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Description
TECHNOLOGICAL FIELD

[0001] Embodiments of the present invention relate to
methods, apparatuses, computer programs and systems
for calculating a pulse wave velocity of a subject. In par-
ticular, they relate to calculating the pulse wave velocity
of the subject in an unobtrusive manner.

BACKGROUND

[0002] In the human circulation system, the heart
pumps blood around the vasculature (arteries and veins)
of a subject.

[0003] The heart pumps rhythmically, intermittently
pumping a volume of blood into the arteries of the vas-
culature. The arteries are elastic tubes and as the volume
of blood is passed along the branching network of arter-
ies, the arteries distend increasing their volume. This in-
crease in volume is referred to as an arterial pulse or
simply a pulse. The speed at which this pulse moves
along the arterial system, the pulse wave velocity, de-
pends in part upon the systolic pressure generated by a
ventricular contraction of the heart and the elastic prop-
erties of the arteries.

[0004] The pulse wave velocity is therefore a clinical
indication related to the health of a subject’s circulation
system. Itis dependent upon the systolic blood pressure
generated by ventricular contraction and also the health
of the vasculature.

[0005] The pulse wave velocity is determined by divid-
ing the in-vivo distance from the heart to a particular pulse
point of the vasculature of the subject by the time differ-
ence between detecting the heart’s ventricular outputand
detecting the arterial pulse at the pulse point. The ven-
tricular output may, for example, be detected by attaching
electrocardiogram electrodes to the subject and the ar-
terial pulse may be detected by detecting the change in
arterial volume produced by the passing arterial pulse
wave (plethysmography). The distance between the
heart and the particular pulse point for the subject may,
for example, be determined from a look-up table based
upon the subject’s height. It will be appreciated from the
foregoing that it is important that a standard pulse point
is used for the measurement of the arterial pulse signal
so that the distance used is correct. It is therefore nec-
essary to constrain the relationship between the subject
and the sensors used. Typically the sensors are attached
to the body of the subject at specific positions.

[0006] It would be desirable to be able to measure
pulse wave velocity of a subject differently.

BRIEF SUMMARY

[0007] According to various, but not necessarily all,
embodiments of the invention there is provided a method
comprising:
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determining a time difference between detecting a
heart-related signal of a subject and detecting a vas-
culature signal of the subject at a first one of a plu-
rality of distributed sensors;

using a controller to automatically estimate an in-
vivo distance from the heart of the subject to the first
one of the plurality of sensors in dependence upon
a determined unconstrained body position of the
subject; and

calculating a pulse wave velocity.

[0008] According to various, but not necessarily all,
embodiments of the invention there is provided a com-
puter program that when run by a processor enables the
processor to estimate an in-vivo distance, from a heart
to a first one of a plurality of sensors in dependence upon
adetermined unconstrained body position of the subject,
wherein the distance causes a time difference, depend-
ent upon a pulse wave velocity, between detecting a
heart-related signal and detecting a vascular signal at
the first one of a plurality of distributed sensors.

[0009] According to various, but not necessarily all,
embodiments of the invention there is provided a system
comprising: means for detecting a heart-related signal;
means for detecting a vasculature signal at a first one of
a plurality of distributed sensors; means for determining
atime difference between detecting the heart-related sig-
nal and detecting the vasculature signal; means for au-
tomatically estimating an in-vivo distance from the heart
of the subject to the first one of the plurality of sensors
in dependence upon a determined unconstrained body
position of the subject; and means for calculating a pulse
wave velocity using the determined time difference and
the estimated in-vivo distance.

[0010] According to various, but not necessarily all,
embodiments of the invention there is provided an appa-
ratus comprising:

at least one processor; and

at least one memory including computer program
code

the at least one memory and the computer program
code configured to, with the at least one processor,
cause the apparatus at least to perform:

estimating an in-vivo distance, from a heart to a
first one of a plurality of sensors in dependence
upon a determined unconstrained body position
of the subject, wherein the distance causes a
time difference, dependent upon a pulse wave
velocity, between detecting a heart-related sig-
nal and detecting a vascular signal at the first
one of a plurality of distributed sensors.

[0011] According to various, but not necessarily all,
embodiments of the invention there is provided a system
comprising:
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one or more sensors configured to detect a heart-
related signal;

a plurality of distributed sensors each configured to
detect a vasculature signal at a different location;
at least one processor; and

at least one memory including computer program
code

the at least one memory and the computer program
code configured to, with the at least one processor,
cause the apparatus at least to perform:

estimating an in-vivo distance, from a heart to a
first one of a plurality of sensors in dependence
upon a determined unconstrained body position
of the subject, wherein the distance causes a
time difference, dependent upon a pulse wave
velocity, between detecting a heart-related sig-
nal and detecting a vascular signal at the first
one of a plurality of distributed sensors.

[0012] According to various, but not necessarily all,
embodiments of the invention there is provided examples
as claimed in the appended claims.

BRIEF DESCRIPTION

[0013] Forabetter understanding of various examples
that are useful for understanding the detailed description,
reference will now be made by way of example only to
the accompanying drawings in which:

Fig. 1 illustrates an example of a method for calcu-
lating a pulse wave velocity of a subject;

Fig. 2 illustrates an example of a system for calcu-
lating a pulse wave velocity of a subject;

Fig. 3 illustrates an example of a controller for cal-
culating a pulse wave velocity of a subject;

Fig. 4 illustrates examples of sensors for performing
the method;

Fig. 5 illustrates examples of the sensors for per-
forming the method; and

Fig. 6 illustrates an apparatus comprising embedded
sensors including at least the plurality of distributed
embedded sensors used for detecting the vascula-
ture signal.

DETAILED DESCRIPTION

[0014] Inthe examples described below, methods, ap-
paratuses, computer programs and systems are de-
scribed which may be used to measure a pulse wave
velocity of a subject, for example a human subject. The
pulse wave velocity is measured without a requirement
to constrain the position of the subject relative to the sen-
sors used or to constrain the position of the sensors used
relative to the subject. The subject has an unconstrained
body position relative to the sensors used. The subject
may therefore be unaware that the measurement is in

10

15

20

25

30

35

40

45

50

55

progress.
[0015] Fig. 1 illustrates an example of a method 100.
The method 100 is for calculating a pulse wave velocity
of a subject without constraining the body position of the
subject relative to sensors used.

[0016] In some but not necessarily all examples, the
sensors are not attached to the subject’s body nor does
the subject have to adopt a particular constrained body
position relative to the sensors.

[0017] Atblock 102, the method 100 comprises detect-
ing a heart-related signal of a subject.

[0018] Atblock 104, the method 100 comprises detect-
ing a vasculature signal of the subject at a first one of a
plurality of distributed sensors.

[0019] At block 106, the method 100 comprises deter-
mining a time difference between detecting the heart-
related signal and detecting the vasculature signal.
[0020] At block 108, the method 100 comprises using
a controller to automatically estimate an in-vivo distance
from the heart of the subject to the first one of the plurality
of sensors in dependence upon a determined uncon-
strained body position of the subject.

[0021] Atblock 110, the method 100 comprises calcu-
lating a pulse wave velocity by dividing the estimate of
the in-vivo distance from the heart of the subject to the
first one of the plurality of sensors by the time difference
between detecting the heart-related signal and detecting
the vasculature signal.

[0022] It should be appreciated that the first one of the
plurality of distributed sensors that detects the vascula-
ture signal of the subject may be any one of the plurality
of distributed sensors. The identity of the first one of the
plurality of distributed sensors will change with the chang-
ing body position of the subject.

[0023] The blocks 104, 108 may therefore alternatively
be described as detecting a vasculature signal of the sub-
ject at any one of the plurality of distributed sensors and
using a controller to automatically estimate an in-vivo dis-
tance from the heart of the subject to the sensor used to
detect the vasculature signal, in dependence upon a de-
termined unconstrained body position of the subject.
[0024] The heart-related signal of a subject may relate
to any phase of the heart cycle. In some but not neces-
sarily all examples it may be a signal produced by or as
a consequence of ventricular contraction.

[0025] The vasculature signal of the subject may be a
signal produced by an arterial pulse wave. In some but
not necessarily all examples it may be a signal dependent
upon a change in arterial volume.

[0026] Fig. 2 illustrates an example of a system 200
comprising sensors 202 and a controller 204. The system
200 is configured to perform the method 100 as described
with reference to Fig. 1.

[0027] The sensors 202 comprise one or more Sensors
for detecting the heart-related signal, a plurality of dis-
tributed sensors for detecting a vasculature signal and
sensors for determining a subject’s body position (pos-
ture).
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[0028] The plurality of sensors are spatially distributed
over an area or volume such that a vasculature signal
can be detected, at different ones of the plurality of sen-
sors, as the subject changes posture.

[0029] A controller 204 is configured to receive sensing
data from the sensors 202. In some examples, the con-
troller 204 is configured to perform the whole of the meth-
od 100 including the detection of the heart-related signal
(block 102) and the detection of the vasculature signal
(block 104) from the data provided by the sensors 202.
In other examples, the sensors 202 themselves may de-
tect the heart-related signal and the vasculature signal
and provide timing information to the controller 204 such
that it can perform the block 106 of the method 100.
[0030] The controller 204 is configured to estimate an
in-vivo distance D from a heart of the subject to a first
one of a plurality of sensors 202. The distance causes a
time difference T between detecting a heart-related sig-
nal and detecting a vasculature signal at the first one of
a plurality of distributed sensors.

[0031] In some but not necessarily all examples, the
in-vivo distance D is determined from the unconstrained
posture of the subject. The distance D may be determined
with body posture image recognition algorithms or by
matching an entry in a database to detected posture sen-
sor data. The database may comprise a plurality of en-
tries each associating different reference posture sensor
data p to different distances D(p). Querying the database
with the detected posture sensor data p’ returns the dis-
tance D(p’). In some but not necessarily all examples the
database may return the distance D(p") where p" is the
reference posture sensor data that is most similar to the
detected posture sensor data p’. Similarity may be de-
termined in different ways, for example, pattern match-
ing, principal component analysis, neural networks, hid-
den Markov models or other approaches may be used.
[0032] In some but not necessarily all examples, the
database may be stored remotely and offered as a cen-
tralized service to multiple users simultaneously. In other
examples, the database may be stored locally at the con-
troller 204.

[0033] In some but not necessarily all examples, the
controller 204 is configured to calculate a pulse wave
velocity using the determined time difference T and the
estimated in-vivo distance D. If the heart-related signal
relates to ventricular output then the distance D is divided
by the time T. If the heart-related signal relates to a dif-
ferent phase of the cardiac cycle, the time T may be ad-
justed and the pulse wave velocity determined by dividing
the distance D by the adjusted time T'.

[0034] In some examples, the controller 204 may per-
form all of the blocks 102, 104, 106, 108, 110 of Fig. 1.
As described above, in other examples it may perform
only blocks 106 to 110. It other examples, it may only
perform one or more of blocks 106 to 110, forming part
of a distributed system comprising multiple components
that in combination perform the blocks 102 to 110. For
example, one controller may perform block 106, and the
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same or a different controller may perform block 108 and
the same or a different controller may perform block 110.
[0035] In some, but not necessarily all examples, the
sensors 202 may, in addition, comprise electrocardio-
gram sensors for example capacitive electrocardiogram
sensors. These may be used for accurately monitoring
the cycle of a human heart and may be used to detect
the heart-related signal during normal use or during a
calibration phase.

[0036] In some, but not necessarily all examples, the
sensors 202 may, in addition, comprise sensors meas-
uring the mechanical ventricular contraction, for exam-
ple, Ballistocardiogram (BCG) or seism cardiogram
(SCG) sensors.

Referring back to Fig. 1, after block 110, the method 100
may, in some but not necessarily all examples, comprise
afurtherblock or blocks 112 that use the calculated pulse
wave velocity.

[0037] Forexample, atblock 112, the method 100 may
comprise a control step such as controlling the storage
of the pulse wave velocity as a continuous record over
time and/or sending the calculated pulse wave velocity
to aremote location for storage or processing and/or per-
forming a further calculation in relation to the pulse wave
velocity and/or in relation to the calculated pulse wave
velocity orin relation to the further calculation based upon
the pulse wave velocity, generating a warning or an alert.
[0038] Itmay, forexample, be possible to use the pulse
wave velocity to calculate an indicator of arterial stiffness.
Atheoretical model based onthe Moens-Korteweg equa-
tion relates the ratio of the square of the pulse wave ve-
locity v to the Young’s modulus E of arterial stiffness to
a constant c: v2=c.E.

[0039] It is therefore possible to obtain and store an
indicator of arterial stiffness for a subjectand also to mon-
itor and store changing arterial stiffness over time for a
subject.

[0040] Itis also possible to convertthe calculated pulse
wave velocity to a systolic blood pressure estimate. This
conversion may be based upon a theoretical model
which, in turn, is based upon the Moens-Korteweg equa-
tion.

P=aloge {b/[(d/v -c)2-1]}

[0041] This equation relates the systolic blood pres-
sure P to the calculated pulse wave velocity v using the
empirically-determined constants a, b, ¢, d. The con-
stants a, b, ¢, d may, for example, be determined using
a calibration process in which both systolic blood pres-
sure and the pulse wave velocity are measured. The
systolic blood pressure may, for example be measured
using a standard occlusion method and the pulse wave
velocity may be measured separately as described
above.

[0042] It is therefore possible to obtain and store an
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indicator of systolic blood pressure for a subject and also
to monitor and store changing systolic blood pressure
over time for a subject.

[0043] Implementation of the controller 204 may be as
controller circuitry. The controller 204 may be implement-
ed in hardware alone, have certain aspects in software
including firmware alone or can be a combination of hard-
ware and software (including firmware).

[0044] Asillustrated in Fig. 3 the controller 204 may be
implemented using instructions that enable hardware
functionality, for example, by using executable instruc-
tions of a computer program 210 in a general-purpose
or special-purpose processor 206 that may be stored on
a computer readable storage medium (disk, memory etc)
to be executed by such a processor 206.

[0045] The processor 206 is configured to read from
and write to the memory 208. The processor 206 may
also comprise an output interface via which data and/or
commands are output by the processor 206 and an input
interface via which data and/or commands are input to
the processor 206.

[0046] The memory 208 stores a computer program
210 comprising computer program instructions (compu-
ter program code) that controls the operation of the con-
troller 204 when loaded into the processor 206. The com-
puter program instructions, of the computer program 210,
provide the logic and routines that enables the apparatus
to perform the methodsiillustrated in Fig. 1. The processor
206 by reading the memory 208 is able to load and ex-
ecute the computer program 210.

[0047] The apparatus 204 therefore comprises:

at least one processor 206; and

at least one memory 208 including computer pro-
gram code

the at least one memory 208 and the computer pro-
gram code configured to, with the at least one proc-
essor 206, cause the apparatus 204 at least to per-
form:

estimating an in-vivo distance, from a heart to a
first one of a plurality of sensors in dependence
upon a determined unconstrained body position
of the subject, wherein the distance causes a
time difference, dependent upon a pulse wave
velocity, between detecting a heart-related sig-
nal and detecting a vascular signal at the first
one of a plurality of distributed sensors.

[0048] The computer program 210 may arrive at the
controller 204 via any suitable delivery mechanism. The
delivery mechanism may be, for example, a non-transi-
tory computer-readable storage medium, a computer
program product, a memory device, a record medium
such as a compact disc read-only memory (CD-ROM) or
digital versatile disc (DVD), an article of manufacture that
tangibly embodies the computer program 210. The de-
livery mechanism may be a signal configured to reliably
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transfer the computer program 210. The controller may
propagate or transmit the computer program 210 as a
computer data signal.

[0049] Although the memory 208 is illustrated as a sin-
gle component/circuitry it may be implemented as one
or more separate components/circuitry some or all of
which may be integrated/removable and/or may provide
permanent/semi-permanent/ dynamic/cached storage.
[0050] Although the processor 206 is illustrated as a
single component/circuitry it may be implemented as one
or more separate components/circuitry some or all of
which may be integrated/removable. The processor 206
may be a single core or multi-core processor.

[0051] References to ’computer-readable storage me-
dium’, ‘computer program product’, ‘tangibly embodied
computer program’ etc. or a’controller’,’computer’, 'proc-
essor’ etc. should be understood to encompass not only
computers having different architectures such as single
/multi- processor architectures and sequential (Von Neu-
mann)/parallel architectures but also specialized circuits
such as field-programmable gate arrays (FPGA), appli-
cation specific circuits (ASIC), signal processing devices
and other processing circuitry. References to computer
program, instructions, code etc. should be understood to
encompass software for a programmable processor or
firmware such as, for example, the programmable con-
tent of a hardware device whether instructions for a proc-
essor, or configuration settings for a fixed-function de-
vice, gate array or programmable logic device etc.
[0052] As used in this application, the term ’circuitry’
refers to all of the following:

(a) hardware-only circuit implementations (such as
implementations in only analog and/or digital circuit-
ry) and

(b) to combinations of circuits and software (and/or
firmware), such as (as applicable): (i) to a combina-
tion of processor(s) or (i) to portions of proces-
sor(s)/software (including digital signal proces-
sor(s)), software, and memory(ices) that work to-
gether to cause an apparatus, such as a mobile
phone or server, to perform various functions and
(c) to circuits, such as a microprocessor(s) or a por-
tion of a microprocessor(s), that require software or
firmware for operation, even if the software or
firmware is not physically present.

This definition of 'circuitry’ applies to all uses of this term
in this application, including in any claims. As a further
example, as used in this application, the term "circuitry"
would also cover an implementation of merely a proces-
sor (or multiple processors) or portion of a processor and
its (or their) accompanying software and/or firmware. The
term "circuitry" would also cover, for example and if ap-
plicable to the particular claim element, a baseband in-
tegrated circuit or applications processor integrated cir-
cuit for a mobile phone or a similar integrated circuit in a
server, a cellular network device, or other network device.
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[0053] Fig. 4 illustrates examples of sensors 202. In
this example, the sensors 202 comprise:

i) one or more sensors 220 configured to sense the
heart-related signal,

ii) the plurality of distributed sensors 222 configured
to detect a vasculature signal at different positions
for different postures of the subject and

iii) sensors 224 for detecting the posture of the sub-
ject.

[0054] The sensors 220, 222, 224 may, in some ex-
amples, be independent, different sensors and in some
examples one or more of the sensors may be the same
sensor that performs two or more functions.

[0055] The sensors 220, 222, 224 may, in some ex-
amples, be unconstrained sensors that do not have to
be in a particular spatial relationship to the subject to
perform the function described. Thus the heart-related
signal, the vasculature signal and the posture may be
determined for different arbitrary postures of the subject.
[0056] The one or more sensors 220 for sensing the
heart-related signal may, for example, comprise move-
ment sensors, force sensors, electrical voltage sensors,
impedance (or conductivity) sensors, pressure sensors
and/or audio sensors.

[0057] A movement sensor may be used to detect the
movement of the subject’s heart. Such a sensor may be
described as a ballistocardiography sensor as it detects
the body movement arising from the blood flow in arteries
oras a seismocardiography sensor as it detects the chest
wall movement arising from the heart movement. Such
sensors may be implemented using, for example, an ac-
celerometer sensor or a gyroscope sensor.

[0058] A force or pressure sensor may be used to de-
tect a ventricular contraction of the subject’'s heart. Such
a sensor may be described as a ballistocardiography
sensor as it detects the force or pressure arising from
body movement or as seismocardiography sensor as it
detects the force or pressure arising from chest wall
movement arising from the heart movement. Such sen-
sors may be implemented using, for example, a piezoe-
lectric sensor, an electromechanical film sensor, a strain
gauge sensor, a piezoresistive sensor, a capacitive sen-
sor or a fluid pressure sensor.

[0059] An electrical voltage sensor may be used to de-
tectthe electrical signal generated by cardiac cycle. Such
a sensor may be described as an electrocardiography
sensor as it detects the electrical signal generated by the
subject’s heart muscles. Such sensors may be imple-
mented using, for example, resistive and/or capacitive
coupling to the user’s body.

[0060] An impedance (or conductivity) sensor may be
used to detect the impedance change generated by car-
diac cycle. Such a sensor may be described as an im-
pedancecardiography sensor as it detects the imped-
ance change generated by increased fluid i.e. blood vol-
ume in the measurement area. Such sensors may be
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implemented using, for example, resistive and/or capac-
itive coupling to the user’s body.

[0061] An audio sensor, for example a microphone,
may be configured to detect audio arising from the heart
cycle of the subject. Such a sensor may be described as
a phonocardiography sensor.

[0062] The plurality of distributed sensors 222 are con-
figured to sense a vasculature signal, for example an
arterial pulse, of the subject at different locations such
that as the posture of the subject changes it remains pos-
sible to sense a vasculature signal at one of the plurality
of distributed sensors 222. The plurality of distributed
sensors 222 may for example be contact sensors con-
figured for impedance plethysmography, force sensors,
pressure sensors and/or audio sensors.

[0063] The posture sensors 224 are configured to de-
termine a posture of the subject. The posture of the sub-
jectmay change because the body position of the subject
is unconstrained for determination of the pulse wave ve-
locity. The determination of the subject’s posture may,
for example, be determined by using spatially distributed
pressure sensors, spatially distributed force sensors,
spatially distributed impedance sensors, spatially distrib-
uted capacitance sensors, spatially distributed induct-
ance sensors or by using a visual sensor and computer
vision analysis or reflected structured light analysis to
determine the position of the subject’s limbs. The visual
sensor may operate in the visible spectrum or the infrared
spectrum for example.

[0064] Fig. 5 illustrates examples of the sensors 202,
described from a different perspective to that described
in relation to Fig. 4. In this example, the sensors 202 may
comprise one or more of the following sensors:

i) conductivity sensors 230 for sensing a vasculature
signal, for example a pulse. These conductivity sen-
sors may, for example, be configured forimpedance
plethysmography;

ii) pressure sensors 232 configured to detect the
heart-related signal and/or the vasculature signal
(the pulse) and/or the subject’s posture;

iii) force sensors 231 configured to detect the heart-
related signal and/or the vasculature signal (the
pulse) and/or the subject’s posture;

iv) movement sensors 233 configured to detect the
heart-related signal and/or the vasculature signal
(the pulse);

v) electrical voltage sensors 235 configured to detect
the electrical signal generated by cardiac cycle;

vi) audio sensors 234 configured to detect the heart-
related signal and/or the vasculature signal (the
pulse);

vii) visual sensors 236 for example a camera oper-
ating in the visible spectrum or the infrared spectrum,
configured to detect a subject’s posture.

[0065] One or more of the different sensors described
may be used to detect the heart-related signal, the vas-
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culature signal at different positions and the subject’s
posture.

[0066] Pressure, force and/or conductivity sensors
may be re-used for determining the subject’s posture and
for determining one or more circulatory signals (the heart-
related signal and/or the vasculature signal).

[0067] Fig. 6 illustrates an apparatus 240 comprising
sensors 202 including at least the plurality of distributed
sensors 222 used for detecting the vasculature signal. It
may, in addition, comprise sensors 220 for detecting the
heart-related signal and sensors 224 for detecting the
posture of the subject.

[0068] The apparatus 240 is configured such that the
sensors 202 are proximal to the subject when the subject
is using the apparatus 240. The apparatus 240 may, for
example, be furniture, furnishings or clothes that are
proximal to the subject. As such, it is not therefore nec-
essaryto attach sensors 202, 222 to the subjectand there
is the possibility of relative movement between the sen-
sors 202, 222 and the subject. There is no requirement
to constrain movement of the sensors 202, 222 relative
to the subject nor to constrain movement of the subject
relative to the sensors 202, 222.

[0069] In the illustrated example, the apparatus 240 is
a bed or a mattress in which the sensors 202, 222 are
embedded. In alternative examples the apparatus 240
may be a sheet for a mattress in which the sensors 202,
222 are embedded.

[0070] It is possible to embed the sensors 202, 222
within a sheet or a mattress by using conductive stripes
and/or electrical yarn. It is for example possible to create
the plurality of distributed sensors 222 as electrical con-
tact sensors suitable for impedance plethysmography.
[0071] The blocks illustrated in Fig. 1 may represent
stepsina method and/or sections of code in the computer
program 210. The illustration of a particular order to the
blocks does not necessarily imply that there is a required
or preferred order for the blocks and the order and ar-
rangement of the block may be varied. Furthermore, it
may be possible for some blocks to be omitted.

[0072] Where a structural feature has been described,
it may be replaced by means for performing one or more
ofthe functions ofthe structural feature whether that func-
tion or those functions are explicitly or implicitly de-
scribed.

[0073] The recording of data may comprise only tem-
porary recording, or it may comprise permanent record-
ing or it may comprise both temporary recording and per-
manent recording. Temporary recording implies the re-
cording of data temporarily. This may, for example, occur
during sensing, occur at a dynamic memory, occur at a
buffer such as a circular buffer, a register, a cache or
similar. Permanent recording implies that the data is in
the form of an addressable data structure that is retriev-
able from an addressable memory space and can there-
fore be stored and retrieved until deleted or over-written,
although long-term storage may or may not occur. The
use of the term ’store’, ’storage’ etc. in relation to data
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relates to permanent recording of the data.

[0074] As used here 'module’ refers to a unit or appa-
ratus that excludes certain parts/components that would
be added by an end manufacturer or a user. The control-
ler 204 may be a module.

The term 'comprise’ is used in this document with an
inclusive not an exclusive meaning. Thatis any reference
to X comprising Y indicates that X may comprise only
one Y or may comprise more than one Y. [fitis intended
to use 'comprise’ with an exclusive meaning then it will
be made clear in the context by referring to "comprising
only one.." or by using "consisting".

[0075] In this brief description, reference has been
made to various examples. The description of features
or functions in relation to an example indicates that those
features or functions are present in that example. The
use of the term ’example’ or 'for example’ or ‘'may’ in the
text denotes, whether explicitly stated or not, that such
features or functions are present in atleast the described
example, whether described as an example or not, and
thatthey can be, but are not necessarily, presentin some
of or all other examples. Thus ’example’, 'for example’
or ‘'may’ refers to a particular instance in a class of ex-
amples. A property of the instance can be a property of
only that instance or a property of the class or a property
of a subclass of the class that includes some but not all
of the instances in the class. It is therefore implicitly dis-
closed that a feature described with reference to one ex-
ample but not with reference to another example, can
where possible be used in that other example but does
not necessarily have to be used in that other example.
[0076] Although embodiments of the presentinvention
have been described in the preceding paragraphs with
reference to various examples, it should be appreciated
that modifications to the examples given can be made
without departing from the scope of the invention as
claimed.

[0077] Featuresdescribed inthe preceding description
may be used in combinations other than the combina-
tions explicitly described.

[0078] Although functions have been described with
reference to certain features, those functions may be per-
formable by other features whether described or not.
[0079] Although features have beendescribed with ref-
erence to certain embodiments, those features may also
be present in other embodiments whether described or
not.

[0080] Whilst endeavoring in the foregoing specifica-
tion to draw attention to those features of the invention
believed to be of particular importance it should be un-
derstood that the Applicant claims protection in respect
of any patentable feature or combination of features here-
inbefore referred to and/or shown in the drawings wheth-
er or not particular emphasis has been placed thereon.



13 EP 3 420 893 A1 14

Claims

1.

10.

A method comprising:

determining a time difference between detecting
a heart-related signal of a subject and detecting
a vasculature signal of the subject at a first one
of a plurality of distributed sensors;

using a controller to automatically estimate an
in-vivo distance from the heart of the subject to
the first one of the plurality of sensors in depend-
ence upon a determined unconstrained body
position of the subject; and

calculating a pulse wave velocity.

A method as claimed in claim 1, wherein the plurality
of sensors comprises contact sensors for sensing a
pulse using impedance plethysmography.

A method as claimed in claim 1 or 2, wherein the
plurality of sensors are within a bed or are embedded
in a sheet or a mattress for a bed.

A method as claimed in claim 1, 2 or 3, wherein the
plurality of sensors is formed from a plurality of con-
ductive stripes.

Amethod as claimedin any preceding claim, wherein
the plurality of sensors comprises electrical yarn.

Amethod as claimedin any preceding claim, wherein
the heart-related signal is for ventricular contraction.

Amethod as claimedin any preceding claim, wherein
the heart-related signal is detected using one or
more of: movement sensors for measuring the move-
ment arising from a cycle of the heart or using, force
sensors for measuring force arising from ventricular
contraction of the heart, pressure sensors for meas-
uring pressure arising from ventricular contraction of
the heart, and audio sensors for detecting audio aris-
ing from a cycle of the heart.

Amethod as claimedin any preceding claim, wherein
sensors are used for determining the subject’s body
position and estimating the in-vivo distance from the
heart of the subject to the first one of the plurality of
sensors.

A method as claimed in claim 8, wherein the sensors
for determining a subject’s body position are con-
ductivity sensors, force sensors and/or pressure
sensors used to detect the heart-related signal.

A method as claimed in any preceding claim further
comprising converting the pulse wave velocity to an
estimate of arterial stiffness.
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1.

12.

13.

14.

15.

A method as claimed in any preceding claim further
comprising converting the calculated pulse wave ve-
locity to an estimate of systolic blood pressure.

A method as claimed in any preceding claim further
comprising using electrocardiograph sensors to de-
tect a cycle of the heart.

An apparatus comprising means for enabling the
performance of any of the methods claimed in claims
1to 12.

A computer program that when run by a processor
enables the processor to estimate an in-vivo dis-
tance, from a heart to a first one of a plurality of sen-
sors in dependence upon a determined uncon-
strained body position of the subject, wherein the
distance causes a time difference, dependent upon
a pulse wave velocity, between detecting a heart-
related signal and detecting a vascular signal at the
first one of a plurality of distributed sensors.

A system comprising:

means for detecting a heart-related signal;
means for detecting a vasculature signal at a
first one of a plurality of distributed sensors;
means for determining a time difference be-
tween detecting the heart-related signal and de-
tecting the vasculature signal;

means for automatically estimating an in-vivo
distance from the heart of the subject to the first
one of the plurality of sensors in dependence
upon a determined unconstrained body position
of the subject; and

means for calculating a pulse wave velocity us-
ing the determined time difference and the esti-
mated in-vivo distance.
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