplitude and of the frequency will also be looked for, for example. Detection of REM

during the first fifteen minutes of sleep enables a diagnosis of narcolepsy.

Example 7
In a seventh example, reference is made to Figure 14.

Comparative analysis throughout sleep for example of the variance of the values of amplitude and/or of
frequency of movement of the mandible and/or other statistical characteristics of the signal, in isolation
or grouped into an array to which a classifier, for example of random forest type, is applied to practice

statistical inference, enables different stages to be distinguished. To this end, Figure 14 shows



2020245769 23 Dec 2024

20

25

46

spectrograms of the distribution of the mandibular movement frequencies for differentiating the stages.
In this Figure 14 the vertical axis represents an amplitude density and the horizontal axis a frequency.
These specific characteristics of each sleep stage can also be identified by machine deep learning. This
algorithmic and/or statistical approach may also be used for the characterization of respiratory events
and non-respiratory motor events.

The table below gives an example of the variance of the amplitude level of the mandible rotation signal
between the various stages of sleep. In this table, by "interval" is meant the interval between the upper
level, at the 2.5" centiles, and the lower level, at the 97.5" centiles. By "amplitude" is meant the difference
between the maximum and minimum values. The "variance" is a measurement of the spread of the values

considered. The measurements are based on 1000 samples taken over a period of 30 seconds for each

stage.
Stage Variance (mm?) Interval {(mm) Amplitude (mm)
N1 0.016 to 0.064 0.378 to 0.945 0.470 to 1.070
N2 0.018 to 0.052 0.465 to 0.795 0.560 to 0.990
N3 0.081to 0.143 0.899 to 1.245 1.020 to 1.330
REM 0.004 to 0.098 0.250to 1.370 0.320to 1.580

The analysis unit being adapted to verify if during a second time period, in particular a period of
30 seconds, said normalized mean and a variance of the amplitude and of the frequency of the first and
second streams received have a level that characterizes an REM sleep state, said analysis unit being
adapted to produce a third data item indicating an REM sleep state if said normalized mean and the
variance of the amplitude and of the frequency of the first and second streams received have a level that
characterizes an REM sleep state.

The identifying unit is adapted to identify in the first and second streams movement signals that
characterize a rotation of the mandible and/or a movement of the head of the subject. The analysis unit
is adapted to analyse these signals, for example by applying to these movement signals a band-pass filter
and an exponential mobile mean or a measurement of the entropy of the frequency of the signals. By
applying this band-pass filter, for example to respiratory frequencies, and this exponential mobile mean,
with for example a half-life equal to 5, 60, 120 or 180 seconds, to the first and second streams of signals
supplied and with a first observation time period of 30 seconds, the analysis unit will be able to observe
if the signal is unstable. If this is the case an arousal situation will be observed. If on the other hand the
signal is stable a sleep situation could be observed.

The analysis unit is adapted to apply as a profile that characterizes a sleep state said exponential mobile

mean over a second time period of the first and second streams situated between 30 seconds and
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15 minutes, in particular 3 minutes. For some analyses the second time period could even be 30 minutes.
The analysis unit is adapted to verify whether or not during said second time period said exponential
mobile mean has a substantially constant value and to produce a first data item that indicates a sleeping
state, respectively a waking state, if said value is substantially constant, respectively not constant.

The identifying unit is adapted to identify in the first and second streams movement signals that
characterize a rotation of the mandible and of the head of the subject. The analysis unit is adapted to
calculate the entropy on the frequencies of these movement signals. By applying this entropy function,
with for example an analysis window of 90 seconds, to the first and second streams of signals supplied
and with an observation time period of 30 seconds, the analysis unit could then observe the level of the
normalized mean. If the level is high, an N1 or REM sleep situation will be observed as a function of the
value of the level.

The identifying unit is adapted to identify in the first and second streams movement signals that
characterize a rotation of the mandible and/or a movement of the head of the subject. The analysis unit
is adapted to apply to these movement signals a band-pass filter or a low-pass filter. By applying this band-
pass filter for example at respiratory frequencies or this low-pass filter (below 0.10 Hz for example) to the
first and second streams of signals supplied and with an observation time period of 30 seconds, the
analysis unit will be able to observe the level of the normalized mean and/or of the median. As a function
of the level an N2 or N3 sleep situation will be observed.

Cerebral activations in the form of a micro-arousal have a duration between 3 and 15 seconds inclusive
and may be of cortical or sub-cortical type. Cerebral activations that lead to arousal last more than fifteen
seconds. Cortical cerebral activations in REM sleep may have by way of characteristics repeated lowering
of the mandible. In the case of cortical activations, a corticobulbar reflex is activated and a plurality of
sudden movements of great amplitude or even of great duration of the mandible is observed. The reflex
amplifies the movements. In the case of sub-cortical activations, this reflex is not activated, and it is then
possible to observe only one sudden movement of lesser amplitude with a frequency discontinuity
relative to the respiratory frequency at which the mandible was actioned. This movement may be of much
lower amplitude and shorter duration than when the cortico-bulbar reflex is activated. The movement is
therefore often less marked and identifying it may be assisted by the detection of a concomitant

movement of the head that may be exerted over only a very short distance.

Example 8
In a further example, reference is made to table 2. Table 2 shows cortical and sub-cortical cerebral

activation characteristic. A consequence of cortical activation will be abrupt closing or opening of great

amplitude of the mandible for a duration situated between 3 and 15 seconds. If this cortical activation
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occurs during sleep, it will generally be accompanied by a change of position of the head of the subject.
The analysis unit will analyse the amplitude and the duration of the movements over a window of ten
seconds using the first and second data streams.

Sub-cortical activation is characterized by a discontinuity in the frequency of variation of the movement
of the mandible and in the shape thereof. The mandible will most often remain stable. The analysis unit
will analyse the amplitude and the duration of the movements over a window of ten seconds using the
first and second data streams. The analysis may equally be carried out on a continuous variable.

The analysis unit will therefore verify if during a third time period, in particular a period situated between
3 and 15 seconds, an amplitude of the signals of the first and second streams received has a level that
characterizes cortical, respectively sub-cortical, activity. The analysis unit is adapted to produce a sixth
data item indicating cortical, respectively sub-cortical, activity if said amplitude of the first and second
streams received has a level that characterizes cortical, respectively sub-cortical, activity.

To detect the presence of a respiratory event or a non-respiratory motor event, the analysis unit will
analyze the evolution of the position of the mandible, the amplitude of the peak-to-peak mandibular
movement, the variance of the peak-to-peak amplitude of the mandibular movement that indicates a
variation of the cerebral control amplitude and the frequency of the mandibular movement. If a low
amplitude is observed, that is to say an amplitude corresponding to the amplitude observed during the
eupnic respiratory movement, and in the presence of stable centrality (mandibular movement occurring
around a continuous and stable degree of opening of the mouth), there are no events to be taken into
account for sleep disturbances.

If a high respiratory control amplitude, for example an amplitude corresponding to movements exceeding
0.3 mm, is observed, that is to say a change of amplitude greater than the change of amplitude observed
during the eupnic movement, there is deduced an increased motor or respiratory effort that may indicate
sleep disturbances.

If a large respiratory control amplitude decrease is observed, that is to say one that is low, for example of
the order of 0.1 mm, or zero, with stable or unstable control centrality, for at least 10 seconds or two
respiratory cycles for example, there is deduced a central type respiratory event.

Measuring the gain of the muscular response of the upper respiratory tracts during the event enables
determination of its obstructive character, that is to say marked respiratory effort, as against its central
character with no respiratory effort or with a reducing respiratory effort ending up below the level
considered to be normal. This analysis enables characterization of apnoea and hypopnoea as obstructive
or central. The level of normality of the respiratory effort is determined beforehand during periods of

normal respiration during sleep, for each stage of sleep.
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The change of position of the head can modify the configuration of the event with or without change of
sleep stage or of transition between sleeping and waking. The gain of the muscular response during the
event is calculated by measuring the peak-to-peak amplitude change during phasic mandibular movement
at the respiratory frequency during the event. It is the measurement of the peak-to-peak amplitude
difference between the start and the end of the period of the event during its phasic movement that can
already be calculated from a single respiratory cycle, which supplies the gain value. The change may be
minimal, of the order of 1/10 millimetre, or even less, but can reach 3 centimetres. The change may be
accompanied by a change in the absolute position of the mandible, meaning that the mouth is more or
less open when its phasic displacement is exerted. The change can occur in any direction between the

horizontal and the vertical, taking into account the position of the head during sleep.

Example 9
In a ninth example, reference is made to table 3. Table 3 illustrates a typical behaviour of cerebral control

for the detection of respiratory events and non-respiratory motor events. It can be seen that to detect an
obstructive apnoea-hypopnea, the analysis unit will for example use a median and/or a mean value on
the first and second flow of measurement signals. An observation time of at least two breathing cycles or
10 seconds will be preferred to make the analysis more reliable. Obstructive apnoea-hypopnea is
characterized by large cerebral control amplitude at the respiratory rate that can be repeated cyclically or
non-cyclically. It will end with a large mandibular movement during cerebral activation. In particular, the
distribution of the amplitude values of the mandibular movement in the stream under consideration will
be analyzed.

To detect breathing effort linked to arousal (RERA), the unit of analysis will proceed in the same way as
described in the previous paragraph. To detect a central apnoea-hypopnea the duration of observation

will also be at least two breathing cycles or 10 seconds.

Example 10
In a tenth example, reference is made to Figures 4 and 7.

A situation of bruxism will be detected by using for example the median, mean, maximum value or other
statistic of the rotation of the mandible and of its acceleration over an observation time of 30 seconds for
example.
Cerebral control following cerebral activation with or without a change in the position of the head may:
e Stable and of low amplitude;
e Increase with a high or "rising" centrality; the mouth closes and the event is corrected if the latter

was obstructive;



2020245769 23 Dec 2024

25

30

50

e Increase with a low or "descending" centrality; the mouth opens and the event is imposed,
obstructive;
e Decrease with a low or "descending" centrality; the event is imposed, central;
e Increase with a high or "rising" centrality, when the pterygoid lateralis muscles are recruited.
If the position of the head does not change but the respiratory control level changes, the position of the
mandible and the change therein continue to provide information on the respiratory control level. Figure
7 shows a signal indicating cortical cerebral activation, plotting the movement of the mandible as
measured by the accelerometer and the gyroscope. In a left to right direction in this Figure 7 there are
first seen a few oscillations indicating movement of the mandible at a regular frequency. This movement
of the mandible is caused by respiration with some degree of effort. The subject concerned has to make
an effort to cause air to pass through the upper respiratory tracts, which can be seen in the amplitude of
the signal from the gyroscope. In particular, the reference 1 indicates a micro-arousal provoked by cortical
activation. There is then seen a strong oscillation indicating a movement of greater amplitude that follows
on from cerebral activation. It can then be seen that the level of the signal has increased, indicating that
the mouth has closed and that the mandible has risen a few tenths of a millimetre. If the mandible rises
and there is still detected a respiratory frequency of its movement with an amplitude greater than the
normal value, it can be deduced that there is a persistent obstructive event as observed here. If the
movement becomes of low amplitude, it may be stated that respiratory control is no longer rising beyond
the normal and that the respiratory effort has been normalized. The reference 2 indicates a micro-arousal
caused by sub-cortical activation producing a signal of lower amplitude than cortical activation.
The set of results obtained following processing of the signals by the analysis unit may be presented in
the following manner for example:
e Hypnogram: evolution of the stages of sleep and of the moments of waking/sleeping transition
during the recording;
e Start and end time of the recording, time spent in bed and/or lying down;
e Total sleeping time; various efficacy indices;
e Fragmentation of sleep, for example the number and index of micro-arousals and arousals
(activations), the number and index of waking/sleeping transition changes;
e Number and index of respiratory and non-respiratory motor events;
e For example, in the event of repetition of central respiratory events with a cyclic, periodic,
crescendo-descrendo variance of the cerebral control amplitude, if the duration of the period is
measured as greater than 40 seconds, it is possible to suspect that the type of periodic respiration

is evolving, possibly in the context of cardiac insufficiency;
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e Events of a cyclic nature can also be of an obstructive kind or events of an obstructive kind can
also repeat in a cyclical manner (for example when the loop gain is high and/or the arousability
strong);

e Repeated sub-cortical activations isolated with respect to respiratory effort suggest association
thereof with a limb movement.

The position of the head impacts on the frequency and the very nature of the respiratory and non-
respiratory motor events occurring during sleep. The change of position of the head during sleep is always
contemporaneous with activation from the brain. During the latter, the head will find a new position and
the mandible, which has moved with a large amplitude through a plurality of repeated movements on the
occasion of this change, will find a new position thereafter to be subjected again to respiratory drive the
amplitude of which will be a measure of the central control level. There is therefore an association of
event, as shown in Figure 7. The central activation, the possible modification of the position of the head
and the possible modification of the position of the mandible that accompanies it and active respiratory
control with modification of the amplitude of the respiratory movement of the mandible are therefore
integrated in the brain. The relations between activity and cerebral activation are examined. If the control
activity level changes, for example via the changed peak-to-peak amplitude of the respiratory movement
of the mandible, this is firstly the consequence of central activation and control state changes in the
cerebral trunk. Moreover, the respiratory activity is captured by the gyroscope during rotary movement
of the mandible whereas the central activation is captured by the accelerometer during linear movement
of the head.

The change of position of the head and the cerebral activation that accompanies it determine the risk of
the event occurring whether it be a respiratory or non-respiratory motor event by modifying the control
level and therefore the type of event. A change in the position of the head is necessarily accompanied by
a cerebral activation and can modify the conditions of flow of the air fluids in the respiratory tracts, in
particular by modifying the upper respiratory tract calibre muscular retention state conditions in addition
the fact that the new orientation assumed by the head can expose those respiratory tracts to mechanical
crushing forces.

Mandibular movement and repositioning during cortical or sub-cortical activation may be described
during the event as follows:

(1) The mandible is either passive, or the mandible drops on regression of activation with no tonic
and/or phasic support of musculature while the central motor control is siderated for the duration of a
few respiratory cycles. The relaxation of its position after the mouth closes and with passive opening of
the mouth, that is to say the mandible is no longer supported, because of the loss of the tonic component

of the musculature deemed to support it, over a variable distance but with a marked slope (> 1/10 mm/s);



2020245769 23 Dec 2024

25

30

52

the measurement of this distance between closing of the mouth and the lowest point recorded before
the change of slope that will follow is a marker of the passive collapsibility of the pharynx when following
on from activation there is a loss of control by the nerve centres; this situation can last for a time
equivalent to a few (maximum five) respiratory cycles.

This relaxation may not take place, the mouth remaining closed or virtually closed, because there is no
loss of central control (persistence of tonic component) of the musculature controlling the position of the
mandible.

(2) The mandible then shows the muscular response gain, in a phasic and/or tonic form, that will
reposition it at the respiratory control frequency during the event, before a new activation is triggered.
There follows from this a resumption of the muscular activity controlling the position and the movement
of the mandible. This resumed activity of the muscles may be manifested by a change of slope describing
its new position with or without respiratory movement, that is to say with or without a phasic component,
i.e. with at least one peak-to-peak amplitude measurable beyond the background noise of the
measurement (> 0.05 mm). This latter movement signals the resumption of respiratory movement, that
is to say a shift in the respiration frequency, and therefore a respiratory effort that will make it possible
to qualify the obstructive event as central or mixed, according to the rules of evaluation. The movement
of the centrality makes it possible to specify if the degree of opening of the mouth is stable, increasing or
decreasing, whereas the peak-to-peak amplitude of the respiratory movement reflects the current degree
of effort.

(3) The centrality or amplitude point reached to be the lowest and from which the movement of
closing the mouth will be executed, the first movement determined by the activation is similar to an
arousability threshold. This movement is sometimes downward, for example in REM or when the mouth
has not opened because the respiratory effort is above all exerted by the activity of the pterygoid lateralis
and the masseter muscles that have held the mouth in the forward and high position, this movement
bears witness to the activation. The latter may be cortical or sub-cortical or with a sub-cortical and then
cortical sequence, or when the mandible has not opened much during the event, plausibly because of the
activity of the pterygoid lateralis muscles it may then open suddenly during the activation whereas most
often, as the mouth had opened during the event, the activation closes it brutally.

(4) There follows the mandibular position point at the greatest distance during activation from
this arousability point, as shown in Figure 4. The distance separating them is a measure of the amplitude
of the mandibular movement during the activation. That value is measured and compared with the level
of respiratory effort deployed during the event, before the activation via the change of amplitude of the
respiratory movement since the beginning of the resumption of the effort up to the arousability point.

The ratio of these values is a measure of a degree of mandibular loop gain.
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Example 11
In an eleventh example, reference is made to Figure 8. Figure 8 shows an example of the first

measurement signal stream F1 (measured by the accelerometer) and the second measurement signal
stream F2 (measured by the gyroscope) in the situation where the subject suffers an obstructive apnoea.
In this figure F5n designates the nasal flow and F5th the oro-nasal thermal flow. It will be observed there
that during the time period from T1 to T2 and following the apnoea indicated by the reference 1 the signal
is not stable. At the start of this period it is seen that the signal supplied by the gyroscope is of lower
amplitude than at the end of the event. Central control is intensified during the event because it is
necessary to combat the obstruction causing the apnoea or hypopnoea. During this same period T1-T2 it
is seen that the accelerometer (reference 2) and the gyroscope (reference 3) indicate respiratory effort
followed by cerebral activation (reference 4).

Analysis of the signals shows that in the presence of obstructive apnoea between T1 and T2 there is
observed on the accelerometer (F1) the movement of the mandible at the respiration frequency and with
an amplitude increasing from the peak-to-peak amplitude at the same time as the mouth opens as a
consequence of the position of the mandible descending more and more from one respiratory cycle to
another (A). At the same time (C), it is seen that the angular speed of the rotary, respiratory movement
of increasing amplitude indicates that the effort itself is increasing. Note at the height of the letter B the
effect of the activation on the movement of the mandible measured with the accelerometer, which
activation provokes an upward movement of the mandible and has the consequence of the mouth closing.
On this occasion, the mandible will assume a new position. At the level of the letter D on the gyroscope,
it is seen that this movement of closing the mouth is not purely rotary. The changes of state of the signals
at the height of the letter B and of the letter D are contemporaneous with resumption of ventilation on

the occasion of the cerebral activation (micro-arousal).

Example 12
In a twelfth example, reference is made to Figure 9. Figure 9 shows an example of the first measurement

signal stream F1 and the second measurement signal stream F2 in the situation where the subject suffers
an obstructive hypopnoea, indicated by the arrow 1. The arrow 0 indicates an arousal state. This same
figure 9 also shows a sixth stream F6 captured by an audio sensor that indicates the presence of snoring,
together with a seventh stream F7 sensed by a chin electromyogram and an eighth stream F8 sensed by
an electroencephalogram. There is seen there a series of mandibular movements (R) of greater amplitude
for a period of a few seconds which each time indicates cortical or sub-cortical activation. These
movements are concomitant with changes of peaks in the streams F6, F7 and F8. In fact the
electromyogram and electroencephalogram signals show clearly that there is cerebral activation on this

occasion. The obstructive hypopnoea is indicated by the arrows 2 and 3, the arrow 2 indicating an effort
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and an opening of the mouth and the arrow 3 an effort and a rotation of the mandible. This hypopnoea is
followed by an activation in the form of a micro-arousal, indicated by the arrow 4. The high value of the
respiratory mandibular movement between the micro-arousals reflects a high respiratory effort that is
moreover emphasized by snoring. It is therefore seen in the stream F1 coming from the accelerometer
and in the stream F2 coming from the gyroscope that during snoring there is rotation of the mandible
with opening of the mouth. Figure 9 therefore shows that cerebral activity may be registered by the
accelerometer and the gyroscope that measure mandibular movements as much during the period of
effort at the respiration frequency as during the cerebral activation, but in this case at a frequency that is
no longer typically that of respiration. Still in this Figure 9 the digit 0 indicates an arousal state of the

subject.

Example 13
In a 13" example, reference is made to figure 10. Figure 10 shows an example of the first measurement

signal stream F1 and of the second measurement signal stream F2 in the case where the subject suffers a
mixed apnoea. As in Figure 8, there is seen in this Figure 10 an increase in the angular speed of the
mandible at a frequency corresponding to the respiration frequency. The digit 1 indicates an absence of
respiratory flow that goes hand in hand with an absence of control and of effort, indicated by the digit 2,

followed by restoration of cerebral control and effort, indicated by the digit 3.

Example 14
In a 14" example, reference is made to Figure 11. Figure 11 shows an example of the first measurement

signal stream F1 and of the second measurement signal stream F2 in the situation where the subject
suffers a central apnoea. The peaks F show a movement of the head and of the mandible on resumption
of respiration. It is also seen that between the peaks F there is so to speak no movement of the mandible.
The digit 1 indicates an absence of respiratory flow that goes hand in hand with an absence of effort,

indicated by the digit 2, and activation and resumption of the effort, indicated by the digit 3.

Example 15
In a 15" example, reference is made to Figures 12 and 13. Figure 12 shows an example of the first

measurement signal stream F1 and of the second measurement signal stream F2 in the situation where
the subject suffers a temporary disappearance of all control of cerebral origin, which is characteristic of
central hypopnoea. This disappearance is characterized by the mouth opening passively because it is no
longer held up by the muscles. It is therefore seen in the streams F1 and F2 that between the peaks the
signal does not indicate any activity. On the other hand at the moment of the peak there is observed a

high amplitude of the movement of the mandible. Toward the end of the peaks there is seen a movement
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that corresponds to a non-respiratory frequency, which is the consequence of cerebral activation that will
then result in a micro-arousal. The digit 1 indicates the period of hypopnoea where a reduction of the
flow is clearly visible on the stream F5th from the thermistor. The digits 2 and 3 indicate the disappearance
of mandibular movement in the streams F1 and F2 during the period of central hypopnoea. Figure 13
shows an example of the first measurement signal stream F1 and of the second measurement signal
stream F2 in the situation where the subject experiences a prolonged respiratory effort that will terminate
in cerebral activation. It is seen that the signal from the accelerometer F1 indicates at the location
indicated by H a large movement of the head and of the mandible. Thereafter the stream F2 remains
virtually constant whereas in that F1 from the accelerometer the level drops, which shows that there is in
any event a movement of the mandible, which is slowly lowered. There then follows a high peak | that is
a consequence of a change in the position of the head during the activation that terminates the period of
effort. The digit 1 indicates this long period of effort marked by snoring. It is seen, as indicated by the digit
2, that the effort is increasing with time. This effort terminates, as indicated by the digit 3, in cerebral
activation that results in movements of the head and the mandible, indicated by the letter I.

The analysis unit holds in its memory models of these various signals that are the result of processing
employing artificial intelligence as described hereinbefore. The analysis unit will process these streams
using those results to produce a report on the analysis of those results.

It was found that the accelerometer is particularly suitable for measuring movements of the head whereas
the gyroscope, which measures rotation movements, was found to be particularly suitable for measuring
rotation movements of the mandible. Thus cerebral activation that leads to rotation of the mandible
without the head changing position can be detected by the gyroscope. On the other hand, an IMM type
movement will be detected by the accelerometer, in particular if the head moves on this occasion. An

RMM type movement will be detected by the gyroscope, which is highly sensitive thereto.

Example 16
In a further example, reference is made to an exemplary procedure for feature extraction, data

processing, and data description that is of use in the methods and devices that are provided herein. Such
a procedure is schematically shown in Figure 15.

In particular, feature extraction, data processing and descriptive were done in R statistical programming
language (8), while Machine learning experiments were conducted using sci-kit learn and SHAP packages
in Python language.

23 different features were extracted from the mandibular movement raw signal of each event, or each 10
seconds of normal breathing. These features included: central tendency (mean, median and mode) of MM

amplitudes; MM distribution (raw or enveloped signals): skewness, Kurtosis, IQR, 25", 75" and 90"
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centiles; extreme values: Min, Max, 5™ and 95" centiles of MM amplitudes; tendency of variation: Linear
trend and coefficients of Tensor product-based spline factors (S1, 2, 3, 4) from a generalized additive
model to evaluate MM in function of Time; duration of each event.
The impact of the various features on the model’s classification into central hypopneas, normal sleep, and
obstructive hypopneas can be described by means of the SHAP score. The SHAP score measures the
average marginal contribution across all possible coalitions with other features to classify 3 target labels.
The higher the SHAP score, the more important contribution that feature may provide. The Lundberg’s
Shapley additive explanation (SHAP) method unified the Shapley’s score in cooperative game theory
(1953) (Lloyd S Shapley. “A value for n-person games”. In: Contributions to the Theory of Games 2.28
(1953), 307-317.) and the local interpretation approach (Marco Tulio Ribeiro, Sameer Singh, Carlos
Guestrin. “Why should i trust you? Explaining the predictions of any classifier”. In: Proceedings of the 22nd
ACM SIGKDD International Conference on Knowledge Discovery and Data Mining. ACM. 2016, 1135—-
1144.) to provide the best solution so far to explain any black-box model. The SHAP theory considers the
input features as “players” in a cooperative game were the “payout” is making correct prediction of a
target label (i.e. central or obstructive hypopnea). The SHAP algorithm lets each feature value to join with
other features in random order to form a coalition, then assign a payout (SHAP score) for each feature
values depending on their contribution to the total prediction. The SHAP score is the result from averaging
the change in prediction that a coalition gains when a new feature participated. In essence, SHAP score
of a feature value is the average marginal contribution of that feature value across all possible coalitions
for a particular prediction.
In particular, the features are extracted as follows:
1. Loading a sequence of raw MM data at (e.g. sampling rate = 10 or 25 Hz). This sequence has a significant
duration, e.g. between 30 minutes and 8 hours;
2. Marking timestamps of obstructive and central hypopnea events;
3. For each time stamp ti, perform the following steps
3.a. Check whether ti is the beginning of an Obstructive or Central hypopnea event.
3.b. If ti is the beginning of an obstructive or central hypopnea event,
- assign ti to (t_begin), and subsequently search for the ending (t_end); and,
- extract the raw data sequence to a temporary holder named “Event E”, by indexing
t_beginand t_end;
4. For each event E, perform the following steps
4.a. Calculate event duration dt = (t_end —t_begin)

4.b. Determine the distribution of the measured parameters during the event;



2020245769 23 Dec 2024

25

30

57

- Min, Max, Mean, median, mode, 5%, 25™, 75™ 90" 95% centiles, Skewness, Kurtosis,
IQR;

- Fit a GAM non-linear model to estimate MM amplitude and/or position by a spline
function on time t, then extract the coefficient of spline function;

- Fit a simple linear model, extract the Intercept and linear slope;

- Concatenate all features + label by matching the measured data with a mandible

movement class.

After feature extraction, the extracted features and corresponding target labels were integrated to a
tabular dataset.

After that, exploratory data visualization, one-way ANOVA and pairwise student-t tests with Bonferroni
correction are performed to classify the mandibular movement features in 3 groups: normal breathing,
obstructive and central hypopneas. Significance level are set at highly stringent criteria (p = 0.001) (10)
for null-hypothesis testing.

For the purpose of model development, the data were randomly split into 2 subsets: a larger set (70%)
for model development and a smaller set (30%) for model validation. Because the original training set was
unbalanced between central (minority class) and obstructive hypopneas (majority class), a synthetic
minority over-sampling technique (SMOTE, the Synthetic Minority Over-sampling Technique, which is
well-known as such) on the training set before model development was applied.

A multiclass classification rule was built to classify the 3 groups using 23 input features. This consisted of
a Random Forest algorithm that combined 500 distinct decision trees (each one was constructed on a
random subset of 5 features).

The content of the Random Forest model was then analysed in order to evaluate the importance of each
feature and the possible coalition that contributed to the classification (potential combinations among
them to differentiate obstructive from central hypopnea). To evaluate the contribution of each features
to the prediction, the Lundberg’s Shapley additive explanation (SHAP) method is adopted which, as such,
is well-known in the art.

These methods allow detecting of, inter alia, obstructive hypopneas and central hypopneas.

Example 17
In a further example, reference is made to Figures 16 and 17. These figures show an analysis of mandibular

movement data captured by means of a magnetic sensor. The data analysis as such is similar to data
analysis of mandibular movement data captured by means of an accelerometer and/or a gyroscope in

addition to a magnetic sensor.
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Figure 16 shows the 18 most important MM signal features derived from magnetometer measurements,
ranked by their global impact on the model’s prediction. The bars indicate the mean SHAP score for each
feature, stratified by 3 target labels Central hypopneas (dark grey), Normal (light grey) and Obstructive
hypopneas (grey). The SHAP score measures the average marginal contribution across all possible
coalitions with other features to classify 3 target labels. The higher SHAP score, the more important the
contribution that said feature may provide.

Figure 17 shows the interpretation of an event based on extracted features and based on the SHAP score.
In particular, Figure 17 shows the SHAP score scale and the probability of a target label. Figure 17
comprises two general regions: region a) and region b). Region a) comprises the extracted features that
support the prediction of a target label, and region b) comprises the extracted features that point away

from said target label.

Example 18
In a further example, reference is made to Figure 18, which illustrates an exemplary method for

determining sleep stages from mandibular movement data captured by means of gyroscope and an
accelerometer. The steps discussed below correspond to the reference numbers in FIG.18.

In particular, the steps are as follows:

(1) Mandibular movements are recorded during subject sleep using a system of the present invention
comprising a gyroscope and an accelerometer. The acquired data pack contains 6 channels of raw signals
acquired by said tri-axial accelerometer and gyroscope sensors. The raw data may further include
recordings from other devices suitable for determining the for sleep staging, such as EEG, EOG and EMG
signals for sleep staging, 6 channels of MM signals acquired by tri-axial accelerometer and gyroscope

Sensors

(2) Raw data will pass through a pre-processing and feature generating module, after which it is
consecutively segmented into 30s length epochs. The pre-processing consists in producing time series
sampled at 0.1 Hz and 0.034 Hz (sliding windows of 30s) from the sleep scores sequences and the time
series acquired with the sensor and the PSG. This pre-processing happens in two steps: the series or
sequences are segmented, then feature extracting functions are applied to each window.

Hand-crafted feature extraction as the input data for machine learning experiment can be used. For
example, a feature generating module extracted a set of 1728 features from the 6 channels of MM activity
signal, using a sliding window centered on each 30 seconds epoch. The extracted features included: signal

energy in the low frequency band (0 — 0.1 Hz), high frequency band (> 0.3 Hz) or respiratory frequency
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band (0.2 — 0.3 Hz), exponential moving averages with several half-life periods, entropy of the energy in
the several frequency bands, statistical features applied on the above features: tendency of centrality
(mean, median), extreme values (min, max), quartiles, standard deviation, as well the normal

standardized value of all above features.

(3) The extracted features set will be fed to a machine learning classifier, generating the soft-
prediction scores (i.e., the probability) and binary output for each target label, according to a specific
classification task. The automated sleep staging task was approached at three levels of complexity. The
task targets are the basic 3 sleep stages: Wake, nonREM (including N1, N2, N3) and REM.

The feature selection and hyperparameter tuning were performed with cross-validation, in which the
input data were randomly split into folds at the levels of participants. The final model was trained on the
whole training set using only the most relevant features and optimized hyperparameter values. Due to
the imbalanced proportion among the target labels, the training data was balanced by the Synthetic
Minority Oversampling Technique (SMOTE) before each training session.

Machine learning algorithm: Extreme Gradient boosting (XGB) classifier is adopted as the core algorithm
for all three classification tasks. The XGB classifier is optimized during training process by minimizing a
regularized objective function that combines a convex loss function (based on the difference between the
predicted and target outputs) and a penalty term for model complexity.

Model training: The learning objective is set a multiclass classification, which aims to classify 3 target
labels, depending on the specific task. The training implied a Dropout-Multiple Additive Regression Trees
(DART) booster and histogram optimized approximate greedy tree construction algorithm. Logarithmic
loss was chosen as evaluation metric (thus optimizing the balanced accuracy among 3 target classes). To
prevent overfitting, learning rate (eta, or step-size shrinkage) parameter is set at 0.01, this will shrink the
feature weights to make the boosting process more conservative.

The model’s output implied a soft-max function to generate the probability score for each target label,
then the final decision (assigning only one label to each 30s segment) is achieved by applying an argmax

function on those 3 probability scores.

(4) Depending on the epoch-by-epoch agreement between model’s prediction and the reference PSG
scoring on the unseen validation dataset, the most satisfying solution are adopted for implementation.
Further quantitative evaluations were carried out to verify whether the chosen algorithm could provide a
reliable estimation of the sleep quality scores such as TST, sleep efficiency, REM ratios, and so on. The

model selection was based on following criteria:
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Class-wise agreement evaluation: The normalized confusion matrices allow evaluating the model’s class-
wise performance for a specific multi-class classification task. The rows are the truth derived from manual
PSG scoring and the columns indicate the results of automated algorithmic scoring. The diagonal cells of
the confusion matrix indicate class-wise true positive rate.
Precision (or positive predictive value) measures the mode’s ability to correctly identify the positive cases,
defined as True positive/(True positive+False positives); Recall (also known as sensitivity, hit rate or true
positive rate) indicates the model’s utility, defined as the fraction of correct classifications among all
targeted instances: Recall = True positive predictions / All positive instances;
F1 score is a combined metric, defined as the harmonic mean of Recall and Precision per class:
2*(Precision * Recall)/(Precision + Recall)
F1 score has an intuitive meaning, it indicates how precise the model is (how many epochs it classifies
correctly), as well as how robust the model is (low misclassification rate). Since the real-life data present
the unbalanced proportions among sleep stages and all labels are equally important, the classifier that
gets equally high F1 scores on all classes is adopted.
Global epoch-by-epoch agreement evaluation metrics: The balanced accuracy (BAC) measures the mean
of true positive and true negative rates among the targeted class. The Cohen’s Kappa coefficient measures
the agreement strength between the model’s classification and true observations (manual PSG scoring).
It could be interpreted as 6 levels of agreement strength: lower than 0: Poor, 0-2: Slight, 0.2-0.4: Fair,

0.41-0.6: Moderate, 0.61-0.8: Substantial, 0.81-1: Almost perfect.

(5) Prediction data from the selected (3 class task) model will pass through the interpreting module.
The first sub-module (sleep score computation) will convert the sequence of predicted sleep stages into
guantitative scores.

Definitions of these quantitative scores are presented in the table below:

Definition Unit

Time based indices

Total sleep time (TST) Total sleep time (TST) Hour or minutes

Total nonREM sleep time | Sum of all epochs classified as nonREM sleeps | Hour or minutes

(resolution: 30s)

Total REM sleep time Sum of all epochs classified as REM sleeps | Hour or minutes

(resolution: 30s)

Ratio based indices

NonREM ratio 100 x Total nonREM sleep time / TST Percent (%)
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REM ratio 100 x Total REM sleep time / TST Percent (%)
Wake ratio 100 x Total Wake time / TST Percent (%)
Sleep efficiency ratio 100 x total sleep time / total time in bed | Percent (%)

(recording)

Latency indices

Sleep onset latency The elapsed time between the start of | minutes

recording until the sleep onset

REM latency Elapsed time from the sleep onset to the first | minutes

REM epoch

Occurrence rating

Arousal index Total number of all arousal events / TSTin h n/h

(6) Hypnogram creation: A customized function converts the sequence of discrete encoded labels
(for example: 2 = Wake, 1 = Rem sleep, 0 = nonREM sleep) into a hypnogram. This graph presents the
step-lines to represent the discrete sleep stages values as a function of time, which simulates a

conventional hypnogram obtained from manual PSG scoring.

Example 19
Example 19 presents an experimental continuation of Example 18. In particular, the method presented in

Example 18 was performed on a group of 96 participants, which were randomly assigned into a training
subset (n = 68, 70%) and a validation subset (n =28, 30%). Both subsets represent a population of healthy
adults within an age range of 18 to 53 years.

Mandibular movements were recorded during subject sleep using a system of the present invention
comprising a gyroscope and an accelerometer. The acquired data pack contains 6 channels of raw signals
acquired by said tri-axial accelerometer and gyroscope sensors. The raw was used to develop the
automated sleep staging model. Additionally, reference data was recorded using devices suitable for
determining the sleep staging, such as EEG, EOG and EMG. The latter data was used to determine the
accuracy of the applied models.

Instead of using deep learning models, a conventional framework was followed, which implies
handcrafted features extraction and structured data driven algorithm. The handcrafted features
extraction allows better control and understanding of input data compared to black-box models like

convolutional neural network. XGBoost was adopted for the classification task. This algorithm offers
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several advantages over classical methods (LDA, SVM, RF), including high efficiency in computation and
resource, allowing very fast training and execution speed.

Subject subsets: Polysomnography (PSG) profiles from the group of 96 participants indicated a normal
sleep activity in both subset groups, with median sleep efficiency of 89.4% and 87.3%. Within each set,
the data structure also presents an imbalance in proportion among 3 sleep stages: except for Wake labels
which are regular in most of cases, the nonREM sleeps were predominant over the REM sleeps in both
groups (92.3 vs 7.7 for trainset and 79.9 vs 20.1 for validation set), suggesting that a data balancing
technique is required during model development, and the performance metrics should be carefully
interpreted during model validation.

3 Class scoring: The present model aims to classify Wake (no sleep), nonREM and REM sleeps. The model
results in a well-balanced accuracy among 3 classes (82.9%, 74.9% and 82.5% for wake, nonREM and REM
sleeps, respectively). The model also has a substantial agreement strength (Kappa = 0.71). It performs
best for detecting wake epochs, with F1 score of 0.86. Guided by the distribution of Wake, nonREM and
REM instances in the models, identifying the Wake was found to be easier than distinguishing between
nonREM and REM, since the Wake instances were well clustered and clearly separated from the other
instances, while most of REM labels were more dispersed and blended into other nonREM or Wake points.
This pattern suggests that a nonlinear algorithm, such as Random Forest, XGboost or Deep neural network
may be considered for successfully separating 3 classes.

Agreement analysis for the sleep quality indices: The 3 class task sleep staging algorithm can automatically
classify each 30 seconds epoch as wake, nonREM or REM. The outputs were then transformed by a second
algorithm to provide an estimation of sleep quality indices. Those indices could be classified in 3 main
categories: a) Time based indices, which measure the cumulated time (in minutes) in sleep (TST) or during
a specific sleep stage, such as Wakefulness, REM or nonREM; b) Ratio based indices, which are estimated
as the percentage of a specific sleep stage (REM, nonREM) over all in-sleep epochs; c) Latency based
indices, which measures the elapsed time between the beginning of recording and sleep onset (sleep

latency), or between the sleep onset and the first REM epoch (REM latency).

Quantitative scores for the automated sleep staging algorithm were determined according to the Table
presented in Example 18. Differences between the standard scoring of the PSG profiles and the

guantitative scoring of the automated sleep staging algorithm are presented in the Table below:

Parameter Median 95% ClI 97.5% Cl 99% ClI

TST (min) -7.148 -18.190 to +2.349 | -20.336 to +4.383 | -22.758 to +7.430

Total NonREM

. . -26.633 -42.686 to -10.616 | -45.691 to -6.839 -50.243 t0 -2.882
sleep time (min)
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Total REM sleep

time (min) +22.560 -3.781to +51.384 | -9.645 to +58.426 | -17.495 to +65.436
(T:‘::')Wake me | 11734 | +3.281t0+18.954 | +1.517 to +20.423 | -0.228 to +22.449
Wake index (n/h) +1.478 +1.075 to +1.892 +1.003 to +1.989 +0.916 to +2.093
Wake ratio (%) +3.908 +1.346 to +6.100 +0.770 to +6.526 +0.078 to +7.039
NonREM ratio (%) -6.423 -10.259t0-2.394 | -11.006 to -1.595 -12.300 to -0.533
REM ratio (%) +6.469 +0.060 to +13.123 | -1.407 to +14.587 | -2.824 to +16.334
Sleep efficiency (%) | -1.289 -2.705 to -0.199 -3.032 to +0.010 -3.402 to +0.232
Sleep latency (min) | +1.424 -0.906 to +3.720 -1.569 to +4.166 -2.200 to +4.806
REM latency (min) -17.112 -48.849 to -2.353 -53.831to +2.375 | -60.802 to +7.229

The data indicate that the 3 class based scoring algorithm allows measuring the total sleep time at an
acceptable accuracy (median difference of only -7.15 minutes, 97.5%Cl: -20.34 to +4.38) in comparison to

the reference method (manual PSG scoring). The agreement was also good for determining sleep

efficiency (median difference: -1.29%; -3.03 to +0.01).

Conclusions: The feasibility of using mandibular movements recorded during subject sleep using a system
of the present invention comprising a gyroscope and an accelerometer was explored. The results
demonstrate that automated sleep staging detection based on data measured by a gyroscope configured

for measuring rotational movement offers a better performance at all three resolution levels (for 3 class

scoring) in comparison to systems of the art comprising an accelerometer only.
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The term “comprise” and variants of the term such as “comprises” or “comprising” are used herein to
denote the inclusion of a stated integer or stated integers but not to exclude any other integer or any

other integers, unless in the context or usage an exclusive interpretation of the term is required.

Any discussion of the prior art throughout the specification should in no way be considered as an

admission that such prior art is widely known or forms part of common general knowledge in the field.
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A system for detection of a sleeping state of a subject having a head and a mandible,

- the system comprising a data analysis unit, a data link and a sensing unit configured for mounting
on the subject’s mandible;

- wherein the sensing unit comprises a gyroscope configured for measuring rotational movements
of the mandible of the subject, and an accelerometer configured for measuring accelerations
indicative of movements or positions of the head and the mandible of the subject, or
combinations thereof;

- wherein the data link is configured for sending measured rotational movement data from the
gyroscope and measured acceleration data from the accelerometer to the data analysis unit;

- wherein the data analysis unit comprises a first input for receiving a first timestream of measured
acceleration data from the accelerometer, and a second input for receiving a second timestream
of measured rotational movement data from the gyroscope;

- wherein the data analysis unit comprises an identifying unit configured to identify, in the first
and in the second timestreams, a first signal, the frequency of which is situated in a first
predetermined range consisting of frequencies that characterize a sleeping state of the subject,
and a second signal, the value of which is situated in a second predetermined range consisting of
values of movements or positions of the head and the mandible of the subject, or combination
thereof, that characterize a sleeping state;

- wherein the identifying unit is configured to produce a triggering signal, after observing that the
first and second signals that have been identified in the first and second timestreams are present
for a first predetermined time period, and, after it has produced the triggering signal, to identify
in the first and second timestreams, a third signal in which the frequency or the value of at least
one intrinsic characteristic represents a movement of the mandible or change in the position of
the head and the mandible of the subject, or combinations thereof;

- wherein the data analysis unit comprises a memory unit which is configured for storing
N mandible movement classes, wherein N is an integer larger than one, and wherein at least one
of the N mandible movement classes is indicative of the subject being awake, and wherein a
plurality of the N mandible movement classes is indicative of the subject being asleep;

- wherein each j" (1<j<N) mandible movement class comprises of a j" set of rotational movement
values, each j set of rotational movement values being indicative of at least one rate, rate
change, frequency, amplitude of mandibular rotations associated with the j" class or

combinations thereof;
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- wherein each j" (1<j<N) mandible movement class further comprises of a j*" set of acceleration
values being indicative of at least one mandibular movement, a head movement, or combinations
thereof, associated with the " class;
- wherein the data analysis unit comprises a sampling element configured for sampling the second
timestream of measured rotational movement data and the first timestream of measured
acceleration data during the same sampling period, thereby obtaining sampled rotational
movement and acceleration data;
- wherein the data analysis unit is configured to
- derive a plurality of measured rotational movement and acceleration values from the
sampled rotational movement and acceleration data;
- match the measured rotational movement and acceleration values with the N mandible
movement classes; and,

- detect the sleeping state indicative of the subject being awake or asleep.

The system according to claim 1 further comprising a magnetometer, the magnetometer adapted
to measure magnetic field data, variations in magnetic field data being indicative of the
movements of the head or of the mandible of the subject, or a combination thereof,

- the data link further being configured for sending measured magnetic field data from the
magnetometer to the data analysis unit;

- wherein each j™ (1<j<N) mandible movement class comprises a j set of magnetic field data
values, each j™" set of magnetic field data values being indicative of at least one rate or rate change
of mandibular movement or head movement associated with the j* class;

- wherein the sampling element of the data analysis unit is further configured for sampling the
measured magnetic field data during a sampling period, thereby obtaining sampled magnetic field
data;

- wherein the data analysis unit is configured to derive a plurality of measured magnetic field
values from the sampled magnetic field data; and,

- wherein the data analysis unit is further configured for matching the measured magnetic field

values with the N mandible movement classes.

The system according to claim 1 or 2, wherein at least one of the N mandible movement classes
is indicative of a change of position of the head; and wherein the data analysis unit is further

configured to identify the movement of the head of the subject based on the rotational
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movement and acceleration data to discern movements of the head from movements of the

mandible of the subject.

The system according to any one of claims 1 to 3, wherein the data analysis unit is further
configured to:

- analyse an evolution of a position of the mandible, a position of the head, a peak-to-peak
amplitude of the mandibular movement, a variance of the peak-to-peak amplitude of the
mandibular movement, a frequency of the mandibular movement, a variance of the frequency of
the mandibular movement, or combinations thereof; and,

- detect the sleeping state when a change of the peak-to-peak amplitude of the mandibular

movement, frequency of the mandibular movement, or combinations thereof, are observed.

The system according to any one of claims 1 to 4, wherein one or more of the N mandible
movement classes are characterized by a predetermined frequency range consisting of
frequencies indicative of breathing of the subject; wherein at least one pre-determined frequency

range consists of frequencies between 0.15 Hz to 0.60 Hz.

The system according to any one of claims 1 to 5, wherein at least one of the N mandible
movement classes is indicative of the subject being in an N1 sleeping state, wherein at least one
of the N mandible movement classes is indicative of the subject being in a Rapid Eye Movement
sleeping state, wherein at least one of the N mandible movement classes is indicative of the
subject being in an N2 sleeping state, wherein at least one of the N mandible movement classes

is indicative of the subject being in an N3 sleeping state, or combinations thereof.

The system according to claim 6, wherein the data analysis unit is further configured to

- determine a normalized mean of the peak-to-peak amplitude of the mandibular movement, the
frequency of the mandibular movement, or a combination thereof;

- detect the Rapid Eye Movement sleeping state from increased variations of the peak-to-peak
amplitude, the frequency of the mandibular movement, or a combination thereof,

- detect the N3 sleeping state from reduced variations of the peak-to-peak amplitude, the
frequency of the mandibular movement, or a combination thereof, relative to the normalized

mean.
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The system according to any one of claims 1 to 7, wherein the data analysis unit is further
configured to detect a respiratory disorder event during a sleeping state indicative of the subject
being asleep; and wherein one or more of the N mandible movement classes are indicative of an
obstructive apnoea, a mixed apnoea, an obstructive hypopnoea, a respiratory effort linked to

arousal, a central apnoea, a central hypopnoea, or combinations thereof.

The system according to claim 8, wherein the data analysis unit is further configured to

- analyse the evolution of a position of the mandible, a position of the head, a peak-to-peak
amplitude of the mandibular movement, a variance of the peak-to-peak amplitude of the
mandibular movement, a frequency of the mandibular movement, a variance of the frequency of
the mandibular movement, or combinations thereof; and,

- detect the respiratory disorder event when a change of the peak-to-peak amplitude of the
mandibular movement, the frequency of the mandibular movement, or combinations thereof, is

observed.

The system according to any one of claims 1 to 9, wherein one of the N mandible movement
classes is indicative of bruxism, and wherein the measured rotational movement data is indicative
of a mandibular movement amplitude of at least 1 mm, at a frequency established in a range of
0.5 to 5 Hz during at least three respiratory cycles when the movement is phasic, or beyond 1 mm

in a sustained, tonic manner for at least 2 seconds.

A method for detection of a sleeping state of a subject having a head and a mandible, comprising
the steps:

- measuring, by means of a gyroscope, rotational movements of the mandible of the subject and,
by means of an accelerometer, accelerations indicative of movements or positions of the head
and mandible of the subject, or combinations thereof; wherein the gyroscope and accelerometer
are positioned on the subject’s mandible;

- receiving, by a data analysis unit and via a data link, measured rotational movement data from
the gyroscope and measured acceleration data from the accelerometer;

- wherein the data analysis unit comprises a first input for receiving a first timestream of measured
acceleration data from the accelerometer and a second input for receiving a second timestream
of measured rotational movement data from the gyroscope;

- identifying, by means of an identifying unit comprised in the data analysis unit, in the first and

in the second timestreams, a first signal, the frequency of which is situated in a first
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predetermined range consisting of frequencies that characterize a sleeping state of the subject,
and a second signal, the value of which is situated in a second predetermined range consisting of
values of movements of the head and of the mandible of the subject that characterize a sleeping
state;

- producing, by the identifying unit, a triggering signal, after observing that the first and second
signals that have been identified in the first and second timestreams are present for a first
predetermined time period, and, after it has produced the triggering signal, to identify in the first
and second timestreams, a third signal in which the frequency or the value of at least one intrinsic
characteristic represents a movement of the mandible or change of the position of the head of
the subject, or combinations thereof;

- storing, by means of a memory unit comprised in the data analysis unit, N mandible movement
classes, wherein N is an integer larger than one, and wherein at least one of the N mandible
movement classes is indicative of the subject being awake, and wherein a plurality of the N
mandible movement classes is indicative of the subject being asleep;

- wherein each j" (1<j<N) mandible movement class comprises a ji set of rotational movement
values, each j set of rotational movement values being indicative of at least one rate, rate
change, frequency, or amplitude of mandibular rotations associated with the j™ class;

- wherein each j" (1<j<N) mandible movement class further comprises a j™ set of acceleration
values, each j set of acceleration values being indicative of at least one mandibular movement,
head movement, or a combination thereof, associated with the j class;

- sampling, by means of a sampling element comprised in the data analysis unit, the second
timestream of measured rotational movement data and the first timestream of measured
acceleration data during the same sampling period, thereby obtaining sampled rotational
movement and acceleration data;

- deriving, by means of the data analysis unit, a plurality of measured rotational movement and
acceleration values from the sampled rotational movement and acceleration data;

- matching, by means of the data analysis unit, the measured rotational movement and
acceleration values to the N mandible movement classes; and,

- detecting the sleeping state indicative of the subject being awake or asleep.

The method according to claim 11 further comprising the steps of:
- measuring, by means of a magnetometer, magnetic field data, the variations in magnetic field
data being indicative of movements of the head or of the mandible of the subject, or a

combination thereof;
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- sending, by means of the data link, measured magnetic field data from the magnetometer to
the data analysis unit;

- wherein each j (1<j<N) mandible movement class comprises of a j™ set of magnetic field data
values, each j™" set of magnetic field data values being indicative of at least one rate or rate change
of mandibular movement or head movement associated with the j* class;

- sampling, by means of the sampling element, the measured magnetic field data during a
sampling period, thereby obtaining sampled magnetic field data;

- deriving, by means of the data analysis unit, a plurality of measured magnetic field values from
the sampled magnetic field data; and,

- matching, by means of the data analysis unit, the measured magnetic field values with the N

mandible movement classes.

The method according to claim 11 or 12, wherein at least one of the N mandible movement classes
is indicative of a change of position of the head; and the method further comprising identifying
the movement of the head of the subject based on the rotational movement and acceleration

data to discern the movements of the head from the movements of the mandible of the subject.

The method according to any one of claims 11 to 13, wherein the data analysis unit is configured
to:

- analyse the evolution of a position of the mandible, a position of the head, a peak-to-peak
amplitude of the mandibular movement, a variance of the peak-to-peak amplitude of the
mandibular movement, a frequency of the mandibular movement, a variance of the frequency of
the mandibular movement, or combinations thereof; and,

- detect a sleeping state when a change of peak-to-peak amplitude of the mandibular movement

or the frequency of the mandibular movement is observed.

The method according to any one of claims 11 to 14, wherein at least one of the N mandible
movement classes is indicative of the subject being in an N1 sleeping state; wherein at least one
of the N mandible movement classes is indicative of the subject being in an N2 sleeping state,
wherein at least one of the N mandible movement classes is indicative of the subject being in a
Rapid Eye Movement sleeping state, wherein at least one of the N mandible movement classes is

indicative of the subject being in an N3 sleeping state, or combinations thereof.
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The method according to any one of claims 11 to 15, wherein the data analysis unit is configured
to detect a respiratory disorder event during a sleeping state indicative of the subject being
asleep; and wherein one or more of the N mandible movement classes are indicative of an
obstructive apnoea, a mixed apnoea, an obstructive hypopnoea, a respiratory effort linked to

arousal, a central apnoea, a central hypopnoea, or combinations thereof.

The method according to any one of claims 11 to 16, wherein one of the N mandible movement
classes is indicative of bruxism, and wherein the measured rotational movement data is indicative
of a mandibular movement amplitude of at least 1 mm, at a frequency established in a range of
0.5 to 5 Hz during at least three respiratory cycles when the movement is phasic, or beyond 1 mm

in a sustained, tonic manner for at least 2 seconds.
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