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Method, system and computer program for detecting a heart hedalth state

Technical Field

The present invention relates to a method, system and computer
program for detecting a health state of a heart of a user, preferably for defecting
congestive heart failure (CHF).

Prior art

The health state of the heart of a human is essential for its well being.
The early detection of problems with the heart can avoid serious complications with
the human health. Such problems can be CHF, coronary artery disease, atrial
fibrillation, high blood pressure, etc. Traditionally heart monitoring is done with an
electrocardiogram (ECG). Some heart monitoring techniques are based on a
ballistocardiography (BCG) or a seismocardiography (SCG). The SCG is normally
measured on the chest of the human. The BCG can be measured in many different
ways. While many SCG or BCG measure or use only one or few dimensions,

WQO201736887 proposes to base the heart monitoring on a
combination of ECG and BCG measured at the centre of gravity of the body,
eventually combined with an SCG. It is proposed to use multi-dimensional BCG and
SCG measuring with the accelerometer three linear dimensions to obtain the linear
kinetic energy of the movement of the heart and with the gyroscope three rotational
dimensions to obtain the rotation kinetic energy of the movement of the heart. The
kinetic energy is calculated based on the moment of inertia and the mass of the
user. This calibrates the BCG and SCG measurements and make them comparable
for different users. While this calibration works quite well for the BCG at the centre of
mass of the user, this calibration does not work properly for IMU measurements

placed apart of the centre of mass of the user, like the SCG at the chest of the user.

Brief summary of the invention

It is the object of the invention to provide a method, systfem and
computer program for detecting a health state of a heart of a user which overcomes
the problems of the state of the art.

According to the invention, this object is solved by the method, system

and computer program according to the independent claims.
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According to the invention, this object is solved by a system for
detecting a health state of a heart of a user comprising: a device and a processing
means; the device including an IMU, wherein the IMU is configured to measure a
measurement signal when the device is placed on a body of the user; the processing
means configured to determine a characteristic of the device, to determine the
health state of the heart of the user based on the measurement signal and based
on the characteristic of the device, and to output an output information based on
the determined health state.

According to the invention, this object is solved by a method for
detecting a health state of a heart of a user comprising the following steps: receiving,
in a processing means, a measurement signal from an IMU contained in a device,
when the device is placed on a body of the user; determining, in the processing
means, a characteristic of the device; determining, in the processing means, the
health state of the heart based on the received measurement signal and based on
the characteristic of the device.

The inventors found out that the calibration of the measurement signal
based on characteristics of the device work much better than calibrations based on
the user, especially when the device is not placed at the center of mass of the user.

The dependent claims refer to further advantageous embodiments.

In one embodiment, the characteristic of the device is related to the
weight and/or dimensions of the device.

In one embodiment, the characteristic of the device comprises the
mass of the device and/or moment of inertia of the device.

The weight and/or dimensions, in particular the mass/moment of
inerfia allow to determine the calibrated kinetfic parameters of the heart.

In one embodiment, the processing means is configured to compute
at least one feature based on the measurement signal and based on the
characteristic of the device, wherein the processing means is configured to
determine the health state based on the at least one feature computed.

In one embodiment, the at least one feature computed comprises or
is based on at least one of cardiac force or torque, cardiac kinetic energy, cardiac
work and cardiac power.

In one embodiment, the at least one feature computed comprises or
is based on at least one of cardiac torque, cardiac rotational kinetic energy, cardiac

rotational work and cardiac rotational power.
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In one embodiment, the at least one feature is computed based on
the mass of the device and/or moment of inertia of the device.

In one embodiment, the processing means is configured to determine
the type of the device, and to determine the characteristic of the device based on
the type of the device determined. This allows to obtain the correct characteristic of
the device for the calibration, even when the system is realized in a software and/or
when the system is used with different type of devices with different characteristics.

In one embodiment, the device is a smartphone or a wearable,
wherein the type of the device is the type of the smartphone or the type of the
wearable.

In one embodiment, the wearable is connected to a smartphone.

In one embodiment, the type of the device is received from a user
input.

In one embodiment, the type of the device is received from an
operating system running on the smartphone or the wearable.

In one embodiment, the system comprising a server, wherein an
application program is running on a processor of the smartphone, wherein the
application program is configured to connect with the server, wherein the processor
of the smartphone and/or a processor of the server work as the processing means.

In one embodiment, the processing means comprises an ML engine
configured to determine the heart health state.

In one embodiment, the IMU is arranged in a smartphone or a
wedarable connected to a smartphone, wherein the measurement signal comprises
a six-dimensional signal with three linear dimensions representing the linear
acceleration of the heart measured with an accelerometer of the IMU and with three
rotational dimensions representing the angular velocity of the heart measured with
a gyroscope of the IMU, wherein a heartbeat period of the heart of the user is
identified based on the measurement signal, wherein a plurality of sub-periods in the
heartbeat period are determined, wherein the plurality of features comprise linear
features and rotational features, wherein the linear features comprise the values of
at least one linear feature variable of the movement of the heart in each sub-period
calculated based on the three linear dimensions of the measurement signal, wherein
the rotational features comprise the values of at least one rotational feature variable
of the movement of the heart in each sub-period calculated based on the three

rotational dimensions of the measurement signal. The combination of ML, six-
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dimensional IMU measurement by a smartphone, ECG independence and the
robustness of the rotational and linear parameters versus the orientation of the
smartphone allow a good heart state detection with a standard smartphone which
just needs to run a software on the smartphone to measure the six-dimensional
measurement signal with the IMU of the smartphone. Even if this combination of
features is partficularly effective, several features can be used also individually or in
other sub-combinations. Preferably, the plurality of features is determined
independently from an ECG measurement. However, it is also possible to determine
the plurality of features based on an additional ECG measurement.

In one embodiment, the measurement signal comprises a six-
dimensional signal with three linear dimensions representing the linear acceleration
of the heart measured with an accelerometer of the IMU and with three rotational
dimensions representing the angular velocity of the heart measured with a
gyroscope of the IMU, wherein a heartbeat period of the heart of the user is identified
based on the measurement signal, wherein a plurality of sub-periods in the heartbeat
period are determined, wherein the plurality of features comprise linear features and
rotational features, wherein the linear features comprise the values of at least one
linear feature variable of the movement of the heart in each sub-period calculated
based on the three linear dimensions of the measurement signal, wherein the
rotational features comprise the values of at least one rotational feature variable of
the movement of the heart in each sub-period calculated based on the three
rotational dimensions of the measurement signal. Having a combined/scalar linear
value, and one combined/scalar rotafional value allows to remove the
dependence of the measurement signal from the orientation of the IMU. The
dependence of the measured components on the orientation of the IMU showed to
increase the error rate of the health state determination.

In one embodiment, the plurality of features comprises values of a
linear feature variable at different times of one heartbeat and values of a second
feature variable at different times of one heartbeat, wherein the first feature variable
is determined based on the three linear dimensions, wherein the second feature
variable is determined based on the three rotational dimensions. Having a
combined/scalar linear value, and one combined/scalar rotational value allows to
remove the dependence of the measurement signal from the orientation of the IMU.
The dependence of the measured components on the orientation of the IMU

showed to increase the error rate of the health state determination.
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In one embodiment, the (at least one) linear feature variable is one or
more of: the linear (cardiac) power, the linear (cardiac) kinetic energy, and the
linear (cardiac) work. In one embodiment, the (at least one) rotational feature
variable is one or more of: the rotational (cardiac) power, the rotational (cardiac)
kinetic energy, and the rotational (cardiac) work. These kinetic parameters are
independent from the orientation of the sensor and proved to be very robust in
detecting a heart health state.

In one embodiment, the measurement signal comprises a six-
dimensional signal with three linear dimensions representing the linear acceleration
of the heart measured with an accelerometer of the IMU and with three rotational
dimensions representing the angular velocity of the heart measured with a
gyroscope of the IMU, wherein a heartbeat period of the heart of the user is
identified, wherein a plurality of sub-periods in the heartbeat period are determined,
wherein the plurality of features comprise linear features and rotational features,
wherein the linear features comprise the values of the linear kinetic energy of the
movement of the heart in each sub-period calculated based on the three linear
dimensions of the measurement signal, wherein the rotational features comprise the
values of the rotational kinetic energy of the movement of the heart in each sub-
period calculated based on the three rotational dimensions of the measurement
signal.

In one embodiment, the measurement signal comprises a six-
dimensional signal with three linear dimensions representing the linear acceleration
of the heart measured with an accelerometer of the IMU and with three rotational
dimensions representing the angular velocity of the heart measured with a
gyroscope of the IMU. The inventor found out that measurement signals with all six
dimensions bring significantly better results, because information can not be hidden
in some non-measured dimension. The state of the art offen measured only some
dimensions or at least considered only some dimensions for the analysis.

In one embodiment, a linear velocity signalis calculated based on the
three linear dimensions and the plurality of feafures comprise at least one linear
feature calculated based on the linear velocity signal; and/or a rotational
acceleration signal is calculated based on the three rotational dimensions and the
plurality of features comprise at least one rotational feature calculated based on the
rotational acceleration signal. It was found out that kinefic features based on the

linear velocity and/or based on the rotational acceleration which are not directly
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measured contain many valuable information not available from the measurement
signal. Features for determining the health state using these features proved to be
more robust over features using just signal characteristics of the signal measured in
the IMU. In particular, the linear kinetic energy computed from the linear velocity
signal was found to be of particular interest as feature for the health state
determination.

In one embodiment, the method comprises the step of determining, in
the processing means, based on the measurement signal a velocity signal
representing the velocity of the kinetic movement of the heart, wherein the
processing means determines the plurality of features based on the velocity signal.

In one embodiment, the processing means determines from the
velocity signal a processed velocity signal representing the squared velocity of the
kinetic movement of the heart or the kinetic energy of the movement of the heart,
wherein the processing means determines the plurality of features based on the
processed velocity signal.

In one embodiment, the plurality of features comprises the values of at
least one feature variable at different times of one heartbeat.

In one embodiment, a heartbeat period of the heart of the user is
identified, wherein a plurality of sub-periods in the heartbeat period are determined,
wherein the plurality of features comprise values of at least one feature variable in
each determined sub-period. The definition of the sub-periods (only) based on the
measurement signal from the IMU (and not based on the ECG) allows fo create such
a segmentation also without and ECG signal. This allows to perform the present
feature extraction also in simple smartphones.

In one embodiment, a reference point in the heartbeat period is
determined and the sub-periods are defined based on the reference point and
based on fixed time widths of the sub-periods. Instead of computing the time width
(or start and end) of the sub-periods for each heartbeat, the time width of each sub-
period is chosen fixed (from one heart beat to the other) and can thus be easy and
reliable be determined with respect to a reference point. The use of fixed time widths
of the sub-periods allows an easy, robust, and repeatable computation of the sub-
periods, and thus a repeatable and robust computation of the values of the feature
variable of the sub-periods. The fixed time widths are preferably defined
independently of physiological parameters, or time points like for example certain

peaks in the signal, or the end or beginning of the systolic or diastolic phase. The sub-
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periods defined based on physiological parameters are computationally complex
and error prone, if only one of the physiological parameters is not correctly detected.
The fixed time widths are preferably absolute fixed time widths or relative fixed time
widths. The absolute fixed time widths have an absolute value of the time width
which does not change from one heartbeat to the other. The relative fixed time
width has a relative value (percentage value) with respect to e.g. the length of the
heartbeat period, which does not change from one heartbeat period to the other.

In one embodiment, heartbeat periods in the measurement signal are
identified based on a matrix profile motif algorithm applied on a signal based on the
measurement signal, wherein the matrix profile motif algorithm identifies one or more
reference heartbeat periods as motfif in the signal based on the matrix profile. The
detection of the heartbeats in an IMU signal is very difficult without the measurement
of the ECG signal. The use of the matrix profile allows a robust detection of the
heartbeat period at low computational costs.

In one embodiment, a respiration information of the user is detected
based on the measurement signal.

In one embodiment, the plurality of features comprises a respiration
information of the user. Since the heartbeat depends significantly on the respiration
phase/state of the user, this feature as input for the health state determination was
found to significantly improve the outcome of the health state. This is especially the
case, when combining the respirafion information with the plurality of feature
variables relating to the linear and rotational movement of the heart in the different
sub-periods. This allows the ML engine to distinguish between the different
movements of the heart in different respiration states and avoids thus wrong
conclusion due to differences due to the respiration state of the user.

In one embodiment, the plurality of features is determined
independently from an ECG measurement. This allows to realize the method in any
common smartphone with an IMU.

In one embodiment, the health state determines, if the heart shows
congestive heart failure.

In one embodiment, the method comprising the steps of placing the
IMU on a chest of the user, and measuring the measurement signal with the IMU,
when placed on the chest of the user.

In one embodiment, the user lays down, while a smartphone including

the IMU is placed on the chest of the user. While the state of the art proposed mainly
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sleeves or fixations for fixing the measuring device on the chest or somewhere else
on the body, it was found by the inventors that measuring the IMU signal while laying
down has several advantages for the measurement quality. The user is not moving
and thus movements caused by the movement of the user do not disturb the
measurement. The user relaxes while laying down and the measurement signal is
always measured in a relaxed state which yields more repeatable signals. And finally,
the sleeves holding the devices with the IMU damp the movement and reduce thus
the signal quality. Other embodiments according to the present invention are
mentioned in the appended claims and the subsequent description of an
embodiment of the invention.

Brief description of the Drawings

Fig. 1 shows an embodiment of a system for detecting a health state
of a heart of a user according to the invention.

Fig. 2 shows an embodiment of a method for detecting a health state
of a heart of a user according to the invention.

Fig. 3 shows an exemplary embodiment of the feature extraction.

Fig. 4 shows a first embodiment of the system.

Fig. 5 shows a second embodiment of the system.

In the drawings, the same reference numbers have been allocated to
the same or analogue element.

Fig. 6 shows an example of the measurement signal, of the respiration
signal and pre-feature signals.

Fig. 7 shows an example illustration of some steps of the feature
extraction.

Detailed description of an embodiment of the invention

Other characteristics and advantages of the present invention will be
derived from the non-limitative following description, and by making reference to
the drawings and the examples.

The system, method and computer program according to the
invention detect a health state of a heart (heart health state) of a user 10. The
terms body and heart shall refer to the body and heart of the user 10 whose heart
health state is detected. The user is normally a human being. However, the user
can also be an animal, preferably a mammal animal. The user 10 is called a user,
not a patient as the system, method and computer program can be performed by

any person and no medical surveillance is necessary. Obviously, this shall not
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exclude that also medical stuff can perform the system, method and computer
program according to the invention on a user 10 (patient in this case). The user 10
shall always be the person whose heart health state shall be detected. The person
controlling the system, method and computer program according to the invention

is preferably the same user, can however be another person.

Fig. 1 shows an embodiment of a system for detecting a health state
of a heart of a user according to the invention. The system comprises a device 11

and a processing means 2.

The device 11 contains an inertia measurement unit (IMU) 1. The IMU
1 is configured to measure measurement signal for the motion/movement of the
heart. The IMU 1 is configured to measure the motion/movement of the device 11,
while the device being in contact with the body of the user 10, so that the
measured movement is indicative for the movement of the heart of the user. The
measurement signal comprises preferably at least six dimensions. The six dimensions
comprise three translational dimensions also called linear dimensions and three
rotational dimensions, also called angular dimensions. The IMU 1 comprises normally
an accelerometer for measuring the acceleration of the heart movement (for the
three linear dimensions) and a gyroscope for measuring the angular velocity (for
the three rotational dimensions). The IMU 1 comprises the accelerometer and the
gyroscope normally in a common chip or device. However, the gyroscope and the
accelerometer can also be readlized as separated chips or devices and would still
be considered as IMU 1. The IMU 1 is preferably placed on the chest of the user 10
to measure the measurement signal which then is normally called SCG. Often SCG
refers just o the three linear acceleration measurements or even to just one linear
and/or rotational dimension. But in here SCG shall refer to a six-dimensional
measurement signal including the three linear dimensions and the three rotational
dimensions. Normally, one, two or three of the three linear dimensions are called
SCG, and one, two or three of the three rotational dimensions are called
Gyrocardiography (GCG). For simplicity, the six-dimensional measurement signal

with the SCG and GCG is called in here SCG.

In a preferred embodiment, the IMU 1 is arranged in a smartphone 5
as shown in embodiment of Fig. 4, i.e. the device 11 is a smartphone 5. Thus, the

standard IMU 1 available in nearly every smartphone 5 can be used to detect the
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measurement signal of the heart necessary for the present invention. No other
sensor or extra sensor is necessary to perform the measurement of the heart. But it is
obviously possible that the health state is based on additional sensor measurements
like for example an ECG signal. The term smartphone 5 shall include tablets,
wearables or other mobile devices with a direct access to an access to the cellular
phone network via a SIM card (physical or virtual) and/or to the internet. Preferably,
the smartphone 5 has the possibility to download a special application software for
realizing the functions of the present invention described below. However, it is also
possible that the IMU 1 is not arranged in a smartphone 5, but in another device.
The IMU 1 can for example be arranged in a wearable 7 as device 11 worn on the
body of the user like a smartwatch, a heart monitor fixed on the chest with a sleeve
around the torso, or other wearables. Such a wearable 7 could be connected to a
smartphone 5, preferably via wireless connection, e.g. a Bluetooth connection. For
example, the IMU 1 can be arranged in a heart monitor which is fixed with a sleeve
on the chest of the user 10. The wearable 7 is preferably connected with a
smartphone 5. However, it is also possible that the wearable 7 itself acts as a
smartphone 5 with a direct access to the internet (without the necessity of a

connected smartphone 5).

It is also possible that the IMU 1 is arranged in a dedicated device 11
which is not related to a smartphone 5 and/or not connected to the internet or any
other device. In such a case, the processing means 2 can be included fully in the

dedicated device 11.

The smartphone 5 comprises preferably a smartphone processor, a
storage, a communication means, an input means, preferably a touch screen, and
an output means, preferably a (touch) screen. The storage of the smartphone 5is
configured to store application programs to perform special functions on the
smartphone 5, when the application program is executed on the smartphone
processor. Such application programs are often also called apps. The smartphone
5 in the embodiment of Fig. 4 and 5 comprises preferably an application program
for performing or requesting at least some steps of the method of the invention
described subsequently (subsequently called monitoring app). The monitoring app
is preferably installed on the smartphone 5, i.e. stored in the storage of the
smartphone 5. However, the term monitoring app shall also refer to a front-end

program downloaded each time when accessing with the browser of the



WO 2023/186532 PCT/EP2023/056518

smartphone on a certain website. Preferably, the monitoring app is configured to
request from the IMU 1 the measurement of the measurement signal and to receive
the measurement signal from the IMU 1 (arranged in the same smartphone 5 asin
Fig. 4 or connected o the smartphone 5 as in Fig. 5). Preferably, the monitoring
app is configured to communicate with a server 6. The communication means is
configured o establish a communication connection to a server 6. The
communication means can be a WLAN and/or a cell phone network
communication module. The cell phone network communication module
comprises preferably a Subscriber Identity Module (a virtual one (eSIM), a SIM card
or just a holder for such a SIM card) for receiving the data required for

communicating with the cellular phone network.

The processing means 2 is configured to perform all or at least

some/most steps (S2 to S4) of the invention as described in more detail below.

The processing means 2 can be a single processor or can be a
combination of processors. For example, different processors could realize different
steps. Preferably, the processing means 2 can comprise a local processor and a
remote processor. The local processor can be arranged in the smartphone 5
(smartphone processor) and/or in the wearable 7 or the dedicated device
mentioned above. The remote processor can be arranged for example in a server
6 connected to the local processor (or the device including the local processor) via
the internet. The remote processor shall not only be understood as one physical
processor, but as anything which realizes the functions of the remote processor or
server 6 such as for example a server center or a cloud. The steps S2 to §4
described below can be redlized all on the local processor or all on the remote
processor or distributed over both. The local processor can be realized by the
processor of the wearable 7 and/or by the processor of the smartphone 5.
Preferably, the processing means 2 comprises a general-purpose processor (or
more of them) on which a software is running fo realize the functions of the
inventive method described later. This software can realize all functions or only
some functions. If there is a local processor, there is preferably a local software
running on the local processor, e.g. the monitoring app. If there is a remote
processor, there is preferably a remote software running on the remote processor,

e.g. a server or backend software.
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Preferably, the remote processor (server 6) and the local processor
(client 5, 7) work as a client server system with some functions realized on the server
6 and some on the client 5, 7. In this case, the local software is a client software
and the remote software a server software. The client device 5, 7 or ifs client
software is configured to authenticate the user by user credentials and the
configurations and/or results of the client software are stored on the server 6 in
relation to the user. The server 6 comprises a user management for storing the user
credentials to authenticate the users in the client software and to store

configurations and/or results and/or measurement signals in relation to the user.

In one embodiment, the processing means 2 comprises a device
specificator 9 and a health state means 4. Preferably, the processing means 2

compirises further a feature extractor 3.

The device specificator 9 is configured to determine a characteristic
C of the device 11. The device specificator 9 realizes preferably the step S2
described later. The device specificator 9 is preferably realized in the local
processor/smartphone 5, especially when the device 11 corresponds to the
smartphone 5 or to a wearable connected to the smartphone 5. However, the
device specificator 9 can also be arranged in the remote processor/server 6 or in
both. For example, the type of the device 11 can be determined via a user input at
the smartphone 5, the wearable 7 or another client device (different from the
device 11) and the determination of the characteristic C based on the user input
can be done at the server 6. Preferably, the processing means 2 comprises a
general-purpose processor (or more of them) on which a software is running to
redlize the function of the device specificator 9, e.g. the monitoring app and/or the

server software.

The feature extractor 3 is configured to realize the step $3 described
later to extract the features used as input for the health state means 4 from the
measurement signal. The feature extractor 3 can be redlized in the local
processor/smartphone 5 or in the remote processor/server 6 or in both. Preferably,
the processing means 2 comprises a general-purpose processor (or more of them)
on which a software is running to realize the function of the feature extractor 3, e.g.

the monitoring app and/or the server software.
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The health state means 4 is configured to redlize the step 54
described later. The health state means 4 can be realized on a general-purpose
processor or on a dedicated ML processor, if the health state means 4 is realized as
a ML engine. The general-purpose processor can be the same as the one on which
the feature extractor 3 is running. In this case, the health state means 4 is realized as
a software. However, the health state means 4 can also be realized on a special
purpose chip or processor specialized for ML applications. Such an ML special
purpose chip would then be programmed for the present ML application as
described later. The ML engine 4 is preferably arranged on the remote processor/
server 6. However, it would also be possible to have the ML engine 4 on the local

processor/smartphone 5.

The system comprises preferably further an output means for
outputting an output information based on the determined heart health state. The
output means is preferably realized in the client device (in case of a client server
system). The output means is preferably realized in the smartphone 5 or the

wearable 7. The output means is for example a display or an audio output.

Fig. 2 shows an embodiment of a method for detecting a health

state of a heart of a user according to the invention.

In a first step S1, a measurement signal is measured with the device
11 containing the IMU 1 placed on the body of the user 10. The measurement
signal is preferably an SCG. The device 11 /IMU 1 is placed such on the body of the
user that the IMU 1 can detect the movement of the heart. Preferably, the IMU 1 is
placed on the torso, preferably on the upper portion of the torso and/or preferably
on the chest side of the torso, most preferably on the chest of the user 10.
Preferably, the user 10 lays down for the measurement and puts the device 11 with
the IMU 1, preferably in the form of the smartphone 5, on the torso. Since the user
10 is laying down, the smartphone 5 must not be fixed on the torso and can freely
measure the movement created by the heart. A sleeve or any other means for
pushing the IMU 1 against the torso might damp the movement of the IMU 1. In
addition, this way the user 10 is in a relaxed state and the measurement is not
falsified with other body movements which might falsify the measurement. The user
10 can perform the measurement himself by providing an input command to the

monitoring app/smartphone 5/IMU 1 to start the measurement and by placing the
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smartphone 5/IMU 1 on his torso/chest (in any order). Thus, the measurement can
be performed with any common smartphone 5 having an IMU 1 included. The user
needs just to download a special monitoring app (client software) on the
smartphone 5. Preferably, the measurement lasts less than a maximum length,
preferably less than 10 minutes, preferably than 5 minutes, preferably than 2
minutes, preferably than 1 minute. Thus, the measurement step can be realized
quickly by the user 10. The measurement lasts preferably longer than a minimum
length which is preferably longer than one heartbeat, preferably longer than one
second, preferably longer than 5 seconds, preferably longer than 10 seconds,
preferably longer than 20 seconds. Thus, the IMU 1 records a measurement signal
SCG of a certain measurement window. The measurement window is preferably
between the minimum length and the maximum length. However obviously other
lengths are also possible. Since the IMU 1/smartphone 5 is placed on the torso of
the user 10, it moves with the movement of the heart or the heartbeat. As
mentioned above, the step S1 works equally with another device 11, e.g. a
wearable 7 or another dedicated device. If the wearable 7 is fixed, preferably on
the chest, the measurement can also be performed during an activity of the user.
In such a case, the measurement can also be performed as a continuous

monitoring, e.g. longer than 1 h, preferably longer than 12h.

Thus, the measurement signal SCG represents the movement of the
heart in the measurement window for six dimensions (degrees of freedom). The
measurement signal SCG is measured with a certain sampling rate. The sampling
rate is preferably higher than 10Hz, preferably higher than 25 Hz, preferably higher
than 50 Hz, preferably higher than 60 Hz, preferably higher than 70 Hz, preferably
higher than 80 Hz, preferably higher than 90 Hz, preferably higher than 100 Hz. Fig. é
shows the six-dimensional measurement signal with the three linear dimensions 17

and the three rotational dimensions 18.

The processing means 2 or its computer program receives the
measurement signal SCG as described. The monitoring app/smartphone
5/dedicated device receives preferably a user input to start the measurement with
the IMU 1. Once this user input is received, the monitoring app/smartphone
5/dedicated device sends instructions to the IMU 1 to start the measurement of the
measurement signal SCG. The duration of the measurement is preferably

predetermined or can be configured in the monitoring app. The monitoring
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app/smartphone 5/dedicated device preferably gives out an indication that the
measurement has ended, when the duration of the measurement has ended, e.g.

an audio signal.

In step S2, the processing means 2 determines a characteristic C of
the device 11. The characteristic C of the device 11 is preferably related to the
weight and/or dimensions of the device 11. The characteristic C of the device 11 is
preferably the mass and/or the moment of inertia | of the device 11. The moment
of inertia | comprises preferably a moment of inertia Ix, lyy, |z for each direction of
the coordinate system. However, the moment of inertia could also be more
complex with a 3x3 tensor | with non-zero elements on its non-diagonal elements.
The moment of inertia could also be a scalar value, if the device 11 is sufficiently

symmetrical.

Preferably, the processing means 2 determines the type of the device
11 and determines the characteristic C based on the type of the device 11
determined. The characteristic C can be for example be stored in a database or
look-up table which stores for each type of device 11 the corresponding value(s) of
C. For example, the type of the device 11 can be identified by a product type
identfification like a combination of manufacturer and product name and if
necessary version number. For example, apple iphone pro 13. The type of the
device can be retrieved automatically from the device 11. For example, the
software running on the smartphone 5 can request from the operating system
running on the smartphone 5 the type of the smartphone § if the smartphone 5is
used directly as device 11. If a wearable 7 connected to the smartphone 5 is used,
the software running on the smartphone 5 can request from the operating system
running on the smartphone 5 the type of the wearable 7 connected to get the
type of the wearable 7. It is also possible that the software running on the
smartphone 5 requests directly the wearable 7 of what type it is. The type of the
device 11 can also be determined by a user input selecting the type of the device
11. The determination of the characteristic C based on the type of the device 11 is
necessary, where the inventive processing means 2 or software can be realized
with different devices 11. The step S2 must not be realized with each
measurements, but can be realized once when setting up the system. For example,
when the wearable 7 is connected to the smartphone 5 or when the software is

installed on the smartphone 5. Once the characteristic C is determined based on
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the type of the device 11, the characteristic C is preferably stored in the processing
means 2 related to the system and can be used for each measurement as long the
configuration of the system is not changed. If the device 11 is a dedicated device
or always the same device, the step of determining the characteristic C based on
the type of the device 11 can be omitted and the step S2 is basically to read out

the stored characteristic C when needed.

In step S3, the processing means 2 determines a plurality of features
based on the measurement signal SCG and the characteristic C. These features
are used in the next step S4 as input features (also called feature vector) for
determining the health state, preferably via an ML engine 4. The features comprise
preferably data features derived from the measurement signal SCG and subject

features related to the user 10.

The subject features are normally independent from the
measurement signal SCG. The subject features comprise preferably one or more of
age, sex, weight, height, body mass index (BMI), body surface area (BSA) of the
user 10. The subject features are preferably derived from an input information,
preferably a user input. The user input can for example be received at the
monitoring app in the smartphone 5. However, the input information can also be
stored in a database on the server 6 for the user 10 and refrieved from there. For
example, this information can be received from a parallel application which
already has this information and allows a transfer. The BMI and the BSA can be
computed from the weight and height of the user 10. Even if the presence of
subject features in the features of the ML engine 4 is preferred, it is also possible to

do the step S4 without subject features or with different subject features.

In the preferred embodiment, the data features are derived (only)
from the measurement signal SCG measured with the IMU 1. Preferably, the data
features are derived only from the measurement signal SCG measured with the IMU
1, i.e. independent from other sensors arranged on the body, in particular
independent from sensors not included in a standard smartphone, in particular
independent from an ECG measurement which normally requires special
equipment. However, the invention could also be applied in a more complex
embodiment including ECG sensors and/or other sensors, e.g. with a special

wedarable 7 with an IMU sensor 1 and an ECG sensor.



WO 2023/186532 PCT/EP2023/056518

Fig. 3 describes one embodiment to determine the data features
based on the measurement signal SCG (subsequently short only SCG) and based
on the characteristic C. The data features can be obtained for the complete
measurement window of the SCG signal or only for a sub-window of the

measurement window.

In step S31, respiration information is retrieved from the SCG. Since the
respiration causes increase and decrease of the volume of the torso or
thorax/chest, the SCG reflects the respiration information as well. Preferably, a
respiration signalis extracted from the SCG. This can be realized by independent
component analysis, a low pass filter or other measures. The respiration signal is
preferably determined based on the complete measurement window. The
respiration information is preferably based on the respiration signal. Preferably, the
respiration signalis discretized in a number of respiration states. The respiration
states include preferably at least four respiration states. The respiration states
include preferably two or more of: a high-volume state (HV), a middle volume state
during expiration (MV-EX), a low volume state (LV) and a middle volume state
during inspiration (MV-IN). There can also be more than four respiration states. The
high-volume state HV can be distinguished in two state (high volume during
expiration HV-EX and high volume during inspiration LV-IN) or three states (HV-EX,
HV, HV-IN). The same can be done for the low volume state LV. Also the middle
volume states MV can be made distinguished into smaller states. One respiration
cycle/period includes thus a sequence of HV, with subsequent MV-EX, with
subsequent LV and with subsequent MV-IN (or other complete sequence of
respiration states of a respiration cycle/period). The discretization of the respiration
signal leads to a respiration state signal showing the respiration states over time (in
the measurement window). The discretization of the respiration signal can be done
only on the complete measurement window or only on a sub-window of interest.
The features comprise preferably at least one respiration information, preferably the
respiration state at at least one time point of a heartbeat. The respiration
signal/information can be determined from all six dimensions of the SCG, from a
sub-group of dimensions of the SCG or from one or more composite signals
determined each from one or more (preferably different) sub-group(s) of the SCG
signal. Fig. 6 shows an example of a respiration signal 23 extracted from an

example SCG.
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In step $32, a preprocessing of the SCG signal is performed. This
involves mainly the removal of noise, i.e. removal of signal components not related
to the heart movement. This can be done for example by a frequency filter, e.g. a
high pass filter or a low pass filter or a band pass filter. The preprocessing step
removes preferably frequencies above 100 Hz, preferably above 80Hz, preferably
above 70 Hz, preferably above 60 Hz. The preprocessing step removes preferably
frequency below 1 Hz, preferably below 2 Hz, preferably below 3 Hz. Preferably, the
pre-processing removes also any trend in the SCG. Preprocessing is a preferred
step, but is not essential to the invention. The respiration signal/information is
preferably determined based on the SCG before preprocessing or with a different
preprocessing excluding the removal of the frequencies below normal heartbeat
frequencies. Fig. 6 shows an example of the preprocessed six-dimensional SCG
signal with the three linear dimensions ax(t), ay(t), az(t) and the three rotational
dimensions wx(1), wy(t), w:(t). The signal ax(t) shows the acceleration in the x-
direction, the signal ay(t) the acceleration in the y-direction, the signal a:(t) the
acceleration in the z-direction. The signal wx(t) shows the rotational velocity around
the x-direction, the signal wy(t) shows the rotational velocity around the y-direction,
the signal w;(t) shows the rotational velocity around the z-direction. The x-direction,
y-direction and z-direction refer to the three perpendicular dimensions of a
cartesian coordinate system of the IMU 1. Preferably, the coordinate system of the
IMU 1 is aligned with the coordinate system of the user 10. The coordinate system of
the user has preferably the y-direction in the direction from the feet to the head of
the user, the x-direction in the direction from one arm to the other arm, preferably
from the right arm to the left arm, and the z-direction from the back of the torso to
the chest. Such an alignment could be achieved by giving the user instructions
how to place the smartphone 5 on the body. For example, the instructions could
show an arrow indicating to the head of the user 10. However, it is also possible that
the arrangement of the IMU 1 with respect to the user 10 is not known. Especially,
when using the below mentioned pre-features, the correct positioning/orientation
of the IMU 1 is not necessary as they are independent of the orientation of the

device 11.

In step $33, at least one pre-feature signal is calculated based on the
(preferably pre-processed) SCG signal and the characteristic C being in this

example the mass or weight of the device 11 and the moment of inertia | of the
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device 11. In a preferred embodiment, at least one (scalar) linear pre-feature
signhal is determined based on the combination of the three linear dimensions ax(t),
ay(1), az(f) of the SCG (independent of the three rotational dimensions cx(t), wy(1),
(1) of the SCG) and/or at least one (scalar) rotational pre-feature signal is
determined based on the combination of the three rotational dimensions cox(t),

oy (1), wz(t) of the SCG (independent of the three linear dimensions ax(1), ay(t), az(t)
of the SCG). The (linear and/or rotational) pre-feature corresponds preferably to a
physical variable describing the movement of the heart like kinetic Energy, kinetic
power, work, force/torque, etc. Physical values describing the linear movement of

the heart are for example

F = mad (force vector) (1)
Kjp = %mvz {linear kinetic energy) (2)
aw = F.ds Wy, = § F.ds (cardiac linear work) (3)
dPy;, = %ig- = F. ¥ (cardiac linear power) (4)

with the vector a describing the three-dimensional vector of the linear
accelerations at each sample time, with m being the weight of the device
containing the IMU 1 (mass), with the vector v being the three-dimensional vector
of the linear velocity of the heart at the sample time. A vector is indicated by an
arrow above the variable. The force vector F(t) at each sample time t is obtained
by the multiplication of the mass m with the acceleration vector a(t) at the
respective sample time t F(t)=(Fx(1), Fy(1), Fz(1))= (max(t), may(t), maz(t)) as shown in
equation (1). The acceleration vector a(f) corresponds fo the acceleration vector
a(t)=(ax(1), ay(1), az(t)) measured with the IMU 1 (and preferably preprocessed in
§$32). The linear kinetic energy Kin(t) af the sample time t is calculated based on the
mass multiplied with the squared linear velocity v2(1) at the sample time t as shown
in equ. (2). The squared linear velocity v2(t) is preferably calculated based on the
squared distance/length of the velocity vector v={v«(t), w(t), vz(1)) at the sample
time t. The distance/length of the velocity vector is preferably the square-root of
the sum of the three squared linear components of the velocity sart(vx<2(t)+ vy2(t)+
vz2(1)), i.e. the Euclidian distance metric of the velocity vector v. However, other
distance metrics might be used. The velocity vector v=(v«(1), w(t), v¢(t)) can be
obtained by integrating the acceleration vector a(t)= (ax(1), ay(t), az(t)) from 10, e.g.

the start of the measurement signal, until the sample time t. Preferably, the linear
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velocity signalis calculated (by integration) based on the linear acceleration
vector signal. The linear velocity signal can be the linear velocity vector signal with
the three linear velocity components (vx(), vy(t), vz(1)) or the length of this linear
velocity vector or a function of those. This linear velocity signal can be used to
calculate linear pre-feature signals and/or (data) features like the linear kinetic
energy. The linear kinetic energy Kin(t) must be distinguished from the signal energy
which is often used in the state of the art. For example, the signal energy of the
SCG in the x-direction is defined as the sum of the acceleration ax?(t) over the
measurement sighal and has nothing to do with the linear kinetic energy Kin(t)of
the movement of the heart at the sample time 1. The cardiac linear work Win(t1, 12)
in the time period between t1 and 12 is the integral over the time t between t1 and
12 of the multiplication of the force vector F(t) at the time t and the vector of the
change of the path ds(t) at the time t (see equation (3)). The linear kinetic power
dPin(t) at the sample time t (or short only Pin(t)) can be calculated by the scalar
product of the velocity vector v(t) at the sample time t and the force vector F(t) at
the sample fime 1 Pin(t)= vx(1) Fx(1) + wy(t) Fy(t) + vz(t) F;(t). As well known, these
physical variables can be obtained in different ways without deviating from the

invention.

Physical values describing the rotational movement of the heart are

for example

= ld=¥xF (torque) (5)
Kyop = g»l w? (rotational kinetic energy) (6)
dw = 7.df Wy, = $7.d6 (rotational work) (7
dPypgy = %‘;ﬁ = F. & (cardiac rotational power) (8)

with the vector a(t) describing the three-dimensional vector of the rotational/angle
accelerations at each sample time, with | being the moment of inertia of the
device containing the IMU 1, with the vector w(t) being the three-dimensional
vector of the rotational/angular velocity of the heart at the sample time 1. To be
more precise, the moment of inertia | is a 3x3 tensor/maftrix and the rotational
kinetfic energy is calculated as 0.5 w(t) | @(1)T. The superscript T means the transpose
of the vector. The moment of inertia tensor | can be simplified as the diagonal
matrix with the three main moments of inertias k, lyy, Iz on the diagonal for the

moments of inertia along the three main axis in the x-direciton, y-direction and z-
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direction of the coordinate system of the device containing the IMU 1. The formula
is written in a vector and tensor form, but could equally be written in a different
form without any change in the scope of protection, e.g. in case of a tensorin
diagonal form like Krot=0.5*(ho*wx(1)2+ lyy*wy (1) 2+ I7*w(1)2). If the device has the
same moment of inertia in all three directions, the formula can be simplified to |
being a scalar value of the moment of inertia. Obviously, the tensor can be also
more complex with non-diagonal elements unequal to zero. The torque vector
1(1) at each sample time t is obtained by the multiplication of the moment of inertia
| with the rotational acceleration vector a(t) at the respective sample time t as
shown in equation (5). The angular acceleration vector a(t) corresponds to the first
time derivative of the measured (and preferably preprocessed) angular velocity
vector w(t) with vector a(t)=(dw«(t)/dt, dwy(t)/dt, de:(t)/dt). The angular/rotational
acceleration signalis the signal of the acceleration vector, one of its components
or a combination of its components, e.g. its length, over time. The rotational
acceleration signal can be used to calculate rotational pre-feature signals. The
rotational kinetic energy Krot(t) at the sample time 1 is calculated based on the
moment of inertia (of the device containing the IMU 1) multiplied with the squared
rotational velocity w?(t) at the sample time t as shown in equation (6). The squared
rotational velocity v2(t) is preferably calculated based on the squared
distance/length of the rotational velocity vector w=(wx(1), cy(1), w:(t)) at the
sample time 1. The cardiac rotational work Wiet(11, 12) in the fime period between 11
and 12 is the integral over the time t between t1 and 12 of the scalar product of the
torque vector 1(1) at the time t and the vector of the change of the angles do(1) at
the time t (see equation (3)). The rotational kinetic power dPt(t) at the sample time
t (or short only Prot(1)) can be calculated by the scalar product of the angular
velocity vector (1) at the sample time t and the linear force vector F(t) at the
sample time t Prot(t)= o x(1) Fx(1) + wy(1) Fy(1) + w0 2(1) F(1). As well known, these
physical variables can be obtained in different ways without deviating from the

invention.

The measurement of the IMU 1 or the preprocessing step S32 provides
the following two measurement sub-signals: the three-dimensional linear
acceleration vector signal a(t) and the three-dimensional angular velocity vector
signal e (t). Preferably in step S33, at least one composite linear kinetic pre-feature

signal is computed based on the three-dimensional linear acceleration vector
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signal a(t) and/or at least one composite rotational kinetic pre-feature signal is
computed based on the three-dimensional rotational velocity vector signal w(t).
The at least one composite linear kinetic pre-feature signal is preferably a scalar
value combining the three linear dimensions of the measurement signalin one
scalar value, and/or the at least one composite rotational kinetic pre-feature signal
is preferably a scalar value combining the three rotational dimensions of the
measurement signal in one scalar value so that the composite values are
independent of the orientation of the IMU 1, when measuring the measurement
signal. The at least one composite linear pre-feature signal comprises preferably the
linear kinetic energy signal Kin(t) and/or the linear kinetic power signal Pin(t). One
composite linear pre-feature signal and/or the linear kinetic energy signal Kiin(t) is
preferably calculated/based on the linear velocity vector v(t). The at least one
composite rotational pre-feature signal comprises preferably the rotational kinetic
energy signal Kret(t)and/or the rotational kinetic power signal Prot(t). One composite
linear pre-feature signal and/or the rotation kinetic power signal Prot(1) is preferably

calculated/based on the rotational acceleration vector a(t).

The movement of the heart is approximated here by the movement
of the IMU 1. So, the physical variables of the movement of the heart correspond at
the end to the (preferably preprocessed) movement of the IMU 1 or the device
containing the IMU 1. The values/signals of the linear or rotational kinetic energy
and the values of the linear or rotational kinetic power depend on the device in
which the IMU 1 is arranged, e.g. on its moment of inertia | and/or its mass m. If this
is a dedicated device which is always the same, this is just a constant and does not
play a big role. However, when using a smartphone 5 or other wearable, the
correct mass and/or moment of inertia must be retrieved for calculating the pre-
feature signal(s), the features, the lin/rot kinetic energy and/or the lin/rot kinetic
power. In this case, the processing means, preferably the monitoring app retrieves
from the operating system of the smartphone 5 or the wearable, the type of device
including the IMU 1. Based on the type of device 11, the mass and/or moment of
inertia of the device 11 can be retrieved. Thus, the kinetic energy and power is
calibrated with the device characteristics measuring the motion of the heart and
avoiding false results based on the use of different measuring devices. This
calibration based on the device 11 instead of based on the user works much better

when the IMU 1 is positioned outside of the center of mass of the user 10.
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Subsequently, the term kinetic energy signal K(t) shall refer to the two-dimensional
signal K(1)=(Kin(1), Krot(1)) containing the linear kinetic energy signal Kin(t) as a first
dimension or component and the rotational kinetic energy signal Krot(t) as a second
dimension or component or to one of the two components individually.
Subsequently, the term kinetic power signal P(t) shall refer to the two-dimensional
signal P(1)=(Pin(t). Prot(t)) containing the linear kinetic power signal Pin(t) as a first
dimension or component and the rotational kinetic power signal Prot(t) as a second

dimension or component or to one of the two components individually.

In step S34, at least one heartbeat is identified. Preferably, a plurality
of heartbeats (for example all) are identified in the SCG. If a plurality of heartbeats
have been identified, at least one is selected for the further analysis. A heartbeat is
the time window related to one heartbeat of the heart. The heartbeat is the
periodic cardiac cycle of the heart. The heartbeat is normally defined with respect
to one characteristic point in the heartbeat, normally the R or the Q in the ECG
signal. Since the present invention is preferably realized without any ECG signal, the
at least one heartbeat is identified based on the SCG, preferably based on at least
one pre-feature sighal computed in step S33, preferably based on the kinetic
energy signal and/or the kinetic power signal, or a combination of those. In a
preferred embodiment, the (data) features are calculated based on the SCG (or a
pre-feature signal) of one heartbeat, i.e. one cardiac cycle. This shall also include
the case where a representative heartbeat is computed by averaging a plurality of
heartbeats (preferably of the same breathing state). In a preferred embodiment,
the heart health state is determined based on a plurality of heartbeats by selecting
a plurality of heartbeats and detecting in steps $34 and S35 and $4 the health state
for each heartbeat. A composite heart health state can then be computed by
combining the heart health state from the individual heart beats. The state of the
art normally did not calculate the feature vector based on a single heartbeat
which reduced the robustness of the method. Some state-of-the-art documents
propose to calculate the feature vector based on the data of one heartbeat, but
those methods always require an ECG signal for detecting the heartbeat. This is one
of the innovations of the present invention that the heartbeat can be identified
from the SCG (without the use of an ECG signal). The heartbeat period is
determined based on characteristics of the heartbeat in the SCG and/or a pre-

feature signal obtained from the SCG (e.g. kinetic energy or power). While the
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heartbeat in the SCG and the pre-feature signals misses such a clear characteristic
as in the ECG signal, a robust detection of the heartbeat period is difficult. A
prefered embodiment fo detect the heartbeat in the SCG is described

subsequently.

It is proposed to detect the heartbeat period in the SCG (including
also in a pre-feature signal determined from the SCG) based on a matrix profile.
The matrix profile m(t1) of a signal s(t) at the sample time 11 shows the distance of
s(t1) to its nearest neighbor in the signal s(t) in the complete time window of the
signal s(t). The distance is preferably the Euclidian distance metric, but obviously
also other distance metrics can be use. The matrix profile m(t1) allows to find similar
motifs in the signal s(t). Since the heartbeat of each person looks a bit different, this
allows to find the repetitive motif of the heartbeat in the signal used for determining
the matrix profile m(t). Preferably, the matrix profile m(t) is computed based on the
SCG (including the meaning that the matrix profile m(t) is computed based on a
(pre-feature) signal calculated from the SCG) and the heartbeat periods are
determined computationally very quickly and with a high robustness. The matrix
profile m(t) does not only provide the location of the motifs, i.e. the regular
heartbeats, but also of data abnormalities called discords and the quality of each
motif. The quality of each motif is the similarity measure to the most common motif
in the signal s(t). Preferably, a multi-dimensional signal s(t) is used to detect the
motifs/heartbeat periods. More details for an example of an algorithm to find the
motifs in a multidimensional signal based on the matrix profile can be found in the
article “Meaningful Multidimensional Motif Discovery” by Chin-Chia Michael Yeh,
Nickolas Kavantzas, Eamonn Keogh published in ICDM 2017 which is incorporated
by reference for exemplary details of the matrix profile. The motif length is
preferably set to a value smaller than one second, preferably smaller than 800
miliseconds (ms), preferably smaller than 700 ms. The motif length is preferably set
to a value larger than 200 ms, preferably larger than 400 ms, preferably larger than
500 ms. The motif length is preferably set to a value smaller than 1800 ms, preferably
smaller than 1500 ms, preferably smaller than 1000 ms, preferably smaller than 800
ms. Fig. 7 shows an example of the motifs 22 detected with the matrix profile in the
linear kinetic energy Kin(t) and in the rotation kinetic energy Krwt(t) in step S34. In one
embodiment, one motif 22 is detected. It is however also possible to detect two or

more motifs 22 in the underlying signal as shown in Fig. 7.
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The heartbeat period(s) is/are preferably identified based on a pre-

feature signal, preferably based on the kinetic energy and/or power signal.

In step S35, sub-periods 24 of the heartbeat are identified in the
identified heartbeat period. Preferably, sub-periods 24 are determined based on
one characteristic point of the SCG (including also the meaning of a pre-feature
signal determined based on the SCG) in the heartbeat period. Preferably, the
characteristic point is the maximum rotational kinetic energy or the maximum
rotational kinetic power in the heartbeat. Preferably, the sub-periods 24 are
determined based on the time of the characteristic or reference point and a fixed
time relation/width between the sub-periods 24 of the heartbeat period. A fixed
time relation/width of the sub-periods 24 means that the fime width of each sub-
period 24 does not change from one heartbeat to the next heartbeat. This is not
the case, if the start and end point of the sub-period is defined by physiological
time points which need to be detected for each heartbeat. A fixed time
relation/width can be an absolute fixed time relation/width or a relative fixed time
relation/width. An absolute fixed time relation shall mean that the width of the sub-
periods 24 and their time distances among have all a fixed absolute tfime relation
(fixed absolute time value) and just the position of the sub-periods 24 with their fixed
absolute time relation among them is positioned correctly based on the time of the
characteristic point. A relative fixed time relation shall mean that the width of the
sub-periods 24 and/or their time distances among have all a fixed relative time
relation (fixed percentage). Thus, in addition to the correct positioning of the sub-
periods 24, also the scaling must be adapted. The scaling could for example
depend on the heartbeat frequency or the length of the selected heartbeat. The
sub-periods 24 have preferably all the same (absolute or relative) width. The width
of each sub-period 24 is preferably smaller than 200 ms, preferably than 150 ms,
preferably than 140 ms, preferably than 130 ms, preferably than 120 ms, preferably
than 110 ms, preferably than 105 ms and/or is preferably larger than 20 ms,
preferably than 40 ms, preferably than 50 ms, preferably than 60 ms, preferably
than 70 ms, preferably than 80 ms, preferably than 90 ms, preferably than 95 ms.
Preferably, the width of each sub-period 24 is 100 ms. Preferably, the width of each
sub-period 24 is preferably smaller than 30%, preferably than 25%, preferably than
20%, preferably than 15%, preferably than 10% of the heartbeat period/length
and/or is preferably larger than 2%, preferably than 5%, preferably than 7%,
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preferably than 8%, preferably than 9% of the heartbeat period/length. The sub-
periods 24 are preferably not-overlapping, i.e. there is no sample time which
appears in two sub-periods 24. The sub-periods 24 are preferably arranged one
next to the other so that there are no sample times between two sub-periods 24
which do not belong to any sub-period 24. Preferably, more than 5, preferably
more than 6, preferably more than 7, preferably more than 8, preferably more than
9, preferably more than 10 sub-periods 24 are identified. Preferably, less than 20,
preferably less than 15, preferably less than 14, preferably less than 13, preferably
less than 12 sub-periods 24 are identified. Preferably, eleven sub-periods 24 are
identfified. Preferably, a first sub-period 24 is arranged such fo cover the
characteristic point. A first group of sub-periods 24 is arranged before the first sub-
period 24 and a second (distinct) group of sub-periods 24 is arranged after the first
sub-period 24. The first group comprises preferably less than the half of the sub-
periods 24 and/or the second group comprises preferably more than the half of the
sub-periods 24. Fig. 7 shows an example of step S35 for the arrangement of 11 sub-
periods 24 of each 100 ms with four sub-periods 24 before the characteristic point,
one on the characteristic point and 6 after the characteristic point. The cumulative
period of all sub-periods 24 can be longer or shorter than the heartbeat period, i.e.
can extent already in the previous and/or next heartbeat period or cannot cover

the full heartbeat period.

In step S36, the (data) features (used as input in the health state
means 4) are computed. The (data) features comprise preferably at least one
feature K for each sub-period 24, wherein i indicates the index for the respective
sub-period 24 going from the sub-period i=1 to the sub-period i=n, wherein n is the
number of sub-periods in the heartbeat period. Preferably, the same physical
(kinetic) variable is calculated for each sub-period. Preferably, the data features
comprise one or more of the linear kinetic energy, the rotational kinetic energy, the
linear kinetic power, the rotational kinetic power, the respiration information or
state, the rotational cardiac work, the linear cardiac work of each respective sub-
period. The linear/rotational kinetic energy of the sub-period can be one or more of
the cumulative linear/rotational kinetic energy in the sub-period, the
linear/rotational kinetic energy density in the sub-period, the maximum value of the
linear/rotational kinetic energy in the sub-period, the time sample of the maximum

value of the linear/rotational kinetic energy in the sub-period, the minimum value of
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the linear/rotational kinetic energy in the sub-period, the time sample of the
minimum value of the linear/rotational kinetic energy in the sub-period or other
values like the mean, median, variance, etc. of the linear/rotational kinetic energy
in the sub-period. The cumulative linear/rotation energy of the sub-period means
the integral of the linear/rotational energy over the sub-period. The linear/rotational
kinetic energy density in the sub-period is the cumulative linear/rotational kinetic
energy in the sub-period divided by the width of the sub-period (its time duration).
The linear/rotational kinetic power of the sub-period can be one or more of the
cumulative linear/rotational kinetic power in the sub-period, the maximum value of
the linear/rotational kinetic power in the sub-period, the time sample of the
maximum value of the linear/rotational kinetic power in the sub-period, the
minimum value of the linear/rotational kinetic power in the sub-period, the time
sample of the minimum value of the linear/rotational kinetic power in the sub-
period or other values like the mean, median, variance, etc. of the linear/rotational
kinetic power in the sub-period. The cumulative linear/rotation power of the sub-
period means the integral of the linear/rotational power over the sub-period. The
linear/rotational kinetic power density in the sub-period is the cumulative
linear/rotational kinetic power in the sub-period divided by the width of the sub-
period (its time duration). For brevity, linear/rotational shall mean in this paragraph
that this applies for the linear variable like linear kinetic energy, linear kinetic power,
etc. and/or for the rotational variable like rotational kinetic energy, rotational
kinefic power, efc. These (data) features are computed based on the SCG signal in
the heart period (or in the respective sub-periods), preferably based on the pre-
feature signal(s) in the heart period (or in the respective sub-periods), preferably
based on the linear/rotational kinetic energy signalin the heart period (or in the
respective sub-periods) and/or based on the linear/rotational kinetic power signal
in the heart period (or in the respective sub-periods). The step S33 for the
calculation of the pre-feature signals can be realized also later, i.e. after steps $S33
and S35, if not needed for these steps. The step S33 can also be omitted and be

included in the step S36 of the calculation of the (data) features directly.

The respiration state of each sub-period is calculated based on the
respiration signal or the respiration state in the sub-period determined in step S31.

The respiration information/state could also be input only once for the complete
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heartbeat, instead of for each sub-period. In this case, it is preferred to select a

heartbeat period which corresponds fully to {only) one breathing state.

The (data) features could comprise further the mofif quality obtained
in step $34. This provides a kind of deviation of the normal pattern of heartbeat of
the user 10 and can be used as a further interesting input feature for the heart state

means 4.

Fig. 3 describes a preferred embodiment for determining the data
features fed into the heart state means 4. Obviously alternative embodiments for
the (data) feature extraction are possible. For example, the sub-periods could
extend over a plurality of heartbeats (two or more). For example, different feature
variables are calculated for different sub-periods. The start and end point of the
sub-periods can be detected based on characteristic points in the data. One,
some or all features could be calculated for the complete heartbeat period
instead of for the sub-periods. Many alfernatives are possible. It is also possible that
one or more of the above-described pre-feature signals are used as basis for
determining the health state in step $4 (and steps 534 to S36 are skipped). It is also
possible that the feature extraction step S3 is skipped totally and the SCG and the

characteristic C are input in the health state means 4, preferably in the ML engine.

Returning back to Fig. 2, in step 34 the health state is determined
based on the measurement signal SCG and based on the device characteristic C.
Preferably, the health state is determined based on a pre-feature signal calculated
based on the SCG signal and the characteristic C. The pre-feature signalis for
example one or more of linear cardiac kinetic energy, linear cardiac work, linear
cardiac power, cardiac force, rotational cardiac kinetic energy, rotational cardiac
work, rotational cardiac power, cardiac tforque, total cardiac kinetic energy, total
cardiac work and total cardiac power as described above. The total cardiac
kinetic energy is the sum or linear combination of the rotational cardiac kinetic
energy and linear cardiac kinetic energy. The total cardiac work is the sum or linear
combination of the rotational cardiac work and linear cardiac work. The total
cardiac power is the sum or linear combination of the rotational cardiac power
and linear cardiac power. Preferably, the pre-feature signal calculated in step S33
is used to determine the health state in step S4. Even more preferably, the features

determined in step S3 (based on the SCG and C or based on the pre-feature
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signal) are used as input for the health state means 4 or to determine the health

state.

The health state means 4 processes the features input (input features)
and outputs a heart health state of the user 10 based on the input features. The
heart health state preferably refers to one medical indication/problem of the heart.
In a preferred embodiment, the heart health state refers to CHF. However, the
discussed method could also be applied to detect other medical
indications/problems of the heart like atrial fibrillation, valvular pathologies,
arrhythmia, cardiac murmurs, cardiac infarctus, cardio-toxicity induced by drugs.
Preferably, the heart health state is binary, i.e. the heart health state corresponds fo
a first heart health state indicating that the heart of the user 10 does not suffer the
medical indication/problem, e.g. the CHF, or o a second heart health state
indicating actually suffers or has a risk to suffer the medical indication/problem, e.g.
CHF. Instead of a binary output of the ML engine, it is also possible to output a heart
health state which can have more than two states. The second heart health state
can be distinguished for example in different stages of the medical
indication/problem or different risk ranges to have the medical indication/problem
and/or also into different medical indications/problems. For CHF, the second heart
health state could be sub-divided into different second sub-states indicating the
stage of CHF like stage A, stage B, stage C, stage D. Thus, the output of the ML
engine would indicate not only the presence of CHF, but also its stage. It is further
possible that the second heart health state could give out in addition a score

indicating the probability of having this medical indication/problem.

Preferably, the health state means 4 comprises a machine learning
(ML) engine. The ML engine is fed with the input features based on the SCG and C,
preferably based on the above-described pre-features, even more preferably
based on the features determined in step S3. Preferably, the input features are the
features determined in step S3. However, it is also possible that the input features
are different features. The ML engine can follow a simple ML approach like a
random forest model or a more complex ML approach like a deep learning model
or a neural network model. In one embodiment, the measurement signal SCG and
device characteristic C (instead of the features calculated in S3) can be input

directly in the ML engine to detect the health state. In this case, preferably a deep
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learning model, preferably a neural network model or a convolutional neural

network model is used.

The ML engine is frained preferably by a supervised training model.

The ML engine can run in a detection mode and in a fraining mode.

In the detection mode, the input features computed for a user 10 are
input in the ML engine (without the prior knowledge of the heart health state of the
user 10), and the health state of the heart of the user 10 is output by the trained ML

engine.

In the training mode, the input features computed for a training user
10 (the same features as used in the detection mode) are input in the ML engine
together with the health state of the heart of the user 10, i.e. the plurality of features
are input in the ML engine annotated with the actual health state of the heart of
the training user 10. This health state of the heart of the training user 10 annotated
to the plurality of feafures is used for training and can be determined before by the
diagnostic from a doctor. This diagnostic can be based just on the measurement
signal, but is preferably based on additional measurements like ECG,
echocardiogram, cardiovascular magnetic resonance imaging,
Phonocardiogram, impedance-cardiogram, MRT, CT, efc.. Preferably, the
additional measurement depends also on the health state of the heart to be
estimated. For example, if the health state of the heart output is the health state
regarding congestive heart failure of the user, the diagnostic of the user 1 can be
based on ECG, blood pressure measurements and the SCG measurement. Other
heart problems might require other additional measurements. Obviously, the heart
state of the user for training can also be estimated based on a computerized
estimation (insfead of a doctor), but based on a more complete set of data which
provides a very high certainty of the estimated heart state of the user input in the
ML engine for training. The training is performed with a plurality of users 10 of at
least two types. The first type of user having the first health state and the second
type of user having the second health state. In order fo frain the ML engine, the
same features used normally as input of the ML engine for users 10 for which the
output, i.e. the heart health state is known. This known heart health state is input as
wellin the ML engine together with the features of the user 10 to train the ML

engine. This is done for many users 10 fo obtain a well-trained ML engine.



WO 2023/186532 PCT/EP2023/056518
31

Preferably, the steps S3 and $4 are repeated for a plurality of
heartbeats so that the heart health state is estimated for a plurality of heartbeats.
The result of the heart health state of the plurality of heartbeats can be combined
to obtain a combined heart health state. The combination can be for example to
count the number of first heart health states and the number of second heart
health states and if the percentage of second heart health states is above a
threshold, the second heart health state is given out as combined heart health
state. In case, a score is output with the second heart health state, this score can
be used to improve the combination of the different heartbeat periods, e.g. by a
weighted average. The step S3 might not be repeated completely for all heart
periods. The steps S31 to S34 might be done once for the complete measurement
window and only the steps S35 and $36 are repeated than for each heartbeat

period which needs to be analyzed with the heart state means 4.

In step S5, an output information is determined based the health
state determined in step S$4 is output via the output means 8. The output
information can be a visual information and/or an audio information. The output
information is for example an information indicative for the first heart health state
and/or for the second heart health state. In one embodiment, the output
information is output each time a heart health state is determined. This is especially
advantfageous for a short measurement for checking the health state of the heart
of the user 10. In another embodiment, the heart health state is output only, when
the second heart health state is detected. The output information can then be like

an alarm. This is preferred for a long time monitoring.

In a preferred embodiment, the feature extractor 3 and the health
state extractor 4 are arranged in the server 6 or the remote processor. Preferably,
the local processor or the smartphone 5 or client device sends (via a
communication connection like internet) the measurement signal SCG received
from the IMU 1 to the server 6 or remote processor for further processing (e.g. steps
S 31 to S36 and $4). The output of the health state extractor 4, i.e. the heart health
state is preferably sent back o the local processor or smartphone 5 and is output to
the user 10 via the output means 8 of the smartphone 5. Obviously, it is also possible
that the heart health state is sent elsewhere, e.g. to a healthcare professional
(having requested the measurement), to an account of the user, or something else.

However, it is also possible that a part of these steps or all steps are performed in
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the local processor or smartphone 5. If all steps are performed on the smartphone 5
or local processor, there are no problems for data privacy and the output from the

health state extractor 4 must not be sent back to the smartphone 5 or somewhere
else.

It should be understood that the present invention is not limited to the
described embodiments and that variations can be applied without going outside

of the scope of the claims.
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CLAIMS

1. System for detecting a health state of a heart of a user (10)
comprising:

a device (1) including an IMU (1), wherein the IMU (1) is configured to
measure a measurement signal (17, 18) when the device is placed on a body of
the user (10),

a processing means (2) configured to

determine a characteristic (C) of the device (11);

determine the health state of the heart of the user (10) based on the
measurement signal (17, 18) and based on the characteristic (C) of the device(11),
and

output an output information based on the determined health state.

2. System according to the previous claim, wherein the
characteristic (C) of the device (11) is related to the weight and/or dimensions of
the device.

3. System according to the previous claim, wherein the
characteristic(C) of the comprises the mass of the device (5, 7) and/or moment of
inertia of the device (5, 7).

4. System according to one of the previous claims, wherein the
processing means (2) is configured fo compute at least one feature based on the
measurement signal (17, 18) and based on the characteristic (C) of the device
(11), wherein the processing means (2) is configured to determine the health state
based on the at least one feature computed.

5. System according to the previous claim, wherein the at least
one feature computed comprises or is based on at least one of cardiac force or
torque, cardiac kinetic energy, cardiac work and cardiac power.

6. System according to the previous claim, wherein the at least
one feature computed comprises or is based on af least one of cardiac torque,
cardiac rotational kinetic energy, cardiac rotational work and cardiac rotational
power.

7. System according to claim 5 or 6, wherein the at least one
feature is computed based on the mass of the device (11) and/or moment of

inertia of the device (11).
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8. System according to one of the previous claims, wherein the
processing means (2) is configured to determine the type of the device (11), and to
determine the characteristic (C) of the device (11) based on the type of the
device (5, 7) determined.

9. System according to the previous claims, wherein the device
(5, 7) is a smartphone (5) or a wearable (7), wherein the type of the device (5, 7) is
the type of the smartphone (5) or the type of the wearable (7).

10. System according to the previous claim, wherein the
wearable is connected to a smartphone (5).

1. System according to one of claims 8 to 10, wherein the type
of the device (5, 7) is received from a user input.

12. System according to one of claims 9 to 10, wherein the type
of the device (5, 7) is received from an operating system running on the
smartphone (5) or the wearable (7).

13. System according to one of claims 9 to 12 comprising a server
(6), wherein an application program is running on a processor of the smartphone
(5), wherein the application program is configured to connect with the server (4),
wherein the processor of the smartphone (5) and/or a processor of the server (6)
work as the processing means (2).

14. Method for detecting a health state of a heart of a user (10)
comprising the following steps:

receiving (S1), in a processing means (2), a measurement signal (17, 18) from
an IMU (1), while a device (11) containing the IMU (1) is placed on a body of the
user (10),

determining (S3), in the processing means (2), the health state of the heart
of the user (10) based on the measurement signal (17, 18) and based on a
characteristic (C) of the device (11), and

giving out an output information based on the determined health state to
an output means (8).

15. Computer program comprising instructions configured, when
executed on a processing means (2), to perform the steps of the method

according fo the previous claim.



