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(57) Abstract: A system and associated method is
disclosed to monitor physiological activity of a sub-
ject. One or more sensors are positioned in or on a
support, the support being adapted to receive the
subject, at least a first one of the sensors being ad-
apted to produce a first signal indicative of move-
ment of the subject over time. Processing apparatus
is adapted to identify first, second and third por-
tions of the first signal. The first and third portions
correspond to first and third time periods, respect-
ively, during which the subject changes body posi-
tion on the support. The second portion corres-
ponds to a second time period, between the first and
third time periods, during which substantially no
change in body position of the subject on the sup-
port takes place.
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"System and method for menitoring plyysiological activity of a subject”

Cross-Reference to Related Applications

{00011 The present application claims priovity from Australian Provisional Patent
Application No 2013903017 filed on 20 Deceinber 2013, the content of which is incerporated

herein by reference.

Technical Field

{0002] The present disclosure relates fo a system for monitoring physiclogical activity of a
subject, pacticalarly, although not necessarily exclusively, using sensovs located inor on a

support sgainst which the subject rests.

Background

{0003] Many devices have been used and proposed for recording breathing or sleep activity.
One example is an BECG measurement system in which ECG electrodes are attached to a
subject’s skin. Another example is an electronic stethoscope which ts manually pressed

against the subject to hold it in place against the subject’s skin.

[0004]  An alternative approach employs vibration sensors iatare placed at different
positions in a mat. The sensors are configured to sense vibrations from the patient, permitting
dingrosis of breathing abuormalities, snoring and sleep apues, ete. The sensors ace
distributed over themat such that, when the subject rests agaiust the mal, sensors may sense

sound vibrations originating from the subject to enable a diagnosis to be performed.

{0005]  Any discassion of documents, acts, materials. devices, articles or the like which has
beent included in the present specification is not to be taken as an admission that any oc all of
these matters form pact of the prior art base or were common general knowledge in the field

relevant to the present disclosure as it existed before the priority date of each claim of this

application.
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Sunnmary

{00061  According to a first aspect, the present disclosure provides a system adapted to
montitor physiological activity comprising:
olle of Mmore sensors positioncd in or on a support, the support being adapted to
receive a subject, at least a first one of the sensors being adapted to produce a first signal
indicative of movement of the subject over tine; and
processing apparatis adapted to
receive the first signal from the first sensor;
identify a first portion of the first signal that cogesponds toa first time period
during which the subject changes body position on the support;
identify a third portion of the first signal that cormesponds to a third time period
during which the subject changes body position on the support; and
identify a second portion of the first signal that cotresponds to a second time
petiad. between the first and third time periods, during which substantiafly no change in body

position of the subject on the support takes place.

[0007] 1In a second aspect, the present disclosure provides a method of monitoring
physiclegical activity comprising:

identifving a first portion of a first signal, wherein the first signal is praduced
by a first sensor positioned in or on a support adapted to receive a subject, the first signal
being indicative of movement of the subject over a period of time, and wherein the first
portion of the first signal corresponds to a first time period during which the subject changes
body position on the support;

identifying a third portion of the first signal that corresponds to a third time
period during which the subject changes body position on the support; and

identifying a second portion of the first signal, that corresponds te a second
time period, between the fivst and third time peviods, during which substantially nochange in

body position of the subject on the support takes place.

{0008] In a third aspect, the present disclosure provides software that, when installed.on 3

computer, causes the computer to perform the method of the second aspect.
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{0009] 1 a further aspect, the present disclosure provides # processor adapted to:

identify a first portion of a fivst signal, wherein the first signal is produced by a
first sensor positioned 0 o on a support adapted to veceive a subjoct, the first signal being
indicative of movement of the subject over a period of time, and wherein the first portion of
the first signal corvesponds to a first time period during which the subject changes body
position.on the support;

identify a third portion of the first signal that cormesponds to a third time period
during which the subject changes body position on the support; and

identify a second portion of the first sigial, that corresponds to a second time
petied. between the first and third time periods, during which substantially no change in body

position of the subject on the support takes place.

[0010]  Generally, the system, method, software and processor may monitor movement to
identify, monitor and/or analyse a variety of different body parameters, behaviours and
events, inclading, but vot himited to, breathing, conghing, sneezing, heartbeat. heart rthythm
disturhances, beart function, hzart valve abrormalities and murmurs, body reflexes, body
positioning, gut activity, jaw movements, sporing, sleep apnes, sleep state, restriction of
alrways, asthna, quiescent petiods, period spent asleep ov awake, fetal heart beat, fetal
movenents, placental blood flow, criackles, thonchi, rales, indicia of lung iofection, chironic

lung disease and/or chronic heart failure,

{00111 The movement monitored by the one or more sensors may be vibrational movement.
Thus, the one or more sensors may be vibration sensors and the first signal produced by the
first vibeation sensor may be indicative of vibrattons caused by the subjett over a peciod of

time:

{0012] By positioning the one or Tore Sensors 10 of o a support, vather than divectly
attaching sensors to the subject, the sensors are not necossarily in contaet at all times with the
subject und to this end can be consideced “non-contact sensors”. The subject may move
freely in relation to the sensors and the sensors may be considered, 1w combination, to define a

“sensor field”,

[0013] The support may comprise a pad against which the subject rests, reclines or sits, for

example. The pad may comprise foam or other cushioning material. The pad may be o the
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form of a-mat of prattiess, a seat cushion, back support or otherwise. The support may form
part of a bed, wolley, cot, ¢hair or other item against which the subject may it oc lieg fora

pecied of time,

[0014] The use of non-contact sensors in ot o1 the support can provide a number of
agdvantages. For example, the system may be safer and more user friendly for all subjects,
including non-attended children being monitored at home. The subject may freely enter and
leave the sensor field formed by a plurality of the sensors at the support. The subject may be
censidered a mobile, ambulatory, non-tethered subject in this regard. The systern may be
particularly suitable for monitoring of the subject while at rest, including when asleep or
sedated (e.z., from anaesthetic). in this regard, the sensor field may be considered a localised
sensor finld at the place of rest of the subject. When used, for example, to assess sleep quality
and quantity, the technigue can have a mininal effect on sleep, particularly when conducted
in the subject’s home, e.g., in compatison to techniques that employ multiple attached sensors
and leads. Further, the non~intrusive nature of non-contact sensors can facilitate better user

acceptance and compliance, e.g.. when used for long term monitoring purposes.

[0015] In one emboediment, where one or more vibrations sensors aveused, the vibration
sensors may conprise a vibiation sensing element, e.g., & membrane, and the vibration
sensors may produce an electrical signal bazed ou wovemeut of the membrane. In alternative
embodiments, other types of sensors may be used. For example, ECG, EEG , EOG and/er

EMG sensors that are not attached to the subject may be used.

{0016]  Since the ene or more sensors are not directly attached to the subject, changes in
position of a subject can have great effect on the quality of the signals produced by the
sensors. Where vibration sensors: are used, for example, vibrations caused by positional
changes of the subject can substantially mask smatler vibrations, e.g., vibrations caused by
breathing flow. which smaller vibrations may be of greater interest from a subject diagnosis

peIspective,

100177 In general, references heveln to “changes in body position of the subject”™ or simtilar
are tntended to deseribe gross body motion, which can tvolve changes in posture of the
subject and/or changes in location of the subject on the support (e.g., as opposed to motion of

a Hiaited portion of the body such as chest movement during breathing). Wlile in many
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instances changes in body position will thevefore culminate in the subject baving a different
postare and/or location on the suppeort, it should be recogised that in seme mstanees a change
it body position in the.context of the present disclosure may catminate in the subjoot

refurning to the same posture and/or location on the support.

{0018] The identification of portions of the fivst sighal that correspond to periods. of body
position movements and periods between body position movements, e.g., periods of rest, can
enable a nuntber of advantages to be realised. For exaniple, analysis of sialler movements,

o smaller vibrations, such as breathing flow vibrations and heart sound vibrations, can be
carried out with greater accuracy by constdering the signal at periods of rest only, Further,

the efficiency of the analysis may be ncreased by selecting more velevant portions of the
signal for analysis only. Still further, the identification of periods of rest (also termed
quiescent or guigscence periods) and periods of body position movement, can be used as part
of a particular diagnosis, e.g., if sleep state, cte., is being assessed.  Additional advantages will

also become apparent from the subseguent discussions.

[0019] Where one of more vibration sensots are used, the vibration signal noay be an
acoustic (sound) signal and the one or more vibration sensors may be acoustic sensors.
Nobnetheless, vibration signals with frequencies outside of the range of hearing may also be

used.

{00207 In this discusston, for simplicity, refereace i made to first, second.aud thied pottions
of the simtal that correspond, respectiviely, to a first time period during which the subject
changes body position on the support, a subsequent second time period during which the
subject makes substantially no change in body position on the support, and further subsesquent
third time period during which the subject again changes body position on the suppost.
However, the system and method is not necessarily limited to identifying three portions of the
signal only. Indeed, over the course of a phase of menitoring, multiple portions of the signal
that corresponsd & time periods during which the subject chunges body position on the support
may be identified (e, multple ficst andfor thisd portions of the signal wmay be identified),
along with multiple intermediate time periads duting which the subject makes substantially no
change in body position (i.e. multiple second portions of the sigral may be identified). Thus,
a third portion of the signal, immediately following a period in which the subject makes

substantially no change in body position on the support, may also be considered to-provide a
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first portion of the signal invnediately preceding the next period in which the subject makes
substantially no change in body pesition en the support. This process can be described as a
moving window of sampling that can be carried out over a tong recording period {¢.g.. over

multiple hours of recording).

[0021] One or more of the first, second and third portions of the first signal, from the first
sensor, may be identified by analysis of parameters of the signal, such as the amplitude,
duration, freqoency content, and timbre. For exarple, the amiplitnde of a vibration sigual
may be relatively high during periods of body movement and relatively tow during periods of
rest. The amplitude of the vibration signal may therefore be compared with one or more
predetermined threshold amplitudes to determine if the vibration signal, at any point in time,

i indicative of a change in body position of the subject on the support or a period of rest.

jO022]  Additienally or atternatively, one or more of the first, second and third portions of
the first signal, from the first sensor, may be identified based on analysis of a different signal,
generated from a different sensor. The different signal/sensor may be the same or an
alternative type of signal/seusor to the ficst signal/seusor. As an example, one or more
vibration sensors and one or more displacement sexsors may be provided in or on the support.
First, second and third portions of a first vibration signal, from a first vibration sensor, may be
identificd based on analysis of oue or more displacement signals from the oue or more
displacement sensors. The displacement sensors may comprise a PVDF ceaxial cable, for
example, that extends across the support. The displacement sensors may each generate a
displacement signal indicative of periods of changes in body position and periods ef rest. By
tifne-matehing the vibration sigaal with a displacernent sigoal, one of moce of the fiest, second
anyd third portions of the vibration stgnal can be identified based on an analysis of the

displacement signal.

{0023] Adfter identification of the first, second and third portions of the signal, any one or
more of the first, sceond and third portions of the sgnal may be subjected to forther analysis.
In one embodiment, the second portion of the signal, which cotresponds substantially o a

pertod of rest, may be subjected to further analysis.
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[0024]  As an initial step ov otherwise, the second portion of the signal may be analysed to
detetsrang if 10 is of suthicient quality to provide useful information for didgnostic purposes,

t.e. it is of sufficient quality to be a signal of nteyest.

[0025] Determining whether or not the second portion of thi: signal is of sulficient quality
muty be achieved by determining if the amplitude of the signal, e 2. at one or move particutar
frequencies, exceeds a predetermined threshold level. However, care must be taken,
pacticalarty wherne analysiz of breathing quakity or sleep apnea, et., s being carried ovt, not to
rule out the possibility that a lower amplitude of the signal is a dircet result of breathing
difficulties or sleep apnes, etc. In these circumstances, signal amplitudes at frequencies
related to breathing function may be low but the quality of the signal may in fact be high.
Similar care must be faken where a pathology exists that causes intermittent vibrations, such
as wheezing, crepitations {lung crackles), snoring, tecth grinding, heart murmurs, or abnormal
breathing patterns, which may in twrn cause absence of a strong signal for a substantial period

of time, even when the quality of the signal i3 high.

[0026] fu consideration of this problem, 1u ene enbodinent, the systera is adapted to
identify a feature of the second portion of the signal that corresponds to a heartbeat of the
subject, and determine if that feature of the signal is above or below a predetermined signal
thresheld. On the assumption that the subjeet™s beart is beating properly, the amplitude of the
heartbeat feature of the signal can be indicative of the proximity of the subject’s heart to the
sensor. Since the heart position is relatively fixed in relationship to the thorax of the subject,
the amplitude of the heartbeat feature of the signal has been found to be a particularly
effective parameter for determining signal quality where breathing reluted conditiats ave
under analysis. Thus the heartbeat feature of the signal may be used as a continuing reference
signal to which other features of interest of the signat (e.g. breathing flow seunds) are

compared.

[0027] An additional or alternative approach to determining whether or not the second
portion of the signal is-of sufficient quality to be a signal of taterest involves evaluating a part
of, or the entire period of. the second portion. Typically, if the signal is of a sufficient qualicy
for any part of the second portien: then this indicates that the signal quality will be sufficient
for the entive period of the second portion. This is because there is substantially no change in

body position of the subject during the second pertion and the proximity of the subject to the
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sensor during the second portion therefore remains substantially constant. Further, during the
second portion, thete are no large mierfering signals such as these from body position changes
to mask the lower magnitode signals of interest. 'Whes, for exanple, a breathing signal is
identified during only part of the second portion, the part of the second portion where no
breathing signal is identitiable is highly indicative of sleep apnea. Likewise if breath sounds
inchiling wheeze are detected during a fiest part of the second portion, but breath sounds with
no wheeze are detected for a latter part of the secored portion, it is highly indicative that the
subject i not wheezing during the lager part of the second pottion, rather than it being

indicative that the sighal is of lower quality at this point in time.

{0028] Ay additional or alternative appreach o determining whether or not the second
portion of the first signal from the fivst sensor is of sufficient quality to be a signal of interest
involves comparing the second portion of the first signal from the fivst sensor with a
corresponding portion of a signal generated from another sensor and determining relative
signal guality of the two second portions. This appreach niay be carried out gs part of an

optimtisation procedure.

[0029] 1In more detail, in addition to the first sensor, at least a second sensor positioned in or
on the support can be provided, the second sensor adapted to produce a second signal
indigative of movement of the subject over 4 period of tiime. The provessor of the system may
be adapted, and/or the method may comprise steps, to:

receive the second signal from the second sensor;

identify a first portion of the second signal that corresponds to the first time
period, ducing which the subject chauges body position on the support;

identify a third portion of the second signal that corresponds to the third time
pertod, during which the subject changes position on the support;

identify a second portion of the second signal, that corresponds to the second
tie period, between the fivst and third time peviods, during which substantially nochange in
body position of the subject on the support takes place; and

compare at least part of the second pertion of the second signal with a

corresponding part of the second portion of the fust signal.

100301 The provision of a plurality of seusors fo detect oovement, e.g. a plurality of

vibration sensors or otherwise, which sensors can be provided at different parts of the support,
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ca reduce difficulties with obtaining a high quality signal when a subject changes body
pasition on the support. Since the sensors are not affixed to the subject, as the subject moves
on the support away fron one of the sensors, the strength/quality of the signal from that
sensor is hikely to reduce. However, the subject may nevertheless move towards another of
the sensors {or at least move less far away from that other sensor), such that at least one of the
sensors provides a signal of sufficient quality for diagnostic purposes. At any point in thne,
more than one of the sensors may provide a signal of sutficient quality or enly one sensor
muay provide a signal of sufficient quality. Regardless, when multiple sensors are provided,
and thus muldtiple signals are produced, the highest quality signal can be selected at any point

in tinie andfor for any time peried, as part of an optimisation procedure.

[0031] One advantage of identifving the fivst, second and third portions of the signals is that
these signal portions correspond to time periods in which it is predictable that the quality of
the signals will change or remain constant. Generally, during the second time period, the
subject rernains substantially at rest o the support. Therefore, the quality of the second
portion of the signal from each sensor, and the relative guality of the second portion of the
signal between different sensors, is likely to yemain substantially the same across the entire
second tirne period. However, when a subject moves doring both the first and third time
periods, the guality of the portions of the signal cotresponding o those periods s likely to be
in a state of change. The first and third time periods ate periods of transition for each sensor,
with the quality of the signal from the sensor immediately after the first or third time peried
being likely to have changed in comparison 1o the quality of that signal from that sensor
immediately before that first or third time period. Furthermore, the quality of the signal from
one of the sensors immediately after the fivst or third time period is likely to-have changed in
comparison to the quality of the signal from another of the sensors immediately atter the

corresponding tirae peeiod.

{00321 Determining when the quality of a signal is likely to have changed can be
particalarty beneficial if ‘real-time” analysis of the signals is performed, for example. While
in some embodiments, a eontigtious record of the signals indicative of movement for a subject
over an extended period of time can be generated and recorded, and analysis of the signals
perdformed subsequently, e.g., after the subject removes themselves from the support, in other
embodiments, analysis may be performed in real-time., Real-time analysis may be particularly

useful if an immediate warning of breathing or other difficulties is required. The system may
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provide an audible and/or visual alert signal when hreathing difticulties have been detected
{e.g. 4 pariod of apned or wheezing) of periods of heart abnorroalities (e.g. arthythimias, etc.).
Regardiess of the reasons for real-time monitoring, it may net be desivable to contivvally
compare the quality of signals from multiple sensors as part of an optimisation process. For
example, continuous comparisons may be a drain on processing power and may imcrease the
risk of errors in the sysfem. By wdentifying portions of the signals from the sensors that
correspond to time periods during whieh the subject changes body posttion on the support,
comparisons of the quality of signals from different sensors may be carried out more
selectively., For example. comparisons of signal quality between different sensors may be
carricd out shortly after 4 period of change of body position, e.g. within a 30 second, 20
second or 10 second period after the end of the first period or third period or from the start of

the next period.

{0033] Following from the discussions above, according to one aspect, the present
disclosure provides a systeny for nonitoring physiological activity coruprising:
at {east first and second sensors positioned in or on a suppott, the support being
adapted to receive a subject, each of the first and second sensors adapted to produce a first
and second signal, respectively, indicative of movement of the subject over a period of time;
processing apparatus adapted o
receive the first and second signals frony the first and second sernsors:
identify a tirst portion of each of the first and second signals that corresponds
to a first time period during which the subjeet changes body position on the sapport;
identify a second portion of each of the first and second signats that
corresponds to a second time period, that inumediately follows the first time period, during
which substantially no change in body position of the subject on the support takes place; and
compare the signal quality substastially at the stact at least of the secound
portion of the first sigral with the signal quality substantially at the start at least of the second
portion of the second signal, and select the second portion of the first or second signal with

higher sigual quality for further analvsis.

[0034] Additional sensors may be provided. For example, in one emboediment, first, second,
third and fourt sensors ave positioned in or on the wupport, the first, seeond, third and fourth
sensors adapted to produce first, second, third and feurth signals, respectively, indicative of

movement of the subjeet over a period of time, and the processing apparatus is adapted to:
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receive the first, second, third snd fourth signals from the first, second, third and

fourth sermsovs;

identify a first portion of cach of the fivst. second, third and fourth signals that
correspends to a first time period duning which the subject changes body position on the
support;

identify a second portion of each of the first, second, third and fourth signals
that eorresporuds o a sceond time pariod, that immediately follows the first time period,
during which substantially no change in body position of the subject on the support takes
place; and

compare the sigial quality substantially at the start at least of the sevond
portion of every one of the first, second, third and fourth signals, and select the second portion

of the first, second, third or fourth signal with higher signal quality for further analysis.

{0035]  In any of the aspects disclosed, the signal from one or more of the vibration sensors
may be split into separate channels. The signal may be split into separate channels acecording
to frequency or otherwise. The analysis aud comparisen techniques described above can be

carried out on the entire signal andfor separate channels of the signal.

{t036] Particularly where analysis of breathing is performed and vibration sensors are
employed, for example, the vibration signals may each be split into a first signal based on
breathing effort or breathing movement frequency (hereinafter a breathing effort signal) and a
second signal based on breathing flow frequency (hereinafter a breathing flow signal).
Breathing cffort ix linked to movement of the subject’s diaphragm and therefore has a
relatively low frequency with relatively high amplitude. On the other hand, breathing flow
frequencies tend to be of much higher frequeney, generated througlt high frequeney vibration
of membranes or obstructions in the body., ete., but of relatively low amplitude. By splitting
the vibration signal inte separate signals, more targeted analysis of the vibration signal may be
performed, .., depending on whether or ot breathing effort, breathing flow or a
combination of breathing effort and breathing flow s to be analysed, in crder to arrive ata

diagnosis.

j0037]  Analysis of the quality of the various portions ef the vibration signal may be carried
out on gach of the breathing effort and breathing How siguals separately or v combination. 1t

is recognised, for example, that the velative quality of one of these signals may be different 1o
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the other, for any given vibration signal fronm g vibration sensor. To this end, during the
eptimisation process, for the same time periad, a breathing effort signal froms one sensor inay

be selected as optimal in combination with a hveathing flow signal from a different sensor.

{0038] As indicated, ong or more of the identified first, second and third portions of the
signal obtained from one of the sensors may be subjected to further analysis, e.g. once the
guality of the signal has been assessed and/or an optimal signal has been selected or
asscmbled. Analysis of the second portion, which cotresponds to a pedied of rest. may be

carried out, for example.

{0039] Through analysis of selected portions of the signal, the system and method may be
userd to detect movements that can allow diagnesis of central sleep apnea, obstructive sleep
apuea-or roiged sleep apnea. In general, apneic events are characterised by pauses in or
obstructions to breathing. In the present disclosure, the pauses or obstructions ean be

identified through analysis of the breathing effort signal and/or the breathing flow signal.

{00407 Central apyes oceurs when no divection to breathe 15 transmitted from the brain.
Central apuea can therefore be determived theough identification of a pause in both the
breathing effort signal and the breathing flow signal. The pause may be identified as a period
in which the signal level does not rise above background noise for a period of time exceeding
a threshold pertod of time, the pause being immediately preceded and followed by periods in
which the signal tevel does rise above background noise. Additionally or alternatively, the
pause may be identified as a period in which the signal level has a reduction in amplitude, .8,
of at least 90%, in comparison to preceding andfor subsequent periods, for a petiod of time
exceeding a thigshold peried of time. The theeshold period of tinte may be 10 seconds for

adulis or equivalent to 2 hreathing cycles for children, for example.

{00417 Obstructive apnea ococurs upon obstruction of the upper ateway, e.g. when relaxation
causes the palate and tongue o close tho upper aivway (throat), Obstructive apnea can
therefore be determined through identification of & pause in the breatbing flow signal but not
the breathing effort signal. Such events have continued breathing efforts but reduced or absent
breathing airflow. Agaiv, the pause may correspond to a period in which the signal level does

notrise above background poise or corresponds to a reduction in amplitude, e.g. of 90%, in
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comparison to preceding andfor subsequent time periods, for a period of time exceeding the

threshold peviod.

{0042] Mixed apnea oceurs when, over a predetermined analysis peciod, both central apnea
and ohstructive apaea can be identified. Mixed apnea can therefore be determined based ona

combination of the approaches taken to determining centval and obstructive apnea.

{0043] Through analysis of selected portions of the signals, the system and method may be
used for diagnosis of other events or conditions such as short eyele apneic events, breathing
pattern changes such as Chevie-Stokes breathing, hypopuneic breathing, non-apoeic, non-
hvpopneic pactially obstructed breathing (simple snoring), REM related heartbeat patterns,
wheezing, lung crackles {crepitations), leg movements, abnormal body movements, teeth
grinding and jaw movements, hug infection, heart reormoues, heart chython abnormalitics, and

fetal movements.

[0044]  Another advantage of identifying the first, second and thivd portions of the signals is
that they can enable identification and quantification of periods of sleep, periods of intention

to sleep, or periods-of wakefulness, ate.

[0045]  According to one aspect, the present disclosure provides a system adapied to estimate
duration of a pertod of sleep of a subject comprising:
one of more sensors positioned in or on a support, the support being adapted to
receive a subject, at least 4 first oue of sensors being adapted o produce a signal indicative of
activity of the subject over time including the subject changing body position and respiratory
events of the subject; and
procassing apparatus adapted fo:
identify a first portien of the signal that corresponds to a first time period
during which the subject changes body position on the support;
identify a third portion of the signal that corresponds to a third time period
during which the subject changes body position on the support;
identify a second portion of the sigual, that corvesponds to 4 second time
period, tmmediately between the first and third time periods, during which substantially no
change in bady position of the subject takes place;

telentify one or more vespivatory indicators of sleep i the second portion of the
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signal;
estimate sleep onset time of the subject as the carlier of:

(1) a predetermincd threshold time {x), if the second period of time
extends after the end of the first period of time for a time that is equal to or greater than the
predetermined threshold time {x); or

(i1) a time at which the earliest respivatory indicator of sleep in the second
portion of the signal is identified; and

caleulate ¢ duration of a period of sleep of the subject as the time between the

estimated sleep onset time and the start of the third time pertod.

{0046] According to another aspect, the present disclosiire provides a method of estimating
duration of a period of sleep of a subject comprising:

identifying a first portion of a sigial, wherein the signal is produced by a sensor
positioned in or on a support adapted to receive a subject, the signal being indicative of
activity of the subject over a period of ime including the subject changing body position and
respiratory events of the subject, and wherein the first portion of the signal corresponds to.a
first time period during which the subject changes body position on the support;

identfying a third portion of the signal that corresponds to a third time period doring
which the subject changes body position on the suppeort;

identifying a second portion of the signal, that comesponds to a second tinwe period,
immediately between the first and third time periods, during which substantially no change in
boedy position of the subject takes place;

identifying one or more respiratovy indicators of sleep in the second portion of the
signal; and

estimating sleep onset time of the subject as the earlier of:

(1) g predetermningd threshold time (), i the second period of tinie extends
after the end of the first peciod of tine for a time that is equal to or greater than the
predetermined threshold time (x); or

(i) 2 time at which the sarliest tespiratory indicator of sleep in the secoud
portion of the signal is identified; and

cateulating a-duration of a period of sleep of the subject as the time between the

estimated sleep onset time and the start of the third time period.
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[0047] 1o general, if a subject lies immobile for a long period they are more likely to be
asleep than if they ate rnmiobile for only short pariads of time. The entivety of such a period
of quiescence (a period where substantially no change in body position of the subject takes
place} is not necessarity associated with slecp. However, sleep can be estimated to have
occurred after a predetermined threshold time from the start of quiescence has elapsed, based

on probahility analysis.

{0048] Caleulating a dueation of sleep ¢f a subject based only on petiods of quicscence and
body movement can be problematic, however, in the presence of sleep disordered breathing
(SDB). Suoring and respiratory events can disrupt sleep resulting in very short periods of
sleep and, potentially, very short periods of quiescence, It SDB is present, and only gross
body movements and periods of quicscence are nsad in the estimation of sleep, short periods
of quiescence may be incorrectly classified as wake. Nonetheless, the presence of respiratory
indicators of sleep can be used to increase probability of sleep being present to 100%,
regardless of quisscence duration. Following from this, the present disclosure estimates of a
sleep onset time if a subject is quiescent for > x seconds or a vespiratory indicator of sleep is
present in the period < x seconds. The approach permits the inclusion of very short periods of
quiescence as sieep and allows for a muore tobust method of identifying sleep onset and sleep

duration,

J00491  Again, the one or more sensors positioned in or on a support may be vibration
sensors adapted to produce a signal indicative of vibration caused by the subject over time.
However, alternative types of sensors may be used, such as ECG, EEG, EMG and EOG

SCRSOLS;

{00501 Respivatory indicators of sleep may include snoring and/or breath sound changes, for

exanmple.

{00517 In the above aspects, changes in body position of the subject, and respiratory events,
are assessed using sensors such as vibration sensors located in or on a support for recetving

the subject. In alternative embodirnents, other types of sensors, sach as microphones, may be
emploved to assess one or both of these parameters, and which other sensors may or may not

be positioned in or on any support for receiving the subject.
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{0052] Thus, according to one aspect, the present disclosure provides a systein adapted to
estimate duration of a period of sleep of & subject comprising:
one ot nore seasors adapied to moniter changes in body position of the subject and
respiratory indicators of sleep from the subject; and
processing apparatus adapted to;
identify a quiescence time period during which substantially no changs u body
position of the subject takes place, the time period starting immediately after the end of a first
body movement and ending immediately befove the start of a second body movement;
identify one or more respiratory indicators of sleep from the subject during the
quiescence time period;
estimate sleep onset time of the subject ag the carlier of:
(i) a predetermined fhreshold time (%), if the quicscence time period
extends for a time that is equal to or greater than the predetermived threshold time (x); or
{i1) a time at which the carlicst respiratory indicator of sleep during the
quiescence time period is identified; and
calculate a duration of a period of sleep of the subject as the time between the

estimated slecp onset time and the start of the second body movement.

{0033] TFurther; according to another aspect, the present disclosure provides 4 roethod of
estimating duration of a period of sleep of 4 subject comprizing:
identifying a quiescence time period during which substantially no change in body
position of a subject takes place, the time period starting inmediately after the end of a fiest
body movement of the subject and ending immediately before the start of a second body
movement of the subject;
identifying one or more respiratory indicators of sleep from the subject during the
guiescence time perfod:
cstimating sleep onset time of the subject as the eadier of;
{iya predetermined threshold te (%), if the guiescence time period extends for
a time that is.equal to or greater than the predetermined threshold time () o
{11} a time at which the earliest respiratory indicaton of sleep during the
quiescence time period is identified; and
calculating a duration of a peried of sleep of the subject as the time between the

estimated sleep onset time and the start of the second body niovement,
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[0034]  In these aspects, substantially no change i body position of the subject may be
considered to have taken place if any body movenent that is identifiable Tasts less than a body
movement thieshold time {v). The theeshold thre (v) can be determined ag a time period
where, when movement lasts for a time less than that tme period (y), the subject has a very
high probability of remaining in a sleep state. Following from this, the first and third time

periods identified in preceding aspects exceed the body movement threshold time (y).

{00557 In one emboediment, the predetermingd threshold tinie (X) in any of the preceding
aspects is chosen to reflect a 90%, 25% or 99% probability that sleep onset has ecourred, for
example. In one embodiment, X is between 90 and 130 seconds, e.g., about 110 seconds, and
yis between about 10 and 20 seconds, e.g., about 16 seeonds. I practice, however, values
for x and ¥ will change for subjects falling in ditferent age grougs, with different pathologics,
and different genders, and for subjects being monitored in different locations (e.g., when

sleeping at home, or when sleeping in a hospital or laboratory), ete.

{0056] In the above aspects-or otherwise, an "intention to steep” time may be estimated.
This miay be take advantage of the fact that the sensors ave provided 11 or o9t 2 suppant, .8 as
opposed to being directly attached to the subject, and therefore moveable with the subject
when they move away from the support. Thus, to the extent that the sensors can recognise
that a subject has been received by the support (e 1s Iying on or against the suppoct), onset
of an intention to sleep can be readily calculated. An intention to sleep time can be estimated
as the total time that the subject is sensed on the support, e.g. through sensing movement,
vibrrations, heart beat and/or breathing sounds, ete. In some embodiments, the intention o
slesp time can be estimated as the total titge that the subject is sensed on the support up to the

timhe at which sleep onset is estimated to have stavted.

{0057] The approach may prevent overestimates of intention to slegp time sinee itcan more
accurately identify onset of an intention to sleep, €.z, Ih comparison to a system which relies

on mere activarion of apparatus, at which point the subject may have no dnteation to sleep.

100581 Related to this, itcan be seen that the systems and methods of the present disclosure
can provide a means of surveillance of the subject. In contrast to a monitoring system that
relies on tethering of sensors to the subject, the systems and methods, which use non-contact

sensors, cau permif @ more hohistic monttoring of the subject to take place. Notonly ¢an
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smaller movements such as breathing movements of the subject be monitoved, but the location
and movement of the mehile, ambulatory, non-tethered subject relative to a support can alse
be menitored. Where the support is a bed, for examptle, the sensors can be used to determine

if the patient is on the bed, off the bed, and/or moving on the bed, for example.

[0059] Generally, it will be recogaised that & processor of processing apparitus as disclosed
herein may comprise a number of control or processing modules for controlling one or more
compontents of the apparatus and may also inchide one or more storage elements, for storing
vibration signal data, analysis data, and patient data, ete. The modules and storage elements
can be upplemented using one or more processing devices and one or more duta storage units,
which modules and/or storage devices may be at one tovation or distributed across multiple
locations and interconnected by one or more communication links, Processing devices may
include computers, tablets, smartphones, personal digital assistants and other types of
computing devices, including computer syvstems manufacture specifically for the purpose of

carrving out methods according to the present disclosure,

{006(] The pracessing rmodules can be implersented by a compuier prograns or progean
code comprising program instructions. The computer program instructions can include source
code, ebject code, machine code or any other stored data that is operable to cause the
PrOCESSOr OF progessing apparatis to perform the steps described. The computer program can
be written in any form of programniing language, including compiled or interpreted languages
and can be deployed in any form, including as a stand-alone program or as a module,
component, subroutine or other unit suitable for use in a computing environment. The data
storage device(s) may include suitable cormputer readable media such as volatile (e.g. RAM)

andfor non-volatile (e.g. ROM, disk) memory or otherwise.

{00611 Signal analysis cacried out in accordance with the present disclosure, e.g., to identity
portions or features of signals comresponding to changes in body pesition, breathing-related
cvents, heartbeats or otherwise, may employ a variety of different signal processing
techiigues, Amplinede analysis, Ume domain anatysis and/or frequency domain analysis may
be carried out, utilising RMS values, variance, probability density, time history, impulse

response, correlation, covariance, filters and/or Fourier transtorms, for cxample.
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Brief Description of Drawings

{00621 Fig. 1 shows a schematic iltustration of physiological activity monitoring apparatis

according to an embodiment of the present disclosurg;

{00631 Fig. 2 shows a schematig ithusteation of cewnponents of the apparatus of Fig. 1;

{0064] Fig. 3 shows an example of an image produced by a display device of the apparatus

of Fig. 1;

{0065] Fig. 4 shows a flowchart that represents steps carried out by processing modules of

the apparatus of Fig. 1;

{0066] Fig. 5 shows another flowchart that tepresents steps carried out by processing

modules of the apparatus of Fig. 1:

[0067] Fig. 6a shows another example of an image produced by a display device of the
apparatus of Fig. 1, and Figs. 6b and 6¢ show different compesite signals derived from signals

reprosented in the image of Fig, 6a;

[0068] Fig. Tato 7l show breathing vibration signal teaces which include pauses,
ehsteuetions andfor reductions in amplitude indicative of eeutral apnes, ebstructive apnes,
mixed apnea and hypopnea;

{0069] Fig. 8 shows avother example of an image produced by the apparatus of Fig. 1;

j00707 Fig. 9 shows a flow chart Hlustrating how sleep onsite time can be estimated by a

signal precessing module of the apparatus of Fig. 1;

{00711 Fig. 10 shows a flow chart ithustrating how duarations of sleep periods can be

estimated by the signal processing module of the apparatus of Fig. 1

{0072] TFig. 11 shows vibration signal fraces illustrating quiescent periods and bedy

movenents in rans of wake and sleeps
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[0073] Fig. 12 shows a frequency distribution of body movements in witke and sleep within

PSG recordings recorded in an example of the present disclosure; and

{00741 Fig. 13 shows a frequency distribntion of quiescent pectods in wake and sleep within

the PSG recordings recorded in the example of the present disclosure.

Description of Embodiments

{0075] Physiological activity monitoring apparatus 10 of a system according to an
embediment of the present disclosure is iltustrated in Fig. 1. The apparatus 10 includes a
supprost, 10 particular a neattress 1, adapted to recetve a subject in a recumbent position, and a
workstation 2. The mattress 1 inclodes foam and a plurality of vibration sensors 1la-d, in
particolar a first vibration sensor 11a, a second vibration sensor 11b, a third vibration sensor
11¢ and a fourth vibration sensor 1ld, positioned within respective recesses in the foam. A
top surfuce of the vibration seusors 11a-d is focated substantially flush with or projecting from
a top strface 12 of the mattress | such that any one or more of the sensors 11a-d may press
against the recumbent subject at any point in time. Nenetheless, a sheet or other covering
may be positioned over the sensors 11a-d and/or mattress 1, batween the vibration sensors
11a-d and the subject. The vibration sensors 1 la-d are located at a position that is roughly
one third of the length of the mattress 1 from a head end 121 of the mattress 1. This position
is intended to correspond to a position at which the subject’s chest is located. The vibration
sensors Tla~d are “non-contact sensors”™ since they are not affixed to the subject. The subject
may therefore move freely in relation to the sensors 11a-d. Tn this embodiment, the four
vibration sensors 11a-d are distributed in an array configuration, in particular a diamond
configuration. While vilwation sensors are described in this detailed description, other types
of sensors may be used as an alternative or in addition to vibration sensors. For example
EEG, ECG, EMG or EOG sensors may be used. The apparatus may further include one ot
more microphones 16a, 16b ax shown tix Fig. 1, which may be used in conjunction with. the

vibration sensors to sense activity of the subject.

{00761 Referring to Fig. 2, the monitoring appavatus 10 comprises processing apparatus
inchuding a signal acquisition module 13 located in or adjacent the mattress 1, and a signal

processing module 21 provided in the workstation 2. When a subject Hes on the mattress 1,
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exch of the first to fourth vibration sensers 11a-d is adapted 1o produce a correxponding

vibration signal indicative of sensed vibrations from the subject over 4 period of tinte.

{0077] The vibration signals are agguired by the signal acquisition modute 13 and signal
data is optionally stored in a memory 15, The vibration signals are then transmitted from the
matress 1 by a transeeiver 14, over & wireless communication Huk 3, to the workstation 2.
The stgials are received at the workstation 2 by a further transceiver 22 and are subjected to
processing by the signal processing module 21, The received signals can be stored in a
turther memory 23, In alternative embodiments, a wited communications link may be used in

place of the wireless link 3.

{0078] The signal processing moduole 21 in this embodiment is adapted to cause images to
bie displayed on the display device 24 of the workstation 2, which images provide graphical
representations of the vibration signals. An exaniple of such an image 4a is provided in Fig.

3

{079] The signal processing module 21 is configured to split each of the first to fourth
vibration signals into separate.channels on a frequency-specific basis. In pacticular, the signal
processing module splits each of first to fourth vibration signals, produced by the first to
fourth vibration sensors 11a-d, respectively, into 4 breathing effort signal and a breathing flow
signal. Breathing effort is linked to meovement of the subject’s diaphragm and therefore has a
relatively low frequency but relatively high gain. On the other hand, breathing tlow
frequencies are much higher but of relatively lower gain, and are generated by vibrations
caused by turbulence of air flow through the upper atrways and in the lung atrways, or by
absteuetions w the body, ete. By splitting the vibration signaly in this manngr {with both
amplitude and frequency), a targeted analysis of each of these signal types can be performed
by the signal processing wodule. For each sensor 11a-d, the breathing effort signal and the
breathing flow signal are represented separately in the images, and marked in Fig. 3 with

refevence numbers 41a-d and 424-d, pespectivety.

{00807 In this embodiment, with reference to flowchart 100 of Fig. 4. at 101 the signal
processing module is adapted to, for both the breathing effort signal and the breathing flow
signal from each of the first to fourth sensors 11a-d, identify a firse portion of the signal that

corresponds to a first time period during which the subject changes body pusition on the
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mattress 1. Ar 102, the processing module is also adapted o identify a third portion of that
signal that correspends to a third time pertod during which the subject changes body position
on the matiress 1. At 103, the processing module is adapted to identify a second portion of
the first signal that corresponds to a second time period, between the first and third tme
pertods, during which substantially no change in body position of the subject on the mattress

1 takes place. At 104, the processing module subjects any one ov more of the fivst, second and

third portions of the signal, e.g. the second portion, to further analysis.

J0081] The signal processing module 21 is adapted to identify the first and third portions of
the vibration signal by comparing the amplitude of the vibration signal with a predetermined
threshold amplitude. In Fig. 3, for each signal 41a-d, 42a-d from each sensor 11a-d, a
relatively large signal amplitude exceeding the predetermined threshold amplitude is evident
during two time periods. The portions of each vibration signal corresponding to these two
time periods are identified in Fig. 3 as first portion 43 and third portion 45, As indicated,
these portions 43, 43 vorrespond to tiime periods in which the subject bas changed body
pesition {i.e. periods of gross bedy movement of the subject). Based on identification of the
firstand third portions 43, 43 or otherwise, the signal processing module is also sdapted to
identify a second portion 44 of each vibration signal, which falls directly between the first and
thivd poctions 43, 43, and which corresponds to # period jo which there is substantially no

change in body position of the subject.

{0082] Since the sensors 1la-d are not directly attached o the subject, movement of the
subject can have a considerable effect on the nature of the vibrations sensed by the sensors
11a-d. Vibrations caused by positional changes of the subject substantially mask smaller
vibrations caused by breathing effort and breathing flow. In Fig. 3, the small vibrations
caused by breathing effort and breathing flow are readily evident in the second portion 44 of

each of the signals, but not in the first and thied portions 43, 435 of the signals.

{0083] While Fig. 3 illusteates two portions 43, 45 of cach signal that correspond
positional changes of the subject, over a tonger period of tirve, e.g., during a night’s sleep,
there can be many more positional changes of the subject. Following from this, over the
course of a phase of menitoring, the signal processing module 21 is adapted to identify

muliiple portions of the vibration signal that corvespond (G time periods during which the
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subject changes body position, along with multiple intermediate time periods during which

the subject makes substantially no change s body position.

{0084] By idewtifying time periods during which the subject makes substantially no change
in body position, the signal processing module can in one embodiment perform a targeted

andtysis of breathing effort and breathing flow vibrations during these periods only.

j0085] Additionally or altematively, by identifying periods of rest, in addition to periods of
body position movement, the signal processing module can iy one embodiment make detailed
assessments of sleop state. Further, cortain patterns of body position movement may be
identified, for example, and the patterns may be correlated with different types of sensed

breathing activity.

{0086] The signal processing modude 21 can determine if asecond portion 44 of one or more
of the signals is of sufficient quality to be used for diagnostic purposes. For example, it can
ascertain a signal amplitude of the second portion and determine that the second portion is of
sufficient quality to be used for diagnostic purposes only if the amplitude exceeds a
predetermined threshiold level. Further, aud with veference to the discussions of Fig. § below,
the signal processing apparatus can identify a part of the second portion of the one or more of
the signals corresponding to the subject’s heart beat and determine that the second portion is
of sufficient guality to be used for diagnostic purposes if the part corresponding to the heart

beat has an amplitide that exceeds 8 predetermained threshold level.

J00871 A quality check of the second portion 44 of the signal can be made by the signal
processing module 21 by analysis of a segment only of the second portion of the signal. For

example, analysis may be performed at the start of the second pertion onty.

{00881  In this embadiment, through identification of the various different pottions of the
vibration signals, corresponding to changes in body position of the subject and peviods of rest,

the signal processing module is adapted to carry out an optimisation procedure.

{00891 Generally, the use of non-contact sensors means that signal quality across the sensors
may vary ever a perfod of ime. The subject may move away from any one or mwore of the

sensors when they change their body position, at which peoint the strength and quality of the
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vibration signal produced by that vibration sensor is likely to be reduced. However, the
subject may pevertheless, at the same time, move towards one or more other of the vibration
sensors (or at least move: Tess far away fronm one or more other of the sensors), such thag at
least ome of the vibration sensors provides a vibration signal of sufficient quality for
diagnostic purposes. At any point in time, more than one of the sensors may provide a
vibration signal of sufficient quality or only one sensor may provide a stgnal of sufficient
quality, Regardless, when multiple vibration sensors are provided, and thus suultiple
vibration signals are produced, the highest quality vibration signal can be selected at any point
i time andfor for any time period, and subjected to further analysis. By selecting the highest
quality vibration signal during diffecent perieds of time, an optimised, composite signal can

be preduced for a particular phase or momitoring.

{00907 In this embodiment, for the purposes of optimisation, with reference to the flowchart
200 of Fig. 5, ag 201 the signal processing module is adapted to identify & second signal
poction of one signdl, Le. a portion in which theve is substantially no change in body position
of the patient. At 202, the signal processing module is adapied o identify a second signal
portion of another signal, corresponding to the same time period in which substantially no
change o the body position of the patient takes place. At 203, the signal processing module
is adapted to conipare the quality of the corresponding second portions of the two signals. At
204, the signal processing module is adapted to select the second portion that has the highest

signal quality.

{00%1] The optimisation process of this cmbodiment can be further understood with
reference to Fig. 6a, which shows ab ftage 4b in which the effects of changes in body
positdon on signal quality across the vibration sensors 1la-d can be seen. A period of time
corresponding to a change in body position of the subject is identifiable roughly in the centre
of the image 4b, indicated by reference number 47. In a period 46 directly before the period
of body movement 47, the amplitude of the breathing effort signal 41¢ for the third vibration
sensor 11¢ is relatively low. However, in a period 48 divectly after the period of body
movement 47, the breathing effort signal 41e for the third vibration senser 11¢-has a ntach

higher amplitude and can be considered of better quality.

100921 To the extent that the signal processing module determuines, for example, that, priov

to the period of body movement 47, the breathing effort signal 41a of the first vibration sensor
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1a has the highest quality of all breathing effort signals 41a-d, and, after the period of body
movement 47, the breathing effort signat 41¢ of the thivd vibraton seusor 11e bas the highest
guality of all breathing etfort signals 41a-d, the signal processing module is adapted to
produce an optimised, composite breathing effort signal, as represented in Fig. 4b, in which
these twa high quality portions signal bave been amalgamated. Substantially the same
technigoe can be applied in relation to the breathing flow signals 42a-d to prodoce an
optimised, composite hreathing flow signal. Analysis of the subject’s breathing effort and/or
breathing flow can then be carrfed out by anakysing the optimised, composite signal(s) in

some embodiments.

{0093] Wihale in Fig. 6b, a signal portion corvespondiig to the pectod of body movement 47
has been included in the compesite signal, in alternative embodiments, it may be excluded,

¢.g. as represented in Fig. 6¢.

j0094]  While the composite signals may be presented on the display 24, e.g. ina form as
represented in Figs. 6b and 6c¢, such as to enable analysis of signals by a elinician or other
hedttheare worker, in some embodimnents the composite signal may be produced forhiterial
analysis by the processing apparatus only. When the processing apparatus performs an
analysis of the signals for the purpoeses of diagnosis of a patient over a phase of menitering,

the processing apparatus can perform the analysis with tespect fo the composite signal,

[0095] Through analysis of selected portions of the vibration signals, the apparatus can
identify, monitor and/or analyse a variety of different body parameters, behaviowrs and
events, including, but not lunited to, breathing, beartbeat, heart function, heart vatve
abnormalities and muemurs, body teflexes, body positioning, gut activity, teeth grinding and
jaw movements, snoring, sleep apuea, sleep state, vestriction of aivways, asthma, guiescent
pertods, period spent asleep or awalke, fetal beart beat, fetal movements, placental blood flow,
crepitation. and/or lung infection, etc. Purther, the analysis may identify abnormal body
moventents and abnormal patierns of movement, which can oceur as a vesult of REM Sleep

Movernsent Disorder, Sleep Myoclonus, and vavious seizore disorders.

{0096] In general, apneic events are characterised by pauses or obstructions-in breathing.
With reference to Figs. 7a to 7d, the pauses or obstrictions in breathing can be identified

through analysis of the breatting effort signal and/or the breathing flow signal.
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[0097] Central apnea occurs when no direction to breathe is transmitted from the brain.
Referring 1o Fig. 7a, cewtral apnea is therefore deterroined in this embodiment through
identification of a pause in both the breathing effort signal and the beeathing flow signal. The
pause is identified as a period in which the signal level does not rise above background noise
for a period of time exceeding a predetermined threshold period of tine, the pause being
immediataly preceded and followed by periods du which the signal level does rise abowe
background noise. In alternative embodiments, a panse can be identitied as a period in which
the signal level has a reduction in amplitude, e.g., of at least 90%, in comparison to preceding
and/or subsequent periods, for a period of time exceeding a threshold period of time. The
theeshold period of time in this embodinent is 18 seconds for adults, although a variety of

different threshold levels may be selected.

[0098] Obstuctive sleep apnea oceurs upon obstraction of the upper airway, e.g. when
relaxagion causes the palate and tongue to close the upper-airway {throat}. Referring to Fig.
7l obstructive apnea is therefore deterinined n this einbodiment through identification of a
pause in the breathing flow signal but not the breathing effort signal. The pause is identified

in a manner discussed above with respect 1o Fig. 7a.

{0099]  Mixed apnea occurs when, over a predetermined analysis petiod, both central apnea
and cbstructive apnea can be identified. With refevence to Fig. 7o, mixed apuea is therefore
determined in this embodiment through identification of one or more periods in which there is
a pause in both the breathing effort signal and the breathing flow signal, and identification of
one or more periods in which there is a pause in the breathing flow signal but not the

breathing effort signal,

{01001 Central Hypopnea occurs when there is a change (e.g., reduction) of breathing effort,
over a period of time coupled with a change (e.g., reduction} of breath sound inteusity. With
reference to Fig. 7d, hypopnea is determined in this embodiment threugh fdentification of ene
or taore periods in which breathing effort aroplitude falls below a predetermined threshold

level.

{01011 As indicated above, analysis of selected portions of the vibration signals-can also
allow information ahout fetal behaviour to be determined. This can be further understond

with reference to Fig. 8, which shows an image 4¢ in which a second portion of sighals
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produced from the four vibration sensors 11a-d can be seen. The higher frequency autput 42d
from the fousth sensor 11d 15 indicative of the fetal heartbeat. On the other band the outputs
fresm the first to third sensors 1la-c arve indivative of the breathing and heart sound related

signals of the mother.

[0102] In one embodiment, the apparatos discussed.above with reference to Figs. 1 and 2 18
adapted to estimate duration of a period of sleep of a subject. Again, the signal processing
module is adapted to identty first, second and third portions of at least one of the vibration
signals, but in this embediment it is further adapted to identify one or more respiratory
indicators of sleep in the second portion of the vibration signal and estimate sleep onset time
of the subject as the carlier of: (i) a predetermined threshold time (x), if the second period of
time extends after the-end of the first period of time for a time that is equal to or greater than
the predeterniined threshold tme (X): or (1) 4 time at which the earliest vespivatory indicator
of sleep in the second portion of the vibrations signal {such as a snore or breath sound change)
is identified. The apparatus is adapted to caleulate a duration of & period of sleep of the
subject as the time between the estimrated sleep onset time and the start of the third time

period.

{0103] Fig. 9 provides a flow chart illustrating how sleep onset time s estimated by the
signal processing module in this embodinent. Starting at the top most rectangle, if peciods of
immobility (Qd) are not longer than a constant value (x sec) and there are no respiratory
indicators of sleep, the analysis continues until either a respiratory indicator of sleep occurs or
a Qd peried exceeds x sec. The dotted arrows indicate that a slegp onset time has been
wentified and recorded. Once sleep onset has been identitied the duvation of time between it
anyd the beginning of the next body movement (8 considered to be sleep tme. (ha Fig. 9: Qd
(i3 = Inigal Qd; S0 = slecp onset; x = Qd time threshold (see); Start_Meove = statt time of
body movement; End_Move = end time of body movement and Start_Resp = start time of

respiratory event.)

{0104] Fig. 10 provides a flow chart Hustrating how durations of sleep periods ave-estinted
by the signal processing module. Onee sleep onset has been identified in accordance with the
approach discussed above with respect to Fig, 9, all subsequent body movenrents and Qd
periods are analysed for the enfire study starting a1 the top roost rectangle. A subject is

considered to stay asleep until a movement iy excess of a constant duration {y sec) ocours.
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Following this, the subject refurng to sleep only if the Qd 45 > x seconds or a respiratory
indicator of sleep ocours. The dotted arrews indicate that & pertod of quicscent thine is
collated for the calculation of 3 QdTOTAL, the total sleep time. {In Fig. 10: Qi = Quicscent
time; Qd (i) = Initial Qd; SO = sleep onset; x = Qd time threshold (sec); v = body movement
threshold (sec); Start_Move = start time of body movement; End_Move = end time of body

movement; and Stact,_Resp = start time of yespiratory event).

{0105] This approach cuables Qd periods that are asseciated with & high probability of sleep
to be identified and accounts for subjects both waking from sleep and for short periods of
quiescence that occur in the presence of respiratory events. Fach peviod of Qd is sequentially
identified and either does vot meet the criteria for sleep and s discarded or does meet the
criteria and is included in o total sleep Hme (TST) value. IF there are any body movements >
y seconds, it is assumed that the period following this body movement has reverted to the
wake state and the subject must now lie immobile for > x seconds or a respiratory indicator of

sleepr must be present befove it can be assumed that sleep has once again occurred.

Method

j0106] Signal recordings, in particular polysomnographic (PSG) recordings from 30 adult
subjects were obtained and results compared data generated from EEG recordings in this same
group of subjects. The PSG studies were recorded from patients referred for investigation of

possible sleep-disorderad hreathing.

{01071 In accordance with Figs. ¢ and 10 and the discussions above, variables x and y were
to be determined and in order to ascertain these values, two non-standard events were scored

in each PSGr study.

[0108] The first non-standard cvent was labeled “Sleep Onset” (80) and was scored atthe
precise pointin time that the EEG indicated that sleep had occurred. The time elapsed
between the beginming of a 84 event to the begiming of an EEG avousal was considered to be
sleep time and the time elapsed between the beginning of an EEG arousal to the beginning of
the subsequent SO event was considered 1o be wake time. These ahsolute measures allowed

the identification of blacks (or rung) of sleep and wake to be identitied.
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{0109] The second non-standard event was called “Body movement” (BM) and was
wdentified on thovacic and/or abdominal traces of the PSG study as an abrupt change in the

netmal pattend of respivation identical to the patterns showy for body movement detection.

101107 A threshold of 3 scconds was selected as the minimum duration of a BM event as it

was equivalent to the minimum length of a determined EEG arousal.

{01111 The duration of each BM event and the duration of the periods of quiescence

between cach BM event were caleutated.

{01121 Ruans of absolute wake (EEG arousal to SQ event) and absohitte sleep (50 event to
EEG arousal) of adequate duration (= 1 minute) were identified. Within these discrete periods
of time, and multiple perivds were present for each subject, the BM events and periods of Qd

were analysed.

{0113] Variables x and v were obtained from the dorations of Qd that ecewrred during wake

and the durations of body movements that occurred during sleep.

[0114] Fig. 11 provides an illustration of Qd and body movements in runs of wake and
sleep. The top trace indicates the EEG state and the bottom trace indicates body movements
present on the thoracoabdominal PSG traces. Periods of quiescence are represented as
straight horizontal lines between body movements (breathing movements are present on the
actual PSG recordings but not represented in the ilhustration). Wake occurs between an FEG
arpusal and a Sleep Onset event and sleep occurs between a Sleep Onset event and an EEG
arousal. Vertical dotted lines indicate the boundaries of rung of sleep and wake and the
duration of these runs varied. Within each run of sleep and wake the duration of all body

movements (> 3scconds) and quicscence {QAWAKE and QdSLEEPY were collated.

[0115] Omnce the data was collated, the 93mecentile values of each measure {movement
duration and Qs duration) were used in the processes described above with reference to Figs.
9 and 10, & estimnate the TST. The TST generated from epoch scoring and that generated
from the absolute scoring of the EEG were both comypared to the experimental results in order

to-oxamine accuracy.

Resulis
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[0116] Thirty PSG studies were analysed (15 wmide, age = 58 £ 12 years, BMI =295 £ 5.4
kg/mi2). In these studies there were 133 runs of wike and 239 runs of slegp > 60 seconds.
Within these pertods 1.260 body movements oceurred ducing wake and 349 body movements
occurred during sleep. There were 1,121 periods of quiescence during wake and 570 periods
of quiescence during sleep. There was a significant difference between the duvation of
movements (MoveWAKE = 11.0(7.0, 22.0) and MoveSLEEP = 7.0 (4.0}, 10.0) seconds; p <
0.0001) and the guisscent time (QAWAKE = 17.0 (8.0, 37.0) and Qdsurpp= 98.0 (32.0, 297.3)

seconds; p < 0.0001) that oceurred during wake and sleep.

j0117] Table I below lists the percentile values of quiescent times and body movement
durations during rans of wake and runs of sleep. The 95th centile for quiescent tire during
wake was 110 seconds, indicating that only 5% of all periods of quizscence during EEG
defined wake were longer than this. The 95th centile for body movements during slecp was
16 seconds, indrcating that only 5% of body movements that occur during EEG defined sleep

were longer than this. These two constants were used for values x and v, respectively.

PCT/AU2014/050440

Centiles MoveWAKE | MoveSLEEP | QdWAKE | QdSLEEP
Sth 4.0 3.0 3.0 8.0

25th 74 4.0 8.0 32.0

S0th 11.0 7.0 17.0 98.0

75th 22.0 16.0 37.0 205.8

95th 65.0 16.0 110.0 Q284

Table 1

{0118] The frequency distribution of body movements in wake and sleep within the PSG

recordings is presented in Fig. 12. The 95th centile for body movements that cccuorred ducing
sleep {16 seconds) is shown ag the vertical marker. Both wake and sleep are associated with
eonsiderable numbers of brief body movements < 16 seconds and, although there are

movements > 16 seconds that occur during sleep. they are very few compared to the number

that socur during wake. Thers is a long tail of moverent durations that oecur during wake.

[0119]

recordings is presented in Fig. 13, The 95th centile for the quiescent time duration that

The frequency distribution of quiescent periods in wake and sleep within the PSG

occurred during wake (110 seconds) is shown as the vertical marker. Both wake and sleep are

associated with considerable numbers of quisseeint periods < 110 seconds but there are very



WO 2015/089591 PCT/AU2014/050440

31

few quicscent periods > 110 seconds that ocour during wake. I contrast there is a very long

tal of quicscent durations gheve this threshold that cccur during sleep.

{0120] o summary, from the data gathered using PSG studies, if a subject did not move for
»110 seconds there was only a 3% chance that that the subject wemained awake, In addition,
once the subject was asleep, if a subject moved for » 16 seconds there was only a 5% chance
that they remained asleep following the movement. Based on this, once a subject lies down
with the intention to sleep they nust be immaebile for > 110 seconds to be considered aslesps.

It is beyond this sleep onset point that the calculation of TST begins.

{01211 1t will be appreciated by persons skilled in the ant thar numerous variations and/or
modifications may be made to the above-described embeodiments, without departing from the
broad general scope of the preseut disclosure. The prosent embodiments ae, therefore, to be

considered in all respects as ilustrative and not restrictive.
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CLAIMS:

1. A systesn.adapted to monitor physiclogical activity comprising:
one of moce sensors positionad in or on a suppett, the support being adapted to
receive a subjeet, af least a first one of the sensors being adapted to produce a fivst signal
indicative of movementof the subject over time; and
processing apparatus adapted to:
receive the first signal from the fiest sensor;
identify a first portion of the first signal that corresponds to a first time period
during which the subject changes body position on the support;
identify a thind portion of the first signal that corresponds to a third time period
during which the suhject changes body position on the support; and
identify a second portion of the first signal that corresponds to a second time
pertod, between the first and third time periods, during which substantially ne change in body

position of the subject on the support takes place.

2 The systemof claim 1, whereinn the one or more sensors are vibration sensoes and
the first signal produced by the first vibration sensor is indicative of vibrations caused by the

subject over a period of time,

3, The systentof elaim 1 or 2, wheretn the support comprises a mat or mattress and

the one or roore sensors aie enmbedded Ut the mat o Toattress.

4, The system of any one of claims 1 to 3, wherein after identification, the
processing apparatus is adapted to subject any one or more of the first, second and third

portions of to further analysis.

S. The system of claim 4, wherein the processing apparatus is adapted to subject the

second portion to further unalysis.

6. The system of any one of the preceding claimis, wherein the processing apparatus
is adapted to determine it the second portion is of sufficient quality to be used for diagnostic

purposes.
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7. The system of claim 6, wherein the processing apparatus is adapted to ascertain a
signal amplitude of the second portion and determine that the second portion is of saffictent
guality to beused for diagnostic purposes if the amplitude exceeds a predetermined threshold

fevel.

8. The system of claim 6 or 7, wherein the processing apparatus is adapted to
identify a part of the second portion of the signal comesponding to the subject’s heart beat and
detecmine that the second portien is of sufficient quality to be used for diggnostic purposes if
the part corresponding to the heart beat has an amplitude that exceeds a predetermined

threshold level.

g, The system of claim 7 or 8, wherein the processing apparatus {3 adapted o
evaluate a segmient ouly of the second portion of the signal to determing if the second portion

of the signalis of sufficient quality to be used for diagnostic purposes.

10. The system of claim 9, wherein the segment is at the start of the second portion of

the signal.

11, The system of any one of claims 6 to 10 comprising at least a second sensor, the
sceond sensor heing adapted to produce a second signal indicative of moverment of the subject
over 4 period of time, and wherein the processing apparatus is adapted to:

receive the second signal from the second sensor;

identify a first portion of the second signal that corresponds to the ficst time
perted, during which the subject changes body position on the support;

identify a third portion of the second signal that comesponds to the third time
period, during which the subjeet changes position on the suppott;

identify a second portion of the second signal that coreesponds to the secoud
tithe period, between the first and third tine periods, doring which substantially nochange in
body position of the subject on the support takes place; and

eompare at least part of the second portion of the second signal with a

carvesponding part of the second portion of the fivst signal.

12. The system sccording to any one of elaims 1 to 11, wherem the systent is adapted

to estimate duration of a perind of deep of a subject and wherein thi at least fivst one of the
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sensors is adapied o produce a signal indicative of movement caused by the subject over time
including due to the subject changing body position and respivatory events of the subject; and
whecein the processing apparatas is adapted to

identify one or more respiratory indicators of sleep in the second portion of the
signal and estimate sleep onset time of the subject as the earlier of:

(1¥ a predetermined threshold time (%), if the second period of time
extends after the end of thy first period of time for a dme that is equal to or greater than the
predetermined threshold time (x); o

(1i) a time at which the earliest respiratory indicator of sleep in the
second portion of the signal is identified; and

calculate a duration of a period of sleep of the subject as the time between the

estimated sleep onset time and the start of the third time period.

13. The system of claim 12, wherein substantially no change in body position of the
subject is considered to have taken place during a time period if any body ‘movenient that is

identitiable in that ime period lasts less than a body movement threshold time (y).

14. The system of any one of the preceding claims, wherein the subject is not tethered

to any one of the sensors.

15. The systent of any one of the preceding claims, wherein the subject is a mobile

ambulatory subject that is free to move relative to the seusors and suppott.

16. The system of any one of the preceding claims, wherein a plurality of the sensors

are provided in an array formation in or on the support to form a sensoy field.

17. A gystem for mionitoring physiclogical activity compiising:
at least first samd second sensors positioned in or on a suppott, the support being
adapted to receive a subject, each of the first and second semsors adapted to produce a first
and second signal, respectively, indicative of movement of the subject over a peried of time;
progessing apparatus adapted. to:
recetve the fivst and second signals from the first and second sensors;
identify « first portion of each of the first and second signals that correspaiids

to a first time period during which the subject changes body position on the support;
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identify a second portionof each of the first and second signals that
corresponds to a second time period, that otmediately follows the fust ime period, during
which substantially ne change in body position of the subject on the support takes place; and

compare the signal quality substantially at the start at least of the second
portion. of the first signal with the signal quality substantially at the start at least of the second
partion of the second signal, and select the second portion of the first or second signals with

hizher signal quality for further analysis.

18, A method of estimating duration of & period of sleep of a subject comprising:

identifying a first portion of « signal, wherein the signal is produced by a sensor
positioned in or on a support adapted to receive a subject, the signal being indicative of
movement of the subject over a period of tine inelwding due to the subject changing body
position and respiratory events of the subject, and wherein the figst portion of the signal
corresponds to a first time period during which the subject changes body position on the
suppoet;

identifying a third portion of the signal that corresponds to a third time period
during which the subject changes body position on the support;

identifying a second portion of the stgnal, that cotresponds to a second time
period, immediately hetween the fiest and third tioe perieds, during which substautially vo
change in body position of the subject takes place;

identifying ong or more respiratory indicators of sleep in the second portion of the
signal; and

estimating sleep onset time of the subject as the earlier of:

(iy a predetermined threshald tme {x), if the second period of time extends
atier the end of the first period of time for a time that is equal fo or greater than the
predetermined thresheold timae €x); or

(i} a time at which the earliest respiratory indicater of sleep-in the second
portion of the signal is identified; and

caleulating a doration of a period of sleep of the subject as the time between the

estimated sleep onset time and the stast of the third time period.

19. A method of menitoring physiological activity comprising;
identifying a first portion of a first signal, wherein the first signal is produced

by a first sensor pesitioned in or on a support adapted to receive a subject, the first signal
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being indicative of movement of the subject over a period of time, and wherein the fivst
pattion of the first signal corresponds to a first ume petiod duving which the subject changes
body position on the support;

identitying a third portion of the first signal that corresponds to a third time
period during which the subject changes body position on the support; aund

identifying a second portion of the first signal, that corresponds to a secomd
time period, between the first and third time periods, during which substantially no-change in

body position of the subject on the takes place.

20. Software that, when installed on a computer, causes the cormputer to perforn the

method of claim 19,

21, A processor adapted to:

identify a first portion of a first signal, wherein the first signal is produced by a
firstsensor positioned in or on a support adapted to receive a subject, the first signal being
indicative of mavernent of the subject over a period of time, and wherein the first portion of
the frest signal corrasponds to g first time period during which the sulyject changes body
position on the support;

identify a third portion of the first signal that corresponds to a third time period
ducing which the subject changes body position on the support; and

identify a second portion of the first signal, that corresponds to a second time
period, between the first and third time periods, during which substantiaily no change in body

position of the subject on the suppert takes place.
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