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Description
TECHNOLOGICAL FIELD

[0001] Examples of the disclosure relate to apparatus,
methods and computer programs for analyzing heartbeat
signals. In some examples the disclosure relates to ap-
paratus, methods and computer programs for analyzing
audio heartbeat signals.

BACKGROUND

[0002] Apparatus for obtaining heartbeat signals are
known. For example, a stethoscope comprises micro-
phones which can be used to obtain audio signals com-
prising a subject’s heartbeat. Other types of sensors can
obtain other types of heartbeat signals. In order to provide
useful information to the subject about their heartbeat
the heartbeat signals may be analyzed.

BRIEF SUMMARY

[0003] Accordingto various, but not necessarily all, ex-
amples of the disclosure there is provided an apparatus
comprising: processing circuitry and memory circuitry in-
cluding computer program code, the memory circuitry
and the computer program code arranged to, with the
processing circuitry, cause the apparatus to: obtain an
audio signal from an audio sensing means wherein the
audio signal comprises a subject’s heartbeat; obtain a
further signal from a further sensing means wherein the
further signal also comprises the subject’s heartbeat; use
the further signal to identify individual heart beats in the
audio signal; and analyse the individual heartbeats of the
audio signal to enable the audio signal to be classified.
[0004] The apparatus, the audio sensing means and
the further sensing means may be provided within at-
tachment means for attaching the apparatus to a subject.
[0005] The audio sensing means may be positioned
within the apparatus so that when the apparatus is at-
tached to the subject the audio sensing means is posi-
tioned adjacent to the subject’s torso.

[0006] The audio sensing means may be positioned
within the apparatus so that when the apparatus is at-
tachedto a subject the audio sensing means is positioned
underneath the subject’'s arm.

[0007] The attachment means may comprise a cuff
which is arranged to fit around the subject’s arm.
[0008] The further sensing means may comprise
means for sensing a bioelectric signal.

[0009] The bioelectric signal may comprise an electro-
cardiogram signal.

[0010] The memory circuitry and the computer pro-
gram code may be configured to, with the processing
circuitry, cause the apparatus to identify R peaks in the
further signal to enable individual heartbeats in the audio
signal to be identified.

[0011] The memory circuitry and the computer pro-
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gram code may be configured to, with the processing
circuitry, cause the apparatus to divide the individual
heartbeats of the audio signal into segments correspond-
ing to different portions of the heartbeat.

[0012] The memory circuitry and the computer pro-
gram code may be configured to, with the processing
circuitry, cause the apparatus to use wavelets to remove
noise from the audio signal.

[0013] The memory circuitry and the computer pro-
gram code may be configured to, with the processing
circuitry, cause the apparatus to extract features from
within an individual heartbeat of the audio signal and use
the extracted features to classify the audio signal.
[0014] Accordingto various, but not necessarily all, ex-
amples of the disclosure there is provided an apparatus
comprising: processing circuitry and memory circuitry in-
cluding computer program code, the memory circuitry
and the computer program code arranged to, with the
processing circuitry, cause the apparatus to: obtain an
audio signal from one or more audio sensors wherein the
audio signal comprises a subject’s heartbeat; obtain a
further signal from one or more further sensors wherein
the further signal also comprises the subject’s heartbeat;
use the further signal to identify individual heart beats in
the audio signal; and analyse the individual heartbeats
of the audio signal to enable the audio signal to be clas-
sified.

[0015] The apparatus, the one or more audio sensors
and the one or more further sensors may be provided
within an attachment portion for attaching the apparatus
to a subject.

[0016] Accordingto various, but not necessarily all, ex-
amples of the disclosure there may be provided a wear-
able device comprising an apparatus as described
above.

[0017] Accordingto various, but not necessarily all, ex-
amples of the disclosure there may be provided a method
comprising: obtaining an audio signal from an audio
sensing means wherein the audio signal comprises a
subject’s heartbeat; obtaining a further signal from a fur-
ther sensing means wherein the further signal also com-
prises the subject’s heartbeat; using the further signal to
identify individual heart beats in the audio signal; and
analysing the individual heartbeats of the audio signal to
enable the audio signal to be classified.

[0018] Accordingto various, but not necessarily all, ex-
amples of the disclosure there may be provided a com-
puter program comprising computer program instruc-
tions that, when executed by processing circuitry, cause:
obtaining an audio signal from an audio sensing means
wherein the audio signal comprises a subject’s heartbeat;
obtaining a further signal from a further sensing means
wherein the further signal also comprises the subject’s
heartbeat; using the further signal to identify individual
heartbeats in the audio signal; and analysing the individ-
ual heartbeats of the audio signal to enable the audio
signal to be classified.

[0019] Accordingto various, but not necessarily all, ex-
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amples of the disclosure there is provided examples as
claimed in the appended claims.

BRIEF DESCRIPTION

[0020] 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 apparatus;

Fig. 2 illustrates a wearable device comprising an
apparatus;

Fig. 3 illustrates a subject using a wearable device;
Fig. 4 illustrates a method;

Fig. 5 illustrates a method;

Fig. 6 illustrates an identification of heartbeats in a
signal;

Figs. 7A to 7C illustrate segmentation of heartbeats;
Fig. 8 illustrates segmentation of a heartbeat;

Figs. 9A and 9B illustrate wavelets that may be used
for noise reduction;

Figs. 10A to 10F illustrate noise reduction of heart-
beat signals;

Fig. 11 illustrates a method of extracting features
from an audio signal;

Fig. 12 illustrates an example classifier; and

Fig. 13 illustrates another method.

DETAILED DESCRIPTION

[0021] Examples of the disclosure relate to an appa-
ratus 1, method and computer program for analysing
heartbeat signals from a subject 31. The apparatus 1 can
be operated by an unskilled user, who may be the subject
31, so that the heartbeat signals can be obtained and
analysed at any convenient time.

[0022] Fig. 1 schematically illustrates an apparatus 1
according to examples of the disclosure. The apparatus
1 illustrated in Fig. 1 may be a chip or a chip-set. In some
examples the apparatus 1 may be provided within devic-
es such as a sensing device or a processing device or
any other suitable device. In some examples the appa-
ratus 1 may be provided within a wearable device that
can be attached to the body of a subject 31.

[0023] The apparatus 1 comprises controlling circuitry
3. The controlling circuitry 3 may provide means for con-
trolling an electronic device such as a sensing device or
a processing device. The controlling circuitry 3 may also
provide means for performing the methods, or at least
part of the methods, of examples of the disclosure.
[0024] The apparatus 1 comprises processing circuitry
5 and memory circuitry 7. The processing circuitry 5 may
be configured to read from and write to the memory cir-
cuitry 7. The processing circuitry 5 may comprise one or
more processors. The processing circuitry 5 may also
comprise an output interface via which data and/or com-
mands are output by the processing circuitry 5 and an

10

15

20

25

30

35

40

45

50

55

input interface via which data and/or commands are input
to the processing circuitry 5.

[0025] The memory circuitry 7 may be configured to
store a computer program 9 comprising computer pro-
gram instructions (computer program code 11) that con-
trols the operation of the apparatus 1 when loaded into
processing circuitry 5. The computer program instruc-
tions, of the computer program 9, provide the logic and
routines that enable the apparatus 1 to perform the ex-
ample methods described. The processing circuitry 5, by
reading the memory circuitry 7, is able to load and exe-
cute the computer program 9.

[0026] The computer program 9 may arrive at the ap-
paratus 1 via any suitable delivery mechanism. The de-
livery mechanism may be, for example, a non-transitory
computer-readable storage medium, a computer pro-
gram product, a memory device, a record medium such
as acompact disc read-only memory (CD-ROM) or digital
versatile disc (DVD), or an article of manufacture that
tangibly embodies the computer program. The delivery
mechanism may be a signal configured to reliably trans-
fer the computer program 9. The apparatus 1 may prop-
agate or transmit the computer program 9 as a computer
data signal. In some examples the computer program
code 9 may be transmitted to the apparatus 1 using a
wireless protocol such as Bluetooth, Bluetooth Low En-
ergy, Bluetooth Smart, 6LoWPan (IP,6 over low power
personal area networks) ZigBee, ANT+, near field com-
munication (NFC), Radio frequency identification, wire-
less local area network (wireless LAN) or any other suit-
able protocol.

[0027] Although the memory circuitry 7 is illustrated as
a single component in the figures it is to be appreciated
thatit may be implemented as one or more separate com-
ponents some or all of which may be integrated/remov-
able and/or may provide permanent/semi-permanent/dy-
namic/cached storage.

[0028] Although the processing circuitry 5 is illustrated
as a single componentinthe figuresitis to be appreciated
thatit may be implemented as one or more separate com-
ponents some or all of which may be integrated/remov-
able.

[0029] Referencesto"computer-readable storage me-
dium", "computer program product", "tangibly embodied
computer program" etc. or a "controller", "computer”,
"processor" etc. should be understood to encompass not
only computers having different architectures such as
single/multi-processor architectures, Reduced Instruc-
tion Set Computing (RISC) and sequential (Von Neu-
mann)/parallel architectures but also specialized circuits
such as field-programmable gate arrays (FPGA), appli-
cation-specific integrated circuits (ASIC), signal process-
ing 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 program-
mable content of a hardware device whether instructions
for a processor, or configuration settings for a fixed-func-
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tion device, gate array or programmable logic device etc.
[0030] 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 (ii) to portions of proces-
sor(s)/software (including digital signal proces-
sor(s)), software, and memory(ies) that work togeth-
er 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.

[0031] 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 processor (or multiple processors) or portion of a proc-
essor and its (or their) accompanying software and/or
firmware. The term "circuitry" would also cover, for ex-
ample and if applicable to the particular claim element,
a baseband integrated circuit or applications processor
integrated circuit for a mobile phone or a similar integrat-
ed circuit in a server, a cellular network device, or other
network device.

[0032] Fig. 2 schematically illustrates a wearable de-
vice 21 comprising an apparatus 1. The apparatus 1 may
comprise controlling circuitry 3 described above. Corre-
sponding reference numerals are used for corresponding
features.

[0033] The example wearable device 21 also compris-
es one or more audio sensors 23, one or more further
sensors 25, an attachment portion 27 and a user interface
29. It is to be appreciated that the wearable device 21
may also comprise other components that are not illus-
trated in Fig. 2. For example, the wearable device 21 may
comprise a power source and any other suitable compo-
nents.

[0034] The audio sensors 23 provide audio sensing
means. The audio sensors 23 may comprise any means
for detecting a sound signal and transducing the sound
signal into an electrical output signal. The audio sensors
23 may comprise one or more microphones.

[0035] Insomeexamplesthe wearable device 21 might
comprise a single audio sensor 23. In other examples
more than one audio sensor 23 could be provided within
the wearable device 21.

[0036] The sound signal that is detected by the audio
sensor 23 may comprise a subject’s heartbeat. The audio
sensors 23 may be positioned within the wearable device
21 so that when the wearable device 21 is worn by a
subject 31 the audio sensor 23 is positioned adjacent to
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the subject’s torso. This positioning may enable the audio
sensor 23 to detect the sound signal comprising the
heartbeat. The electrical output signal provided by the
audio sensors 23 may therefore be an audio signal com-
prising a heartbeat.

[0037] The audio sensors 23 may be coupled to the
controlling circuitry 3. This may enable the controlling
circuitry 3 to be used to control the audio sensors 23.
The audio sensors 23 may also be arranged to provide
the audio signal comprising a heartbeat to the controlling
circuitry 3. This enables the audio signal comprising a
heartbeat to be analysed by the controlling circuitry 3.
[0038] The further sensors 25 provide further sensing
means. The further sensors 25 may comprise any means
for detecting a signal comprising the subject’s heartbeat
and providing an electrical output signal indicative of the
heartbeat. The electrical output signal provided by the
further sensors 25 may therefore be a further signal com-
prising a heartbeat.

[0039] The signal that is detected by the further sen-
sors 25 could be a different type of heartbeat signal to
the sound signals detected by the audio sensors 23. For
example the further sensors 25 could be arranged to de-
tect a bioelectric signal such as an ECG (electrocardio-
gram) signal or any other suitable type of heartbeat sig-
nal. The further sensors 25 may comprise one or more
electrodes arranged to detect the ECG signal or other
type of heartbeat signal.

[0040] The further sensors 25 are positioned within the
wearable device 21 so that when the wearable device is
being worn by a subject 31 the further sensors 25 can
be positioned adjacent to part of the subject’s body. This
positioning may enable the further sensor 25 to detect
the heartbeat signals.

[0041] The further sensors 25 may be positioned at a
different location within the wearable device to the audio
sensors 23. This may enable the further sensors 25 and
the audio sensors 23 to detect the heartbeat signals from
different parts of the subject’s body.

[0042] The further sensors 25 may be coupled to the
controlling circuitry 3. This may enable the controlling
circuitry 3 to be used to control the further sensors 25.
The further sensors 25 may also be arranged to provide
the further signal comprising a heartbeat to the controlling
circuitry 3. This enables the further signal comprising a
heartbeat to be analysed by the controlling circuitry 3.
[0043] The attachment portion 27 is shown schemati-
cally in Fig. 2. The attachment portion 27 may comprise
any attachment means for enabling the wearable device
21 to be attached to the body of a subject 31. In some
examples the wearable portion 27 may comprise a cuff
or a sleeve that is arranged to be worn around the sub-
ject’s arm. Other types of attachment portion 27 may be
used in other examples.

[0044] The components of the wearable device 21 are
coupled to the attachment portion 27 so that when the
attachment portion 27 is attached to a subject 31 the
audio sensors 23 and the further sensors 25 can detect
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the heartbeat signals from the subject 31. In some ex-
amples components of the wearable device 21 may be
provided within the attachment portion 27. For instance,
the audio sensors 23, the further sensors 25, the user
interface 29 and the apparatus 1 may all be provided
within a cuff or sleeve.

[0045] In some examples of the disclosure the weara-
ble device 21 may also comprise a user interface 29. The
user interface 29 may comprise means for enabling a
subject 31 to interact with the wearable device 21. The
user interface 29 may comprise means for providing in-
formation to the subject 31. For example the user inter-
face 29 could comprise a display or a loudspeaker that
could be arranged to output information for the subject
31. The information provided by the user interface 29
could comprise information relating to the detected heart-
beat signals, the operation of the wearable device 21 or
any other suitable information.

[0046] The user interface 29 may be coupled to the
controlling circuitry 3 so that the user interface 29 can be
controlled by the controlling circuitry 3. This may also
enable user inputs to be provided to the controlling cir-
cuitry 3 to enable a user to control the operation of the
wearable device 21.

[0047] It is to be appreciated that in some examples
there may be more than one wearable device 21. For
example, some features of the wearable device 21 as
described herein may be arranged across a plurality of
wearable devices 21 in any suitable configuration, where
the plurality of wearable devices 21 are configured to be
operated together. As one example, a first wearable de-
vice 21 may comprise audio sensors 23 and no further
sensors 25, whereas a second wearable device 21 may
comprise further sensors 25 and no audio sensors 23,
and so on. For convenience, the rest of this description
refers to the example where only one wearable device
21 is used.

[0048] Fig. 3 illustrates a subject 31 using a wearable
device 21. The wearable device could be a wearable de-
vice 21 as shown in Fig. 2. The wearable device 21 com-
prises an audio sensor 23, a further sensor 25 and an
apparatus 1 coupled to the sensors 23, 25. The wearable
device 21 may also comprise a user interface 29 which
is not shown in Fig. 3. In the example of Fig. 3 the subject
31 is a person. In other examples the subject 31 could
be an animal.

[0049] In the example of Fig. 3 the attachment portion
27 has been used to attach the wearable device 21 to
the body of the subject 31. Fig. 3 shows the wearable
device 21 attached to the arm 33 of the subject 31. The
wearable device 21 has been attached to the upper arm
33 of the subject 31. The attachment portion 27 may com-
prise a cuff 37 which may be sized and shaped to fit
around the arm 33 of the subject 31. The cuff 37 may be
adjustable to ensure that it fits tightly around the arm 33
ofthe subject 31. It is to be appreciated that the wearable
device 21 could be coupled to other parts of the subject’'s
body in other examples of the disclosure.

10

15

20

25

30

35

40

45

50

55

[0050] The audio sensor 23 is provided on an outer
surface, or close to an outer surface, of the cuff 37. This
enables the audio sensor 23 to be positioned in close
proximity to the body of the subject 31 so that the audio
sensor 23 can detect sound signals from the body of the
subject 31. The cuff 37 can be positioned, as shown in
Fig. 3, so that the audio sensor 23 is positioned adjacent
to the torso of the subject 31. In this example the audio
sensor 23 may be positioned underneath the arm 33 of
the subject 31. This enables the audio sensor 23 to detect
sound signals generated by the subject’s heart 35. The
audio sensor 23 could be located in different locations in
other implementations of the disclosure.

[0051] The further sensor 25 may also be positioned
on an outer surface, or close to an outer surface, of the
cuff 37. The further sensor 25 may be positioned on the
outer surface, or close to the outer surface, of the cuff 37
so that the subject 31 can cover the further sensor 25
with the hand from the opposite arm to the one wearing
the cuff 37. In some examples two or more further sen-
sors 25 may be provided. For example, a first further
sensor 25 may be provided on an inner surface of the
cuff 37 and a second further sensor 25 may be provided
on an outer surface of the cuff 37.

[0052] This may enable a heartbeat signal, such as an
ECG signal, which requires at least two electrodes posi-
tioned at different locations, to be detected through the
further sensors 25. Other positions and types of further
sensor 25 may be used in other examples of the disclo-
sure. The position and type of further sensor 25 that is
used may depend upon the type of further signal that is
to be detected by the further sensor 25.

[0053] Theapparatus 1is provided within the wearable
device 21 and may be coupled to the audio sensor 23
and the further sensor 25 so that the apparatus 1 obtains
the audio signal and the further signal from the sensors
23, 25. The controlling circuitry 3 within the apparatus 1
may be arranged to analyse the audio signals and the
further signals. The analysis of the audio signal and the
further signal may enable the audio signals to be classi-
fied. This classification may provide an indication as to
whether the subject 31 is healthy or unhealthy or any
other suitable information. Example methods for analyz-
ing the heartbeat signals are shown in Figs. 4 and 5.
[0054] Fig. 4illustrates an example method for analyz-
ing heartbeat signals. The heartbeat signals may com-
prise any signals that comprise a subject’s heartbeat.
The method of Fig. 4 may be implemented using appa-
ratus 1 and a wearable device 21 as described above.
[0055] The method comprises, at block 41, obtaining
an audio signal. The apparatus 1 may obtain the audio
signal from an audio sensor 23. The audio signal com-
prises a subject’s heartbeat.

[0056] The method also comprises at block 43 obtain-
ing a further signal. The apparatus 1 may obtain the fur-
ther signal from a further sensor 25. The further signal
also comprises the subject’s heartbeat. The further sen-
sor 25 may detect the subject’s heartbeat using a different
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type of signal to a sound signal.

[0057] Atblock 45 the method comprises using the fur-
ther signal to identify individual heartbeats in the audio
signal. The further signal may be used to identify features
that are present in every heartbeat. The further signal
may identify the features more reliably than they can be
identified using the audio signal alone.

[0058] Atblock 47 the method comprises analysing the
individual heartbeats of the audio signal to enable the
audio signal to be classified. An output indicative of the
classification of the audio signal may be provided via the
user interface 29.

[0059] Fig.5 illustrates an example method for analyz-
ing heartbeat signals in further detail. Figs. 6 to 11 show
further details of the blocks in the method of Fig. 5. The
method of Fig. 5 may be implemented using apparatus
1 and a wearable device 21 as described above.
[0060] At block 50 the further signal is obtained by the
apparatus 1. The further signal may be obtained from
one or more further sensors 25. The further signal may
comprise an electrical output signal from the further sen-
sors 25 where the electrical output signal comprises the
subject’s heartbeat.

[0061] The further signal may comprise a signal in
which features of the subject’s heartbeat are clear
enough to enable individual heartbeats to be identified.
In the example of Fig. 5 the further signal comprises an
ECG signal. In other examples other types of further sig-
nal could be used instead of, or in addition to, the ECG
signal.

[0062] At block 52 the further signal is used to identify
individual heart beats within the further signal. In the ex-
ample of Fig. 5 the further signals comprises an ECG
signal and at block 52 the R peaks within the ECG signal
are identified. Fig. 6 shows an example of identified R
peaks 61 in an ECG signal.

[0063] The R peaks 61 can be used as an estimation
of the S1 phase of the heartbeat. Thatis, the R peaks 61
enable a particular phase of the heartbeat to be identified.
This provides more detailed information than detecting
just the pulse of the subject 31.

[0064] The estimation of the S1 phase of the heartbeat
provides an indication of the start of each heartbeat. This
cantherefore enable individual heartbeats to be identified
in the further signal and also the audio signal. It is to be
appreciated that other peaks or features within a heart-
beat signal may be used in other examples of the disclo-
sure.

[0065] The R peaks 61 may be identified using an al-
gorithm or any other suitable process.

[0066] At block 51 the audio signal is obtained by the
apparatus 1. The audio signal may be obtained from one
or more audio sensors 23. The audio signal may com-
prise an electrical output signal from the audio sensors
23 where the electrical output signal comprises the sub-
ject’s heartbeat.

[0067] The further sensor25 and the audio sensors 23
may detect the heartbeat signals simultaneously. This
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may enable the identification of the individual heartbeats
in the further signal to be used to identify the individual
heartbeats in the audio signal.

[0068] At block 53 the individual heartbeats of the au-
dio signal are divided into segments corresponding to
different portions of the heartbeat. The estimations of the
locations of the S1 phase obtained from the further signal
can be used to identify the individual heart beats and
enable the segmentation of the individual heartbeats.
[0069] In order to divide the individual heartbeat into
segments a sub-signal corresponding to the signal be-
tween two consecutive R peaks 61, as identified at block
52, may be taken. The sub-signal can then be analysed
to identify features within the subsignals. The features
may correspond to different phases of the heartbeat and
may enable the different segments of the heartbeats to
be identified.

[0070] Figs. 7A to 7C show examples of different seg-
ments of a heartbeat that may be used in some examples
of the disclosure. Fig. 7A shows the audio signals ob-
tained for a healthy subject 31, Fig. 7B shows the audio
signals obtained for a subject 31 with aortic stenosis and
Fig. 7C shows the audio signals obtained for a subject
31 with mitral regurgitation. In each of Figs. 7A to 7C the
upper trace shows the obtained raw audio signal and the
lower trace shows the filtered audio signal.

[0071] The audio signals are divided into individual
heartbeats by identifying the R peaks 61 from the ECG
signal. The R peaks 61 are indicated by the dashed lines
in Figs. 7A to 7C. The R-peaks 61 provides an indication
of the start of the S1 phase of the heartbeat.

[0072] The shape of the sub-signal between two adja-
cent R- peaks 61 can then be analysed to identify key
features within the sub-signal. The identified features
may correspond to phases of the heartbeat. In the ex-
ample of Figs. 7A to 7C the key features identifies are
the start of the S1 segment, the end of the S1 segment,
the start of the S2 segment, the end of the S2 segment
and the start of the next S1 segment. These features can
be identified in both healthy subjects and subjects with
heart conditions. This enables the same segmentation
to be accurate for both healthy and unhealthy subjects.
[0073] Fig. 8illustrates an example of the segments of
the individual heartbeat. In this example the heartbeat is
divided into four consecutive segments. Other numbers
of segments could be used in other examples of the dis-
closure. In the example of Fig. 8 the first segment 81
comprises the S1 phase, the second segment 83 com-
prises the systole phase, the third segment 85 comprises
the S2 phase and fourth segment 87 comprises the di-
astole phase. These segments 81, 83, 85, 87 cover dif-
ferent phases of the heartbeat and may each have dis-
tinctive features which enable the heartbeats to be clas-
sified.

[0074] In the example of Fig. 8 the different segments
81, 83, 85, 87 have differentlengths of time. For example
the fourth segment 87 which covers the diastole phase
covers a longer time period than any of the other seg-
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ments 81, 83, 85. The third segment 85 which covers the
S2 phase covers a shorter time period than any of the
other segments 81, 83, 87.

[0075] Itis to be appreciated that different ways of di-
viding the heartbeat into different segments could be
used in other examples of the disclosure. In the example
of Figs. 7A to 7C and 8 the segments 81, 83, 85, 87 run
sequentially from each other so that when one segment
finishes the next segment begins. In other examples
there may be some overlap between one or more of the
segments so that some two or more segments may com-
prise the same information.

[0076] The algorithm used to identify the key features
and divide the heartbeat into segments 81, 83, 85, 87
could be a state machine with heuristic hard coded rules.
Other types of processes and algorithms could be used
in other examples. For instance, in some cases a ma-
chine learning algorithm could be used.

[0077] Atblock 54 in Fig. 5, the noise within the audio
signal is reduced. The noise reduction may suppress
noise from unwanted sound sources. For example, the
noise reduction may act to remove and/or reduce noise
from sources such as the lungs of the subject 31, speech
of the subject 31, background noise or any other unwant-
ed source of noise.

[0078] In some examples wavelet de-noising may be
used to remove or reduce the noise in the audio signal.
The wavelets used may be selected to have a similar
shape to the shape of the heartbeat within the heartbeat
signal. Figs. 9A and 9B show example wavelets that may
be used to reduce noise within the audio signal. Fig. 9A
illustrates a Meyer waveletand Fig. 9B illustrates a Morlet
Wavelet. Other types of wavelets may be used in other
examples of the disclosure.

[0079] The wavelet noise reduction process may com-
prise transforming the raw audio signal from the time do-
main to a different domain. In some examples a Fourier
transform, or other suitable transform, could be used to
transform the raw audio signal into the frequency domain.
The wavelets can then be used to remove low coefficients
and the signal can then be transformed back into the time
domain.

[0080] Figs. 10A to 10F show examples of noise re-
duction using wavelets in audio signals. Fig. 10A shows
araw audio signal from a healthy subject 31 and Fig. 10B
shows the signal from the healthy subject 31 after the
noise has been removed. Fig. 10C shows a raw audio
signal from a subject 31 with mitral regurgitation and Fig.
10D shows the signal from the subject 31 with mitral re-
gurgitation after the noise has been removed. Fig. 10E
shows a raw audio signal from a subject 31 with aortic
stenosis and Fig. 10F shows the signal from the subject
31 with aortic stenosis after the noise has been removed.
It can be seen from Figs. 10A to 10F that the wavelet
noise reduction works well with both signals from a
healthy subject 31 and also a subject 31 that has a heart
condition. This enables the methods to be used both with
healthy subjects 31 and subjects 31 with heart conditions.
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[0081] In some examples the noise reduction may be
carried out at the same time as the dividing of the heart-
beat into segments. In other examples the noise reduc-
tion may be carried out before the dividing of the heart-
beat into segments 81, 83, 85, 87. This may enable the
reduced noise signal to be divided into the respective
segments 81, 83, 85, 87.

[0082] Atblock 55 of the method in Fig. 5 the apparatus
1 extracts features from the audio signal. In the example
of Fig. 5 the apparatus 1 extracts the features from the
reduced noise signal. Fig. 11 illustrates a method of ex-
tracting features that may be performed at block 55.
[0083] The example method of Fig. 11 is performed on
the segmented audio signal. At block 111 the segmented
audio signal is obtained. At block 113 different segments
81, 83, 85, 87 of the audio signal are provided to different
filter banks. In the example method of Fig. 11 only three
of the segments are shown for clarity, however it is to be
appreciated that all of the segments may be provided to
the filter banks.

[0084] In the example method of Fig. 11 a separate
filter bank is provided for each segment 81, 83, 85, 87
so that each segment 81, 83, 85, 87 may be provided to
a different filter bank. In the example method of Fig. 11
each of the filter banks are the same. That s, each of the
filter banks are arranged to remove the same frequencies
so that the same filtering is applied to each segment 81,
83, 85, 87 of the heartbeat. In other examples of the dis-
closure differentfilters could be used for the different seg-
ments 81, 83, 85, 87 so that different frequencies are
removed from the signal for the different segments 81,
83, 85, 87. This may enable the filters used to be opti-
mised for the different segments 81, 83, 85, 87.

[0085] At block 115 the filtered segments are divided
into frequency bands. In the example of Fig. 11 each
segment 81, 83, 85, 87 is divided into seven frequency
bands. Other numbers of frequency bands may be used
in other examples of the disclosure.

[0086] In some examples different sized frequency
bands may be used for different parts of a frequency
spectrum within each segment 81, 83, 85, 87. The sizes
of the frequency bands may be determined using a psy-
choacoustic scale. In some examples the frequency
bands that are used for low frequencies may be narrower
than the frequency bands for high frequencies. The sizes
of the frequency bands used may be selected to com-
pensate for human hearing.

[0087] Atblock 117 the energy in each of the different
frequency bands is determined. Block 117 is performed
for each of the frequency bands for each of the segments
81, 83, 85, 87 within the heartbeat. The energies of each
of the different frequency bands for each of the segments
81, 83, 85, 87 are then combined, at block 119, to give
afeatures vector. The components of the features vector
correspond to the different energy levels in the different
frequency bands in each of the segments 81, 83, 85, 87
of the heartbeat. The features vector can be used to iden-
tify the features within the heartbeat. The segmentation
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of the heartbeat enables different features within the dif-
ferent segments to be identified.

[0088] Other methods could be used at block 55 of the
method of Fig. 5.

[0089] Once the features have been identified the
method, of Fig. 5 comprises, at block 56, classifying the
heartbeat. The classification may comprise using the
identified features to group the heartbeat into a class.
The different classes may represent different physical
conditions of the subject 31 and the heart 35 of the subject
31.

[0090] Fig. 12 shows an example error matrix for a sys-
tem that may be used to classify the heartbeat. In the
example of Fig, 12 a random forest classifier is used.
Other types of classifier may be used in other examples
of the disclosure. The classifier that is used may have a
low computational requirement to ensure that the classi-
fication can be performed by the processing circuitry 5
within the apparatus 1 of the wearable device 21.
[0091] The example of Fig. 12 shows that the random
forest classifier gives a predicted probability of whether
or not an audio signal belongs to class 1 or class 2. This
classifier can therefore be used to distinguish between
class 1 and class 2 for the audio signals. Class 1 may
represent healthy subjects 31 with no heart condition.
Class 2 may represent unhealthy subjects 31 with a heart
condition.

[0092] In the example of Fig. 12 the classifier can dis-
tinguish between healthy and unhealthy audio signals.
In some examples more than two classes might be avail-
able. This may enable the method to be used, not just to
distinguish between healthy and unhealthy signals, but
to distinguish between different types of heart conditions.
[0093] Once an individual heartbeat has been classi-
fied the process of blocks 50 to 56 may be repeated for
another heartbeat. This enables the classification to be
aggregated over a plurality of cycles. The process may
be repeated on the same subject 31 and/or on different
subjects 31. The classifications of the heartbeat signals
may be aggregated over a plurality of cycles at block 57
in the method of Fig. 5.

[0094] At block 58 the aggregated heartbeat cycles
may be used to classify the audio signal. The audio signal
can be classified in class 1 or class 2 as determined by
the outcome of the aggregation. This may enable a sub-
ject to be identified as healthy or unhealthy based on the
features within the different segments of the heartbeat.
This classification could be used to assistin the diagnosis
of a medical condition. For example, if the classification
shows that the subject 31 is unhealthy it may prompt a
physician to carry out further tests.

[0095] An outputindicative of the classification may be
provided by the user interface 29. The output could be
an audio or visual output. The output may provide an
indication of the class in which the audio signal has been
classified. In some examples the output may provide fur-
ther instructions for the subject 31.

[0096] Fig. 13 illustrates a method of using the wear-
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able device 21. The subject 31 may be wearing the wear-
able device 21 as shown in Fig. 3. The subject 31 may
be operating the wearable device 21 independently, that
is, the subject 31 can attach the wearable device 21 to
their body and initiate the measurements without any as-
sistance from a physician or medical technician.

[0097] The method comprises, at block 131, making a
measurement. In order to make the measurement the
controlling circuitry 3 may control the audio sensors 23
and the further sensors 25 to detect the heartbeat signals
of the subject 31. The audio signals and the further sig-
nals may then be provided to the controlling circuitry to
enable the audio signals and the further signals to be
analysed.

[0098] At block 133 it may be determined that there is
an error in the further signal obtained by the further sen-
sor 25. For instance, itmay be determined that the further
signal has a quality level below a given threshold.
[0099] If there is an error in the further signal then, at
block 135, the user interface 29 may be controlled to
provide feedback to the subject 31. In some examples
the feedback could comprise information indicating that
an error has occurred. This information may include the
type of error that has occurred.

[0100] Insome examples the feedback could comprise
information advising the subject 31 how to operate the
wearable device 21 so as to reduce the risk of an error.
For example, it may provide an indication of how to repo-
sition the wearable device 21 or how the subject 31
should be positioning their body.

[0101] The feedback may also comprise an option to
enable the subject 31 to control the wearable device 21
to make another measurement. If the subject 31 selects
making another measurement then, the method returns
to block 131.

[0102] Atblock 137 it may be determined that there is
an error in the audio signal obtained by the audio sensor
23. For instance, it may be determined that the audio
signal has a quality level below a given threshold.
[0103] If there is an error in the audio signal then, at
block 139, the user interface 29 may be controlled to
provide feedback to the subject 31. In some examples
the feedback could comprise information indicating that
an error has occurred. This information may include the
type of error that has occurred. For example, it may in-
dicate the cause of the error as the subject 31 speaking
or other noises in the environment around the subject 31.
[0104] The feedback provided at block 139 could com-
prise information advising the subject 31 how to operate
the wearable device 21 so as to reduce the risk of an
error. The feedback could be specific to the type of error
that has been detected. For example, if it has been de-
tected that the subject 31 has been talking during the
measurement period the advice may be that subject 31
should not talk for the duration of the measurement.
[0105] The feedback may also comprise an option to
enable the subject 31 to control the wearable device 21
to make another measurement. If the subject selects
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making another measurement then, the method returns
to block 131.

[0106] If the measurement is successfully made then,
at block 141 it is determined whether or not there is a
high confidence in the measurement or alow confidence.
The level of confidence in the measurement may be de-
termined by the level of confidence in which the audio
signals can be classified.

[0107] If there is a high confidence in the classification
level then at block 143 the audio signal is classified and
the user interface 29 is controlled to provide an output
indicative of the classification.

[0108] If the audio signal has been classified as a
healthy audio signal then, at block 145, the user interface
29 s controlled to provide an indication to the subject 31
that their heartbeat has been classified as normal. In
some examples the feedback may also provide further
information, for example it may provide recommenda-
tions to the subject 31 as to when to take another meas-
urement or of what behaviors they should be following.
[0109] If the audio signal has been classified as an
unhealthy audio signal then, at block 147, the user inter-
face 29 is controlled to provide an indication to the subject
31 that their heartbeat has been classified as abnormal.
In some examples the feedback may also provide further
information, for example it may provide recommenda-
tions to the subject 31 that they should go to see a phy-
sician or other medical professional or suggest further
tests that should be carried out in order to enable a di-
agnosis to be made.

[0110] If there is a low confidence in the classification
level then at block 149 it is determined how many meas-
urements have been made. It may be determined that
the number of measurements that have been made are
above or below a threshold level. If the number of meas-
urements is below the threshold level then the number
of measurements may be determined to be low whereas
if the number or measurements is above the threshold
level then the number of measurements may be deter-
mined to be high.

[0111] If the number of measurements is determined
to be low then, at block 151 the user interface 29 is con-
trolled to provide feedback to the subject 31 indicating
that the result is not available. The feedback provided
may also comprise an option to enable another meas-
urement. In some examples the another measurement
could be scheduled for a later time. For example the an-
other measurement could be scheduled to be taken sev-
eral hours later.

[0112] If the number of measurements is determined
to be high then, at block 153 the user interface 29 is
controlled to provide feedback to the subject 31 indicating
that the result is not available. The feedback provided
may also comprise advice for the subject, for example,
it may comprise advice relating to the use and/or posi-
tioning of the wearable device 21. In some examples the
advice could be to go to see a physician or other medical
professional.
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[0113] The blocks illustrated in Figs. 4, 5, 11 and 13
may represent steps in a method and/or sections of code
in the computer program 9. 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 arrangement of the block may be varied. Fur-
thermore, it may be possible for some blocks to be omit-
ted. For example, in the described methods the audio
signal and the further signal could be obtain in any order
and may be obtained simultaneously.

[0114] The example methods of Figs. 4, 5, 11 and 13
may be performed by an apparatus 1 which may be within
awearable device 21. In some examples all of the blocks
of the methods may be carried out by the apparatus 1
within the wearable device 21. This may enable the de-
tection of the heartbeat signals and the analysis of the
audio signals to be performed by a single device.
[0115] In this description the term coupled means op-
erationally coupled. Any number of components may ex-
ist between coupled components including no interven-
ing elements.

[0116] Examples of the disclosure therefore provide
apparatus, methods and computer programs that enable
analysis of heartbeat signals. In examples of the disclo-
sure both the sensors 23, 25 and the controlling circuitry
3 which performs the analysis can be provided in the
same wearable device 21. This provides for one single
device 21 that can perform dual functions. There is no
requirement for an additional processing device or other
peripheral device.

[0117] Inexamples of the disclosure the use of the fur-
ther signal to identify the individual heartbeats in an audio
signal enables a low quality audio signal to be used. This
means that a reliable level of classification can be made
for the audio signals even when the audio signals may
be of poor quality. This means that the audio sensor 23
does not need to be positioned in an optimal position.
Normally a physician would place a stethoscope over a
subject’s heart 35 in order to hear the sound of the heart-
beat. However this requires skill in the positioning of the
stethoscope. The examples of the disclosure do not re-
quire the same level of precision for the positioning of
the audio sensors 23 so the operation of the wearable
device 21 can be performed by an unskilled person, who
could be the subject 31.

[0118] As the embodiments of the disclosure can use
low quality audio signals the audio sensor can be posi-
tioned underneath the subject’s arm 33 instead of on the
chest of the subject 31. This enables the audio sensor
23 to be provided within a cuff 37 which can then be
wrapped around the upper arm of the subject 31. This
therefore provides for a convenient wearable device 21
which can easily be attached to the arm of the subject
31. The wearable device 21 could also be used to obtain
other measurements such as the blood pressure of the
subject 31.

[0119] In examples of the disclosure the shape of the
heartbeats within the signal are identified. This provides
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more detailed information than a signal which just com-
prises the pulse of the subject and may enable more de-
tailed and more accurate classifications of the heartbeat
signals.

[0120] The term "comprise" is used in this document
with an inclusive not an exclusive meaning. That is any
reference to X comprising Y indicates that X may com-
prise only one Y or may comprise more than one Y. If it
is 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".

[0121] 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 at least the de-
scribed example, whether described as an example or
not, and that they can be, but are notnecessarily, present
in some of or all other examples. Thus "example", "for
example" or "may" refers to a particular instance in a
class of examples. A property of the instance can be a
property of only that instance or a property of the class
ora property of a subclass of the class thatincludes some
but not all of the instances in the class. It is therefore
implicitly disclosed that a feature described with refer-
ence to one example but not with reference to another
example, can where possible be used in that other ex-
ample but does not necessarily have to be used in that
other example.

[0122] Although embodiments of the present invention
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. For instance, in the examples described above
the sensors 23, 25 and the apparatus 1 are all integrated
within a single device. In other examples one or more of
these components could be provided within a different
device. For instance, controlling circuitry 3 could be pro-
vided within a different device, such as a mobile device.
The mobile device could then be used to perform the
processing of the heartbeat signals.

[0123] Featuresdescribedinthe precedingdescription
may be used in combinations other than the combina-
tions explicitly described.

[0124] Although functions have been described with
reference to certain features, those functions may be per-
formable by other features whether described or not.
[0125] Althoughfeatures have beendescribed with ref-
erence to certain embodiments, those features may also
be present in other embodiments whether described or
not.

[0126] 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
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10

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.

Claims
1. An apparatus comprising:

processing circuitry and memory circuitry includ-
ing computer program code, the memory circuit-
ry and the computer program code arranged to,
with the processing circuitry, cause the appara-
tus to:

obtain an audio signal from an audio sens-
ing means wherein the audio signal com-
prises a subject’s heartbeat;

obtain a further signal from a further sensing
means wherein the further signal also com-
prises the subject’s heartbeat;

use the further signal to identify individual
heart beats in the audio signal; and analyse
the individual heartbeats of the audio signal
to enable the audio signal to be classified.

2. An apparatus as claimed in claim 1 wherein the
apparatus, the audio sensing means and the further
sensing means are provided within attachment
means for attaching the apparatus to the subject.

3. An apparatus as claimed in claim 1 wherein the
audio sensing means is positioned within the appa-
ratus so that when the apparatus is attached to the
subject the audio sensing means is positioned adja-
cent to the subject’s torso.

4. An apparatus as claimed in any of claims 2 to 3
wherein the audio sensing means is positioned with-
in the apparatus so that when the apparatus is at-
tached to a subject the audio sensing means is po-
sitioned underneath the subject’s arm.

5. An apparatus as claimed in any of claims 2 to 4
wherein the attachment means comprises a cuff
which is arranged to fit around the subject’s arm.

6. An apparatus as claimed in any preceding claim
wherein the further sensing means comprises
means for sensing a bioelectric signal.

7. An apparatus as claimed in claim 6 wherein the
bioelectric signal comprises an electrocardiogram
signal.

9. An apparatus as claimed in any preceding claim
wherein the memory circuitry and the computer pro-
gram code are configured to, with the processing
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circuitry, cause the apparatus to identify R peaks in
the further signal to enable individual heartbeats in
the audio signal to be identified.

10. An apparatus as claimed in any preceding claim
wherein the memory circuitry and the computer pro-
gram code are configured to, with the processing
circuitry, cause the apparatus to divide the individual
heartbeats of the audio signal into segments corre-
sponding to different portions of the heartbeat.

11. An apparatus as claimed in any preceding claim
wherein the memory circuitry and the computer pro-
gram code are configured to, with the processing
circuitry, cause the apparatus to use wavelets to re-
move noise from the audio signal.

12. An apparatus as claimed in any preceding claim
wherein the memory circuitry and the computer pro-
gram code are configured to, with the processing
circuitry, cause the apparatus to extract features
fromwithin anindividual heartbeat of the audio signal
and use the extracted features to classify the audio
signal.

13. A wearable device comprising an apparatus as
claimed in any preceding claim.

14. A method comprising:

obtaining an audio signal from an audio sensing
means wherein the audio signal comprises a
subject’s heartbeat;

obtaining a further signal from a further sensing
means wherein the further signal also comprises
the subject’s heartbeat;

using the further signal to identify individual
heart beats in the audio signal; and

analysing the individual heartbeats of the audio
signal to enable the audio signal to be classified.

15. A computer program comprising computer pro-
gram instructions that, when executed by processing
circuitry, cause:

obtaining an audio signal from an audio sensing
means wherein the audio signal comprises a
subject’s heartbeat;

obtaining a further signal from a further sensing
means wherein the further signal also comprises
the subject’s heartbeat;

using the further signal to identify individual
heartbeats in the audio signal; and

analysing the individual heartbeats of the audio
signal to enable the audio signal to be classified.
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