Innovation, Sciences et
Développement économique Canada

Office de la Propriété Intellectuelle du Canada

i+l

Innovation, Science and
Economic Development Canada

Canadian Intellectual Property Office

CA 2999642 C 2023/08/01

neEn 2 999 642

12 BREVET CANADIEN
CANADIAN PATENT
13 C

(86) Date de dépot PCT/PCT Filing Date: 2016/10/06

(87) Date publication PCT/PCT Publication Date: 2017/04/13
(45) Date de délivrance/lssue Date: 2023/08/01

(85) Entrée phase nationale/National Entry: 2018/03/22

(86) N° demande PCT/PCT Application No.: FI 2016/050695
(87) N° publication PCT/PCT Publication No.: 2017/060569
(30) Priorité/Priority: 2015/10/07 (FI20155703)

(51) ClLInt./Int.Cl. A61B 5/11 (2006.01),
A61B 5/024 (2006.01), A61B 5/0245 (2006.01),
A61B 5/363 (2021.01)

(72) Inventeurs/Inventors:
AIRAKSINEN, JUHANI, FI;
KOIVISTO, TERO, FI;
PANKAALA, MIKKO, Fl,
VALTONEN, TUOMAS, FI;
JAFARI TADI, MOJTABA, FI

(73) Propriétaire/Owner:
PRECORDIOR OV, FI

(74) Agent: ROBIC

(54) Titre : PROCEDE ET APPAREIL DESTINES A PRODUIRE DES INFORMATIONS RELATIVES A UNE AFFECTION CARDIAQUE
(54) Title: METHOD AND APPARATUS FOR PRODUCING INFORMATION INDICATIVE OF CARDIAC CONDITION

/) 302 300

TX/RX

Processor

(57) Abrégé/Abstract:

An apparatus for producing information indicative of cardiac condition comprises a processing system (301) for receiving a rotation
signal indicative of rotational movement of a chest. The processing system is configured to form one or more indicator quantities
each being derivable from an energy spectral density based on one or more samples of the rotation signal, where each sample has
a temporal length. The processing system is configured to determine an indicator of cardiac condition on the basis of the one or
more indicator quantities. The determination of the cardiac condition is based on that for example myocardial infarction causes
changes in the energy spectral density. Thus, it is possible to distinguish between for example myocardial infarction and plain

heartburn.

C ana dg http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - http:/cipo.ge.ca

OPIC - CIPO 191

OPIC




wo 2017/060569 A1 |1 I} N OAT P00 O RO A

(43) International Publication Date

CA 02999642 2018-03-22

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/060569 A1

13 April 2017 (13.04.2017) WIPOIPCT
(51) International Patent Classification: (72) Inventors: AIRAKSINEN, Juhani; Tammispaltantie 19,
A61B 5/11 (2006.01) A61B 5/0464 (2006.01) 20300 Turku (FI). KOIVISTO, Tero; Lemminkdisenkatu
AGIB 5/024 (2006.01) A61B 5/00 (2006.01) 19 C 61, 20520 Turku (FI). PANKAALA, Mikko; Kunan-
A61B 5/0245 (2006.01) A61B 5/04 (2006.01) laaksontie 1 A 5, 21200 Raisio (FI). VALTONEN, Tuo-
. o . mas; Himeentic 20 A 5, 20540 Turku (FI). JAFARI
(21) International Application Number: PCT/E016/050695 TADI, Mojtaba; Yo-kyli 8 B 2, 20540 Turku (FI).
. .ye . (74) Agent: BERGGREN OY; P.O.Box 16, (Eteldinen
(22) International Filing Date: 6 October 2016 (06.10.2016) Rautatickatu 10 A), 00101 Helsinki (FI).
- . . (81) Designated States (uniess otherwise indicated, for every
(25) Filing Language: English kind of national protection available). AE, AG, AL, AM,
(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(30) Priority Dat BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
riori ata:
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
20155703 7 October 2015 (07.10.2015) FI HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(71) Applicant: TURUN YLIOPISTO [FI/FI]; Yliopiston- KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,

méki, 20014 Turun Yliopisto (FI).

MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

[Continued on next page]

(54) Title: METHOD AND APPARATUS FOR PRODUCING INFORMATION INDICATIVE OF CARDIAC CONDITION

(57) Abstract: An apparatus for producing information indicative of cardiac

x condition comprises a processing system (301) for receiving a rotation signal

<

indicative of rotational movement of a chest. The processing system is con-
figured to form one or more indicator quantities each being derivable from an
energy spectral density based on one or more samples of the rotation signal,
where each sample has a temporal length. The processing system is con-
figured to determine an indicator of cardiac condition on the basis of the one
or more indicator quantities. The determination of the cardiac condition is
based on that for example myocardial infarction causes changes in the energy
spectral density. Thus, it is possible to distinguish between for example

myocardial infarction and plain heartburn.

TX/RX

L[ [e]
Bin
i
~&=)
Processor
Figure 3



CA 02999642 2018-03-22

WO 2017/060569 A1 AT 00T 000 R A AR

(84) Designated States (unless otherwise indicated, for every SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
kind of regional protection available). ARIPO (BW, GH, GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, .
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, Kz, RU, Tublished:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, —  with international search report (Art. 21(3))
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,




10

15

20

25

30

CA 02999642 2018-03-22

WO 2017/060569 PCT/F12016/050695

1

Method and apparatus for producing information indicative of cardiac condi-

tion

Field of the disclosure

The disclosure relates generally to producing information indicative of cardiac
condition. The produced information may indicate e.g. myocardial infarction. More
particularly, the disclosure relates to an apparatus and to a method for producing
information indicative of cardiac condition. Furthermore, the disclosure relates to a

computer program for producing information indicative of cardiac condition.
Background

Many abnormalities that may occur in the heart may lead to severe consequences
if not diagnosed and appropriately treated and/or remedied. For example, myocar-
dial infarction “MI” is one of the most serious cardiovascular diseases which hap-
pen due to obstruction of the coronary arteries. There are two types of Mis,
STEMI, which refers to ST-elevation myocardial infarction, and NSTEMI, which
refers to non-ST-elevation myocardial infarction. The names reflect differences in
the electrocardiography “ECG” tracings. A STEMI heart attack is caused when a
blood clot suddenly forms, completely blocking an artery in the heart. This can re-
sult in damage that covers a large area of the heart and extends deep into the
heart muscle. NSTEMI heart attacks are different from STEMI heart attacks in
several ways. With NSTEMI, the heart attack damage usually does not extend
through the full depth of the heart muscle. The STEMI infarction may lead to a very
dangerous situation if appropriate actions, such as e.g. balloon angioplasty, for
opening the obstructed vessel are not carried out within a sufficiently short time
from the occurrence of the myocardial infarction. An inherent problem related to
the myocardial infarction as well as some other cardiac abnormalities is that the
symptoms related to the myocardial infarction and the other cardiac abnormalities
resemble many times the symptoms of plain heartburn. This may lead to situations
where an individual, in the heart of which myocardial infarction or some other car-
diac abnormality is developing, may erroneously think that there is plain heartburn
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and thus the individual under consideration does not recognise the seriousness of
the situation at a sufficiently early stage. The consequences may be severe if the
required treatment is too much delayed. On the other hand, the healthcare re-
sources can be severely overloaded if for example a team for cardiac surgery is
alerted and prepared in many cases which later turn out to be plain heartburn cas-
es.

Currently, methods such as cardiography based on electromagnetic phenomena
related to cardiac activity, echocardiography, and cardiography based on cardio-
vascular motion are used in the identification and assessment of various cardiac
abnormalities. A well-known example of the cardiography based on electromag-
netic phenomena related to cardiac activity is the electrocardiography “ECG”, and
examples of the cardiography based on cardiovascular motion are ballistocardiog-
raphy “BCG” and seismocardiography “SCG”. The echocardiography provides im-
ages of sections of the heart and can provide comprehensive information about
the structure and function of the heart, but requires expensive equipment and spe-
cialised operating personnel. The ECG provides a fairly rapid electrical assess-
ment of the heart, but does not provide any information relating to forces of con-
traction. The cardiography based on cardiovascular motion involves measurement
of a signal indicative of cardiovascular motion. Earlier, the signal was obtained
while an individual lay on a bed that was provided with an apparatus for measuring
movements or there was a facilitating apparatus that was attached across the shin
area of the legs. Currently, the signal can be obtained using small sensor ele-
ments, e.g. accelerometers, which are suitable for measuring minute movements
which are representative of movements of the heart. The above-described meth-
ods are, however, not well suitable for an individual who is at home or elsewhere
where specialised medical personnel are not present and who needs at least in-
dicative information whether symptoms in the chest are caused by plain heartburn
or by a more serious situation, e.g. cardiac ischemia such as myocardial infarction,
ventricular tachycardia, or carditis such as myocarditis, pericarditis, perimyocardi-
tis, or myopericarditis.

Publication EP2198916 describes an implantable telemetric device for measuring
electromechanical parameters of the heart. The telemetric device comprises a
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sensor and corresponding processing means for detecting data relating to both the
rotation of the heart and the mechanical vibrations which correspond to the first
heart sound “FHS” and the second heart sound “SHS”. The telemetric device fur-
ther comprises means which use these data for diagnostic and/or therapeutic

and/or monitoring purposes.

Publication US2007032749 describes a system for monitoring cardiac function in a
human patient. The system comprises a motion sensor positioned at the heart and
configured to sense movement of the apex of the heart. The system comprises a
motion analysis element in operable communication with the motion sensor. The
motion analysis element is configured to receive signals representative of the
movement of the heart from the motion sensor and to process the received signals
so that the signals are compared to at least one predetermined baseline value.

Publication WO2010145009 describes an apparatus for determining information
indicative of a subject's physiological condition. The apparatus comprises: a) a
sensor device configured to obtain ballistocardiograph data indicative of heart mo-
tion of the subject measured along a plurality of spatial axes, and b) a computing
device communicatively coupled to the sensor device and configured to receive
the ballistocardiograph data. The computing device is configured to determine,
based on the ballistocardiograph data, processed data indicative of heart motion of
the subject. The computing device is further configured to determine one or more
indications of the subject's physiological condition based on the processed data.

Publication WO2013121431 describes a system for monitoring heart performance.
The system comprises: (a) a motion sensor for sensing heart movement, (b) an
electrical sensor for sensing an electrical activity of the heart, and (c) a processing
unit for processing information received from the motion sensor and the electrical

sensor.

The systems and devices described in the above-mentioned publications are,
however, not well suitable for an individual who is at home or elsewhere where
specialised medical personnel are not present and who needs at least indicative
information whether symptoms in the chest are caused by plain heartburn or by a
more serious situation, e.g. cardiac ischemia such as myocardial infarction, ven-
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tricular tachycardia, or carditis such as myocarditis, pericarditis, perimyocarditis, or
myopericarditis.

Summary

The following presents a simplified summary in order to provide basic understand-
ing of some aspects of various invention embodiments. The summary is not an
extensive overview of the invention. It is neither intended to identify key or critical
elements of the invention nor to delineate the scope of the invention. The following
summary merely presents some concepts of the invention in a simplified form as a
prelude to a more detailed description of exemplifying embodiments of the inven-
tion.

In accordance with the invention, there is provided a new method for producing
information indicative of cardiac conditions. A method according to the invention

comprises:

- receiving a rotation signal indicative of rotational movement of a chest of an
individual, the rotation signal being at least partly indicative of cardiac rota-

tion,

- forming one or more indicator quantities each being derivable from an en-
ergy spectral density “ESD” based on one or more samples of the rotation
signal each having a temporal length so that each sample has a non-zero
temporal duration i.e. is a clip of the rotation signal, and

- forming an indicator of cardiac condition on the basis of the one or more in-
dicator quantities in accordance with a predetermined rule, the indicator of
cardiac condition being indicative of the condition of the heart, i.e. whether
the heart is in the normal state or in an abnormal state corresponding to for
example cardiac ischemia such as myocardial infarction, ventricular tachy-
cardia, or carditis such as myocarditis, pericarditis, perimyocarditis, or my-
opericarditis.

It has been noted that myocardial infarction “MI” as well as many other cardiac
abnormalities cause changes in the above-mentioned energy spectral density
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which describes how the energy of the one or more samples of the rotation signal
is distributed over different frequencies. Myocardial infarction and many other car-
diac abnormalities change the myocardium twisting and untwisting performances
and correspondingly ventricular muscles are not acting normally. Thus, with the
aid of the one or more indicator quantities, it is possible to distinguish between for
example myocardial infarction and heartburn.

The above-mentioned rotation signal can be produced for example with a gyro-
scope or another rotation sensor for obtaining a gyrocardiogram “GCG” i.e. a sig-
nal which is proportional to the rotation of the chest caused by the rotational
movement of the heart. The rotation is measured advantageously with respect to
three mutually orthogonal geometric axes typically called x-, y- and z-axes. In this
case, the rotation signal has three components each of which has its own energy

spectral density and can be used for determining the indicator of cardiac condition.

The heart rotation is a clinical parameter, i.e. a main cardiac feature, responsible
for circa 60 % of the stroke volume generated by the heart. It has been noted that
changes in indicator quantities which are derivable from the above-mentioned en-
ergy spectral density provide a warning for potential cardiac problems. An indicator
quantity derivable from the above-mentioned energy spectral density can be for
example the energy of a sample of the rotation signal. It is worth noting that, albeit
the above-mentioned energy is derivable from the energy spectral density, the en-
ergy can as well be computed on the basis of the sample in the time-domain.
Thus, for obtaining the energy, it is not necessary to compute the energy spectral
density.

In conjunction with the invention, it has been noted that for example the STEMI
infarction causes an increase in the above-mentioned energy related to the rota-
tion of the chest. This differs from the results reported by E. Marcelli, L. Cercenelli,
M. Musaico, P. Bagnoli, M.L. Costantino, R. Fumero, and G. Plicchi “Assessment
of Cardiac Rotation by Means of Gyroscopic Sensors” Computers in Cardiology
2008;35:389-392, Universita di Bologna, Bologna, Italy. The publication of E. Mar-
celli et. al. presents results obtained with a gyroscope which is directly on the sur-
face of the heart. According to these results, an acute ischemia causes a signifi-
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cant decrease in both the measured maximum angle and the maximum value of
angular velocity. Thus, the situation that for example the STEMI infarction causes
an increase in the above-mentioned energy related to the rotation of the chest is not
foreseeable from the results reported by E. Marcelli et. al.

An advantage of many gyroscopes is that the operation is not affected by gravity.
Thus, the measurement is practically independent of the position or posture of the
monitored individual. It has been noted that the external angular motion of the chest
is orders of magnitude larger than what one could anticipate from the mere extent
of the heart rotation and the ratio between the size of the heart and the diameter of
the human chest. It has also been noted that the detection of the angular motion is
also relatively insensitive to the posture of the sensor with respect to the heart. Thus,
relatively accurate measurements can be made with even one gyroscope, for
example microelectromechanical gyroscope, mechanically connected to the chest
of an individual under consideration and configured to measure the rotation signal
with respect to one geometric axis. Microelectromechanical gyroscopes are
accurate, small in size, and commercially available.

It is also possible that a sensor element for measuring the rotation signal is an
implantable element suitable for measuring the above-mentioned rotation signal
when being placed under the skin of the chest of an individual under consideration.

In accordance with the invention, there is provided also a new apparatus for
producing information indicative of cardiac condition. The apparatus according to
the invention comprises a processing system for receiving a rotation signal
indicative of rotational movement of a chest of an individual, the rotation signal being
at least partly indicative of cardiac rotation. The processing system is configured to:

- form one or more indicator quantities each being derivable from an energy
spectral density based on one or more samples of the rotation signal each
having a temporal length,

- form an indicator of cardiac condition on the basis of the one or more indicator
quantities in accordance with a predetermined rule, and

Date Recue/Date Received 2022-10-31
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- compute at least one of the following that represents one of the indicator
quantities: i) an estimate of energy of the rotation signal on a computation
time period, ii) an average frequency corresponding to a center-of-mass of
the energy spectral density, and iii) a median frequency of the energy spectral
density,

wherein the estimate of the energy of the rotation signal is defined according to
the following:

E= Im{fagdt = J’Esm {f df,
T B

where E is the estimate of the energy, w(t) is the rotation signal, T is the
computation time period, t is time, ESD(f) is the energy spectral density, B is a
frequency area of the energy spectral density, and f is frequency;,

wherein the average frequency corresponding to the center-of-mass of the
energy spectral density is defined according to the following:

_[f ESD (ff df

f w — B - ]
il [ESD (D of
B

where fav is the average frequency, ESD(f) is the energy spectral density, B is
a frequency area of the energy spectral density, and f is frequency; and

wherein the median frequency of the energy spectral density is defined
according to the following:

J'ESD» [ of = jESD (f of,
frmin fim

- where fm is the median frequency, ESD(f) is the energy spectral density, fmin
is a lower limit of a frequency area of the energy spectral density, fmax is an
upper limit of the frequency area of the energy spectral density, and f is
frequency.

Date Recue/Date Received 2022-10-31
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The apparatus may further comprise a sensor element, e.g. a gyroscope, for
measuring the rotation signal. It is, however, emphasized that the apparatus does
not necessarily comprise any sensor element but the apparatus may comprise a
signal interface for connecting to an external sensor element.

The apparatus can be or can further comprise for example a mobile phone, a tablet
computer, a piece of clothing that comprises the above-mentioned processing
system and possibly also the sensor element i.e. wearable electronics, or another
device which can be used by an individual who needs at least indicative information
whether symptoms in his/her chest might implicate a severe situation. It is worth
noting that in some cases the apparatus can be for example a single integrated
circuit “IC” that is configured to constitute the above-mentioned processing system.

In accordance with the invention, there is provided also a new computer program
for producing information indicative of cardiac condition. The computer program
comprises computer executable instructions for controlling a programmable

processing system to:

- form one or more indicator quantities each being derivable from an energy
spectral density based on one or more samples of a rotation signal indicative
of rotational movement of a chest of an individual, the rotation signal being
at least partly indicative of cardiac rotation and each of the one or more

samples having a temporal length,

- form an indicator of cardiac condition on the basis of the one or more indicator
quantities in accordance with a predetermined rule, and

- compute at least one of the following that represents one of the indicator
quantities: i) an estimate of energy of the rotation signal on a computation
time period, ii) an average frequency corresponding to a center-of-mass of
the energy spectral density, and iii) a median frequency of the energy spectral
density,

wherein the estimate of the energy of the rotation signal is defined according to

the following:

Date Recue/Date Received 2022-10-31
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E= Im{t}gdt = J’ESD (D df,
T B

where E is the estimate of the energy, w(t) is the rotation signal, T is the
computation time period, t is time, ESD(f) is the energy spectral density, B is a
frequency area of the energy spectral density, and f is frequency;

wherein the average frequency corresponding to the center-of-mass of the
energy spectral density is defined according to the following:

_[f ESD () df

f,., =B ‘ ,
a [ESD (9 of
B

where fav is the average frequency, ESD(f) is the energy spectral density, B is
a frequency area of the energy spectral density, and f is frequency; and

wherein the median frequency of the energy spectral density is defined
according to the following:

fm fiman
[ESD (9 of= [ESD (9 a1,
fimiin fm

- where fm is the median frequency, ESD(f) is the energy spectral density, fmin
is a lower limit of a frequency area of the energy spectral density, fmax is an
upper limit of the frequency area of the energy spectral density, and f is
frequency.

In accordance with the invention, there is provided also a new computer program
product. The computer program product comprises a non-volatile computer
readable medium, e.g. a compact disc “CD”, encoded with a computer program
according to the invention.

Date Recue/Date Received 2022-10-31
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In accordance with the invention, there is also provided a method comprising:

- receiving a rotation signal indicative of rotational movement of a chest of an
individual, the rotation signal being at least partly indicative of cardiac
rotation,

- forming one or more indicator quantities each being derivable from an energy
spectral density based on one or more samples of the rotation signal each
having a temporal length, and

- forming an indicator of cardiac condition on the basis of the one or more

indicator quantities in accordance with a predetermined rule,

wherein the method comprises computing at least one of the following that
represents one of the indicator quantities: i) an estimate of energy of the rotation
signal on a computation time period, ii) an average frequency corresponding to
a center-of-mass of the energy spectral density, and iii) a median frequency of
the energy spectral density,

wherein the estimate of the energy of the rotation signal is defined according to
the following:

E-= J"m{ﬁwﬂm - J’ESD (D df,
T B

where E is the estimate of the energy, o(t) is the rotation signal, T is the
computation time period, t is time, ESD(f) is the energy spectral density, B is a
frequency area of the energy spectral density, and f is frequency;

wherein the average frequency corresponding to the center-of-mass of the
energy spectral density is defined according to the following:

[f ESD (f) df
B

f _ - Il
a ‘[Esn f of
B

Date Recue/Date Received 2022-10-31
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where fav is the average frequency, ESD(f) is the energy spectral density, B is
a frequency area of the energy spectral density, and f is frequency; and

wherein the median frequency of the energy spectral density is defined
according to the following:

Ll frnam
J'Ejsm (f df = J'ESD (# df,
izqlly fm

where fm is the median frequency, ESD(f) is the energy spectral density, fmin iS
a lower limit of a frequency area of the energy spectral density, fmax is an upper
limit of the frequency area of the energy spectral density, and f is frequency.

In accordance with the invention, there is also provided a computer program product
comprising a non-transitory computer readable medium encoded with a computer
program as defined herein.

A number of exemplifying and non-limiting embodiments of the invention are
described in accompanied dependent claims.

Date Recue/Date Received 2022-10-31
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Various exemplifying and non-limiting embodiments of the invention both as to
constructions and to methods of operation, together with additional objects and
advantages thereof, will be best understood from the following description of spe-
cific exemplifying embodiments when read in connection with the accompanying

drawings.

The verbs “to comprise” and “to include” are used in this document as open limita-
tions that neither exclude nor require the existence of also un-recited features. The
features recited in the accompanied dependent claims are mutually freely combin-
able unless otherwise explicitly stated. Furthermore, it is to be understood that the
use of “a” or “an”, i.e. a singular form, throughout this document does not exclude
a plurality.

Brief description of figures

Exemplifying and non-limiting embodiments of the invention and their advantages
are explained in greater detail below with reference to the accompanying draw-

ings, in which:

figure 1 shows a flowchart of a method according to an exemplifying and non-
limiting embodiment of the invention for producing information indicative of cardiac

condition,

figure 2 illustrates exemplifying energy spectral densities related to rotational
movement of a chest with respect to three mutually orthogonal geometric axes in a
normal case and in a case of the STEMI infraction, and

figure 3 shows a schematic illustration of an apparatus according to an exemplify-
ing and non-limiting embodiment of the invention for producing information indica-
tive of cardiac condition.

Description of exemplifying and non-limiting embodiments

The specific examples provided in the description below should not be construed
as limiting the scope and/or the applicability of the appended claims. Lists and
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groups of examples provided in the description are not exhaustive unless other-
wise explicitly stated.

Figure 1 shows a flowchart of a method according to an exemplifying and non-
limiting embodiment of the invention for producing information indicative of cardiac
condition. The method comprises the following actions:

- action 101: receiving a rotation signal indicative of rotational movement of a
chest of an individual, the rotation signal being at least partly indicative of
cardiac rotation,

- action 102: forming one or more indicator quantities each being derivable
from an energy spectral density “ESD” based on one or more samples of
the rotation signal each having a temporal length, and

- action 103: forming an indicator of cardiac condition on the basis of the one
or more indicator quantities in accordance with a predetermined rule.

The indicator of cardiac condition is capable of expressing cardiac abnormality
and/or the risk of cardiac abnormality. The cardiac abnormality can be for example
cardiac ischemia such as myocardial infarction, or carditis such as myocarditis,
pericarditis, perimyocarditis, or myopericarditis.

The indicator of cardiac condition can be formed for example by comparing each
indicator quantity to one or more threshold values. In cases where there is only
one indicator quantity which is compared to only one threshold value, the indicator
of cardiac condition is a yes/no-type two-valued data item. In cases where there
are at least two indicator quantities and/or there are at least two threshold values
for an indicator quantity, the indicator of cardiac condition can express different
levels of the risk of cardiac abnormality. Threshold values related to a given indica-
tor quantity may constitute a series of threshold values so that each threshold val-
ue represents a specific probability of myocardial infarction and/or some other car-
diac abnormality. Correspondingly, threshold values related to a many indicator
quantities may constitute a series of threshold value groups each containing

threshold values for the indicator quantities so that each threshold value group
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represents a specific probability of myocardial infarction and/or some other cardiac
abnormality. Each threshold value can be determined on the basis of data gath-
ered from a single person or a group of persons. A threshold value is not neces-
sary constant but the threshold value can be changing according to the individual
under consideration, according to time, and/or according to some other factors.

It is worth noting that the indicator of cardiac condition is not necessarily based on
threshold values of the kind mentioned above. It is also possible that the indicator
of cardiac condition is formed with a mathematical formula the input of which is/are
the one or more indicator quantities and an output of which is the probability of
cardiac abnormality.

The above-mentioned rotation signal can be produced for example with a gyro-
scope or another rotation sensor for measuring, from outside the chest, a signal
which is proportional to the rotation of the chest caused by the rotational move-
ment of the heart. It is also possible that the rotation signal is produced with an
implant element placed under the skin of the chest.

The rotation signal can be expressed as time-dependent angular speed with re-
spect to a given geometric axis. In order to improve the reliability of the detection
of cardiac condition, the rotation is measured advantageously with respect to three
mutually orthogonal geometric axes typically called x-, y- and z-axes. The direc-
tions of the x-, y- and z-axes with respect to an individual's body are shown in fig-
ure 3. In this case, the rotation signal has three components each of which has its
own energy spectral density.

Figure 2 illustrates exemplifying energy spectral densities based on one or more
samples of the rotational signal measured with respect to three mutually orthogo-
nal geometric axes in a normal case and in a case of the STEMI infraction. The
energy spectral densities related to the x-, y, and z-axes in the normal case are
denoted with figure references 201x, 201y, and 201z. Correspondingly, the energy
spectral densities related to the x-, y, and z-axes in the case of the STEMI infrac-
tion are denoted with figure references 202x, 202y, and 202z. For the normal
case, it is possible to compute a combined energy spectral density so that the
combined energy spectral density is the sum of the energy spectral densities 201x,
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201y, and 201z. Correspondingly, for the STEMI infraction case, it is possible to
compute a combined energy spectral density so that the combined energy spectral
density is the sum of the energy spectral densities 202x, 202y, and 202z.

The exemplifying energy spectral densities shown in figure 2 are computed with
the Welch method where a time domain signal under consideration is first split up
into overlapping samples, the overlapping samples are then windowed with a suit-
able window function, a discrete Fourier transform is computed for each windowed
sample, the results of the discrete Fourier transform are squared, and then the
squared results are averaged so as to reduce the effect of noise. In this case, the
temporal length of each sample is advantageously one heartbeat period or two or
more successive heartbeat periods. The computed energy spectral density can be
converted into a power spectral density “PSD” by dividing the values of the energy
spectral density with the temporal length of the samples. The discrete Fourier
transform can be e.g. the fast Fourier transform “FFT".

As can be seen from figure 2, the energy spectral densities 201x, 201y, and 201z
in the normal case differ significantly from the corresponding energy spectral den-
sities 202x, 202y, and 202z in the case of myocardial infraction.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises detecting one or more indications of acute myocardial infarction
“AMI”. Acute myocardial infarction is one of the most serious heart conditions and
it should be detected with high accuracy as early as possible to allow clinical inter-
vention. Measured data which is indicative of cardiac rotation and acceleration is
advantageously divided into non-overlapping data segments each of which repre-
sents a respective one of non-overlapping and successive time periods. The tem-
poral length of each time period can be e.g. 10 seconds or another suitable tem-
poral length. The measured data can be preprocessed with e.g. Fast Fourier
Transform “FFT” filtering and potential noise exclusion. Multiple features can be
detected from the preprocessed data. The detected features may comprise for
example one or more of the following: heartbeat rate variation, heartbeat rate,
turning point ratio, spectral entropy, modifications of these, and/or Local Binary
Patterns “LBPs” which describe the shape of a signal. There are multiple variants
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of LBPs such as for example Dominant LBPs and LBPs with Gabor filtering as a
pre-processing step. In addition to the above-mentioned features, it is possible to
use other features such as moments, spectrograms, wavelets, or Fourier Trans-

form based features, e.g. Short-time Fourier Transform.

Each of the above-mentioned data segments can be divided into the following six
components: Accelerometer X i.e. acceleration in the x-direction, Accelerometer Y,
Accelerometer Z, Gyro X i.e. rotation around the x-axis, Gyro Y, and Gyro Z. For
each of the x-, y-, and z-directions, a direction-specific acceleration feature vector
*ACC_FV” and a direction-specific gyroscopic feature vector “GYRO_FV” can be
extracted from the data segment components related to the direction under con-
sideration. Thereafter, the resulting six feature vectors are combined for classifica-
tion into a concatenated feature vector having the length of six times the length of
each individual feature vector. If the individual feature vectors related to the x-, y-,
and z-directions are: ACC_FV_x, ACC_FV_y, ACC_FV_z, GYRO_FV_x, GY-
RO_FV_y and GYRO_FV_z, the concatenated feature vector is: [ACC_FV_x,
ACC_FV_y, ACC_FV_z, GYRO_FV_x, GYRO_FV_y, GYRO_FV_z].

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, a binary classifier using e.g. 10-fold cross validation is trained to classify
data including at last a part of the concatenated feature vector into the following
two classes: AMI and NON_AMI. Training data of the binary classifier can corre-
spond to e.g. pre- and post-operation conditions of patients so that the training
data comprises data portions corresponding to AMI situations and other data por-
tions corresponding to situations without AMI. The classification can be performed
with suitable machine learning classifiers including for example: Support Vector
Machine “SVM”, Kernel SVM “KSVM”, and Random Forest “RF”. There are also
many other suitable classifiers such as Convolutional Neural Networks, Deep
Convolutional Neural Networks, the Bayes Classifier, and other supervised or un-
supervised classifiers. Unsupervised classification, such as clustering, can be
used for example to aid the design of a supervised classifier. The classification
results of the AMI detection can be reported via a user interface and/or recoded in
a memory. It is also possible to use a classifier which is capable of detecting other
classes than simply the above-mentioned AMI and NON_AMI. For example, the
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classifier can be trained to separate noise as the third class, or separate a totally
different heart condition such as atrial fibrillation as additional class or any number
N of heart abnormalities, i.e. N classes. Furthermore, the classes of the classifier
do not need to be strict, i.e. the classifier may also return probabilities of the clas-
ses for further processing. Sometimes the length of the concatenated feature vec-
tor can be very long, and in these cases it may be advantageous to reduce the
length with feature vector length reduction methods such as Principal Component
Analysis “PCA”, or Independent Component Analysis “ICA”, or any other suitable
method. This may increase the performance of the machine learning algorithm.

An apparatus according to an exemplifying and non-limiting embodiment of the
invention comprises a processing system for receiving a rotation signal indicative
of rotational movement of a chest and an acceleration signal indicative of accel-
eration of the chest, where the rotation and acceleration signals are at least partly
indicative of cardiac rotation and acceleration. The processing system is config-
ured to carry out the above-described method for detecting one or more indica-
tions of acute myocardial infarction “AMI”.

An apparatus according to an exemplifying and non-limiting embodiment of the
invention is a smartphone or another device which comprises an accelerometer
and a gyroscope. In order to detect indications of AMI, one can place the
smartphone on the chest of a patient when the patient is in supine position. Then,
a measurement recording is taken from the patient. The procedure is non-invasive
and can be carried out without support from medical staff and/or other similar per-
sons. An apparatus according to an exemplifying and non-limiting embodiment of
the invention is a wearable device or an implantable device. An apparatus accord-
ing to an exemplifying and non-limiting embodiment of the invention is configured
to send information about a patient to a remote place, such as a hospital first aid
clinic or equivalent, or simply inform the user about his/her condition. The accel-
erometer and the gyroscope can be for example microelectromechanical systems
“MEMS”.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises detecting one or more indications of Ventricular and/or Atrial Tach-
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ycardia. Tachycardia is a rapid increase in the resting heart rate so that individu-
al's heart rate irregularly, i.e. without any physical activity or external stress, ex-
ceeds the normal rate, e.g. >100 beat per minute. Generally, abnormal electrical
impulses in the ventricle or atrium result in a rapid heart rate and control the indi-
vidual's heart pumping action rhythm. A method according to an exemplifying and
non-limiting embodiment of the invention is based on the hypothesis that gyro-
scopic signals indicate different conditions of the heart such as tachycardia, both
atrial and ventricular tachycardias, so that by considering several features of the
gyroscopic signals it is feasible to classify tachycardia from normal rhythm. Con-
sidering the tachycardia features, it is also possible to discriminate atrial tachycar-
dia from ventricular tachycardia that is a very dangerous condition, possibly lead-
ing to sudden death. The following presents a simplified summary for detecting
ventricular and atrial tachycardia using a gyroscope. The method is based on
measuring the cardiac rotation and considering one or more features and/or indi-
cator quantities which are related directly or indirectly to the energy/power spectral
density of gyrocardiograms. It has been perceived that tachycardia as well as my-
ocardial infarction “MI” causes changes in the total, i.e. absolute, rotation of the
myocardium. Tachycardia impacts on myocardial twisting and untwisting perfor-
mances and correspondingly ventricular and atrial muscles are not performing
normally. With the aid of suitable features and/or indicator quantities, one is able to
distinguish tachycardia from normal rhythm. Furthermore, one can distinguish atri-
al tachycardia from ventricular tachycardia.

The method for detecting one or more indications of Ventricular and/or Atrial
Tachycardia is based on the perception that, in general tachycardia conditions,
heart rate and peak-to-peak amplitude of the rotational signals, i.e. GCG, suddenly
increase and exceed the normal level. More precisely, the heart rate rapidly in-
creases to more than 100 beats per minute “bpm” in the resting condition which is
the primary sign to diagnose tachycardia. Similarly, the amplitude gets typically at
least two times greater than in the normal rhythm. This change in the amplitude of
the rotation signal is a unique feature to recognize tachycardia episodes in the
signal.



10

15

20

25

30

CA 02999642 2018~03-22

WO 2017/060569 PCT/F12016/050695

15

After detecting a tachycardia episode, it is critical to diagnose the type of tachy-
cardia. The beat-to-beat intervals in ventricular tachycardia “VT” have been noted
varying irregularly meaning that VT causes considerable heartbeat rate variation
*HRV”, i.e. time deviation between consecutive heartbeat periods, whereas, in
atrial tachycardia there is no or negligible heartbeat rate variation. Thus, estimat-
ing the HRV indexes can be used to classify between ventricular and atrial tachy-
cardia. It has been also noted that the total or absolute cardiac rotation in tachy-
cardia situations significantly differs from that of the normal rhythm. Considering
the normal rhythm rotations as a baseline, ventricular tachycardia applies less my-
ocardial rotation, twisting + untwisting, while the atrial tachycardia enforces more
rotation to myocardium. Therefore, those episodes where the cardiac rotation is
less than the above-mentioned baseline can be considered ventricular tachycardia
and those with greater rotational values can be considered atrial tachycardia.
Therefore, changes in the total myocardial rotation can be taken into the account
since rotational information can be treated as the indicator of cardiac condition.

Indicators can be considered in the frequency domain as well. As mentioned
above, the heartbeat rate variation is significant during ventricular tachycardia and
thus no single prominent frequency component can be found on the energy/power
spectral density of the gyroscopic signals while the ventricular tachycardia is pre-
sent. For another example, using the autocorrelation technique one can simply
determine whether there is a significant frequency component in the gyroscopic
signal or not. Lack of prominent side peaks in an autocorrelation plot can be treat-
ed as an indicator of the ventricular tachycardia, while prominent side peaks in the
autocorrelation plot means that the considered episode could be atrial or sinus
tachycardia. The above-described approach can be used for indicating tachycar-
dia. Furthermore, the above-described approach can be used for indicating the
type of detected tachycardia, i.e. ventricular or atrial tachycardia. Several different
time and frequency domain features and indicators can be described for identifica-
tion of the cardiac condition.

An apparatus according to an exemplifying and non-limiting embodiment of the
invention comprises a processing system for receiving a rotation signal indicative
of rotational movement of a chest of an individual, where the rotation signal is at
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least partly indicative of cardiac rotation. The processing system is configured to
carry out the above-described method for detecting one or more indications of
Ventricular and/or Atrial Tachycardia. An apparatus according to an exemplifying
and non-limiting embodiment of the invention is a smartphone or another suitable

device which comprises a gyroscope.

There are numerous ways to define the one or more indicator quantities each be-
ing derivable from the energy spectral density. Some exemplifying ways are pre-
sented below.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, at least one indicator quantity is defined to be the energy of the rotation
signal on a computation time period than can be for example one or more heart-
beat periods. An increase in the energy is indicative of an increased risk of cardiac
abnormality, e.g. cardiac ischemia such as myocardial infarction, or carditis such
as myocarditis, pericarditis, perimyocarditis, or myopericarditis. An estimate of the
energy can be computed according to the following equation:

€= {e{¢’d
¥ (1)

where E is the estimate of the energy, o(t) is the rotation signal, T is the computa-
tion time period, and t is time. In a two or three dimensional case, the signal o(t) is
a component of the rotation signal with respect to one geometric axis, e.g. the x-,
y- or z-axis. Corresponding estimates of the energy can be computed for also the
other components of the rotation signal. The above-mentioned estimate of the en-
ergy can be computed according to the following equation too:

E

= {ESD {§ df,
g

e

(@)

where ESD(f) is the energy spectral density, B is the frequency area of the energy
spectral density, and f is frequency. As can be seen from equation 1, the forming
an indicator quantity derivable from the energy spectral density does not neces-
sarily require computing the energy spectral density.
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The estimate of the energy can be compared to one of more threshold values so
as to obtain the indicator of cardiac condition. It is also possible that the indicator
of cardiac condition is formed with a mathematical formula the input of which is the
estimate of the energy. The mathematical formula can be for example such that a
sum of energy estimates corresponding to the energy spectral densities 201x,
201y, and 201z yields zero probability of cardiac abnormality, a sum of energy es-
timates corresponding to the energy spectral densities 202x, 202y, and 202z
yields 100% probability of cardiac abnormality, and the corresponding sum yields
a probability between zero and 100 % when energy spectral densities are between
the energy spectral densities of the normal case and the myocardial infarction
case shown in figure 2.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, at least one indicator quantity is defined to be the average frequency cor-
responding to the center-of-mass of the energy spectral density ESD(f). An in-
crease in the average frequency is indicative of an increased risk of cardiac ab-
normality, e.g. cardiac ischemia such as myocardial infarction, or carditis such as
myocarditis, pericarditis, perimyocarditis, or myopericarditis. The average frequen-
¢y can be computed according to the following equation:

fo., =5 — s
" {esD (9 aof

B (3)

where f,, is the above-mentioned average frequency corresponding to the center-
of-mass of the energy spectral density.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, at least one indicator quantity is defined to be the median frequency of the
energy spectral density ESD(f). An increase in the median frequency is indicative
of an increased risk of cardiac abnormality, e.g. cardiac ischemia such as myocar-
dial infarction, or carditis such as myocarditis, pericarditis, perimyocarditis, or my-
opericarditis. The median frequency can be computed according to the following
equation:
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m frax
;ESQ (§ df = {ESD {§ df,
fmin fm (4)

where fn, is the median frequency, fmin is the lower limit of the frequency area of the
energy spectral density, and fmax is the upper limit of the frequency area of the en-
ergy spectral density.

As mentioned above, the indicator of cardiac condition is formed on the basis of
the one or more indicator quantities in accordance with the predetermined rule. A
method according to an exemplifying and non-limiting embodiment of the invention
comprises determining one or more parameters of the predetermined rule on the
basis of one or more samples of a rotation signal measured from an individual
when the individual is in the normal state. The one or more parameters of the pre-
determined rule can be for example one or more threshold values which are com-
pared to the one or more indicator quantities. In this case, the method comprises
forming one or more normal-state indicator quantities corresponding to the normal
case and determining the one or more threshold values on the basis of the one or
more normal-state indicator quantities. Each threshold value can be for example a
value that is a predetermined percentage, e.g. 25%, greater than the correspond-
ing normal-state indicator quantity.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises detecting the length of a time interval from the AO-peak caused by
an opening of the aortic valve to the AC-peak caused by a subsequent closure of
the aortic valve, and forming the indicator of cardiac condition on the basis of the
one or more indicator quantities and the detected length of the AO-AC time inter-
val. The length of the AO-AC time interval can be detected for example from the
above-mentioned rotation signal and/or from another signal related to movements
of the heart. The other signal can be produced with for example a 1-, 2-, or 3-axis
acceleration sensor.

The detected length of the AO-AC time interval can be used for improving the reli-
ability of the detection of cardiac abnormalities. In a normal state, the length of the
AO-AC time interval is typically about 30% of the heartbeat period. During myo-
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cardial infarction, the length of the AO-AC time interval increases typically up to
about 50% of the heartbeat period. During panic disorder, the energy related to
twisting of the hearth may increase compared to the normal state but the length of
the AO-AC time interval does not increase in the same way as during myocardial
infarction. Thus, the length of the AO-AC time interval can be used for distinguish-
ing between myocardial infarction and panic disorder.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises detecting, from a signal related to operation of a heart, a heartbeat
rate and forming the indicator of cardiac condition on the basis of the above-
mentioned one or more indicator quantities and the detected heartbeat rate. The
heartbeat rate can be detected for example from the above-mentioned rotation
signal and/or from another signal related to movements of the heart and/or an
electrocardiography “ECG” signal. The other signal related to movements of the
heart can be produced with for example a 1-, 2-, or 3-axis acceleration sensor.

A high heartbeat rate, typically > 100 beats/minute and even up to 300
beats/minute, together with an increase in the energy/amplitude related to the rota-
tion signal is indicative of ventricular tachycardia which may have very severe
consequences if not appropriately treated and/or remedied.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises:

- receiving an electrocardiography “ECG” signal,

- detecting the length of a time interval between the R-peak of the electrocar-
diography signal and the highest peak of the rotation signal corresponding
to a same heartbeat period - advantageously this is done for many heart-
beat periods so as to improve reliability, and

- forming the indicator of cardiac condition on the basis of the above-
mentioned one or more indicator quantities, the detected heartbeat rate,
and the detected length of the time interval.
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An increase in the detected length of the time interval is a factor indicative of ven-
tricular tachycardia, and thus the detected length of the time interval can be used
for improving the reliability of the detection of ventricular tachycardia.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises hemodynamical measurements such as systolic time intervals (STI)
and diastolic time intervals (DTI). A method according to an exemplifying and non-
limiting embodiment of the invention comprises detecting particular mechanical
cardiac events, for example, instants of mitral valve closure (MC), aortic valve
opening (AO), mitral valve opening (MO) and aortic valve closure (AC). Systolic
time intervals (STI) including total electromechanical systole (QS2), left ventricular
ejection time (LVET)/ AO-AC time interval and pre-ejection period (PEP) can be
measured for example by combining an electrocardiography (ECG) signal for in-
vestigating cardiac condition. The QS2 is measured from the Q-wave of the QRS
complex in ECG to the point of the aortic closure (AC) in the rotational signal. In
addition to QS2, PEP and LVET are two important indexes to assess the cardiac
contractility and correspondingly cardiac condition. PEP is the time interval from
the Q-wave to the onset of AO peak, the first high amplitude component of the ro-
tation signal. LVET is the time interval between the moments of aortic valve open-
ing and closing in the cardiac cycle. A huge change in the normal value of the rota-
tional STls, i.e. PEP and LVET, together with increase in the energy/amplitude
related to the rotational signal is indicative of the cardiac abnormality such as heart
arrhythmias.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises optionally measuring the rotation signal with a sensor element from
an individual's body. A method according to another exemplifying and non-limiting
embodiment of the invention comprises reading the rotation signal from a memory,
in which case the rotation signal has been measured earlier and recorded to the
memory. A method according to an exemplifying and non-limiting embodiment of
the invention comprises receiving the rotation signal from an external data transfer
system. Therefore, the measuring is not an essential and necessary step of meth-
ods according to many embodiments of the invention but the rotation signal is to
be understood as an input quantity of the methods.
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A computer program according to an exemplifying and non-limiting embodiment of
the invention comprises computer executable instructions for controlling a pro-
grammable processing system to carry out actions related to a method according

to any of the above-described exemplifying embodiments of the invention.

A computer program according to an exemplifying and non-limiting embodiment of
the invention comprises software modules for producing information indicative of
cardiac condition. The software modules comprise computer executable instruc-
tions for controlling a programmable processing system to:

- form one or more indicator quantities each being derivable from an energy
spectral density based on one or more samples of a rotation signal indica-
tive of rotational movement of a chest, the rotation signal being at least
partly indicative of cardiac rotation and each of the one or more samples
having a temporal length, and

- form an indicator of cardiac condition on the basis of the one or more indi-
cator quantities in accordance with a predetermined rule.

The software modules can be e.g. subroutines or functions implemented with a
suitable programming language and with a compiler suitable for the programming
language and for the programmable processing system under consideration. It is
worth noting that also a source code corresponding to a suitable programming
language represents the computer executable software modules because the
source code contains the information needed for controlling the programmable
processing system to carry out the above-presented actions and compiling chang-
es only the format of the information. Furthermore, it is also possible that the pro-
grammable processing system is provided with an interpreter so that a source
code implemented with a suitable programming language does not need to be

compiled prior to running.

A computer program product according to an exemplifying and non-limiting em-
bodiment of the invention comprises a computer readable medium, e.g. a compact
disc “CD”, encoded with a computer program according to an embodiment of in-

vention.
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A signal according to an exemplifying and non-limiting embodiment of the inven-
tion is encoded to carry information defining a computer program according to an
embodiment of invention. The signal can be used for configuring e.g. a mobile
phone, a tablet computer, wearable electronics, or another device which compris-
es an appropriate processing system and a sensor element for measuring the ro-
tation signal. The signal, i.e. the computer program, can be delivered to the mobile
phone, tablet computer, wearable electronics, or other device in many different
ways. For example, the signal, i.e. the computer program, can be downloaded
from the Internet. For example cloud services or the like can be utilized for the de-
livery of the signal, i.e. the computer program, and/or for delivery of detection re-
sults to medical personnel.

Figure 3 shows a schematic illustration of an apparatus 300 according to an ex-
emplifying and non-limiting embodiment of the invention for producing information
indicative of cardiac condition. The apparatus comprises a processing system 301
for receiving a rotation signal indicative of rotational movement of a chest of an
individual, the rotation signal being at least partly indicative of cardiac rotation. The
processing system 301 is configured to form one or more indicator quantities each
being derivable from an energy spectral density based on one or more samples of
the rotation signal, where each sample has a temporal length that can be one or
more heart-beat periods. The processing system 301 is configured to form an indi-
cator of cardiac condition on the basis of the one or more indicator quantities in
accordance with a predetermined rule. The processing system 301 is advanta-
geously configured to control a display of the apparatus 300 to show the indicator
of cardiac condition.

The processing system 301 can be implemented with one or more processor cir-
cuits, each of which can be a programmable processor circuit provided with ap-
propriate software, a dedicated hardware processor such as for example an appli-
cation specific integrated circuit “ASIC”, or a configurable hardware processor
such as for example a field programmable gate array “FPGA”.

In the exemplifying case illustrated in figure 3, the apparatus 300 comprises a
sensor element 302 for measuring the above-mentioned rotation signal. The sen-
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sor element is communicatively connected to the processing system 301. The
sensor element 302 is suitable for measuring the rotation signal when being out-
side the chest and in a direct or indirect mechanical contact with the chest. The
sensor element 302 can be for example a gyroscope or another rotation sensor for
measuring a signal which is proportional to the rotation of the chest caused by the
rotational movement of the heart. The gyroscope can be for example a miniature
gyroscopic sensor of the piezoelectric fork type.

An apparatus according to another exemplifying and non-limiting embodiment of
the invention does not comprise a sensor element but a corded or cordless signal
interface for connecting to an external sensor element. In this case, the sensor
element can be for example an implantable element suitable for measuring the
above-mentioned rotation signal when being placed under the skin of the chest of

an individual under consideration.

In the exemplifying case illustrated in figure 3, the apparatus 300 comprises a ra-
dio transmitter 303 and the processing system 301 is configured to control the ra-
dio transmitter to transmit an alarm signal in response to a situation in which the
indicator of cardiac condition is indicative of cardiac abnormality. The apparatus
300 can be for example a mobile phone, a tablet computer, a piece of clothing, or
another portable device. In the exemplifying case illustrated in figure 3, the appa-
ratus 300 is configured to transmit the alarm signal to a monitoring system 304 via
a data communication network 305, e.g. a cellular network. The monitoring system
304 can be located for example in a hospital or in other premises where special-
ised medical personnel are present. In addition to the alarm signal, the apparatus
300 can be configured to transmit the measured rotation signal to the monitoring
system 304 so as to enable the monitoring system and the medical personnel to
analyse the rotation signal. In addition to the sensor element 302 for measuring
the rotation signal, the apparatus 300 may further comprise one or more other
sensor elements for measuring other information from the individual 306. The pro-
cessing system 301 can be configured to control the radio transmitter 303 to
transmit the other information to the monitoring system 304. The one or more oth-
er sensor elements may comprise for example a three-axis accelerometer which is
capable of measuring translational movements independently in three mutually
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orthogonal directions x, y, and z of e.g. the coordinate system 399 shown in figure
3.

It is to be noted that in cases where the apparatus 300 transmits the rotation signal
to the monitoring system 304, the functionality for forming the one or more indica-
tor quantities and for forming the indicator of cardiac condition can be implement-
ed also in the monitoring system 304, or only in the monitoring system 304. In this
case, the monitoring system 304 is actually an apparatus according to an embod-
iment of the invention. Thus, apparatuses according to different embodiments of

the invention can be constructed in various ways.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the processing system 301 is configured to compute an estimate of the
energy of the rotation signal on a computation time period that can be for example
one or more heart-beat periods. The estimate of the energy represents an indica-
tor quantity and is defined according to the following:

E=ja{9?a={ESD {§ o
T B

where E is the estimate of the energy, o(t) is the rotation signal, T is the computa-
tion time period, t is time, ESD(f) is the energy spectral density, B is the frequency
area of the energy spectral density, and f is frequency. In an apparatus according
to an exemplifying and non-limiting embodiment of the invention, the processing
system 301 is configured to set the indicator of cardiac condition to express cardi-
ac abnormality when the estimate of the energy exceeds a threshold value.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the processing system 301 is configured to compute the energy spectral
density and to compute the average frequency corresponding to the center-of-
mass of the energy spectral density. The average frequency represents an indica-
tor quantity and is defined according to the following:
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where f,, is the average frequency. In an apparatus according to an exemplifying
and non-limiting embodiment of the invention, the processing system 301 is con-
figured to set the indicator of cardiac condition to express cardiac abnormality
when the average frequency f.y exceeds a threshold value.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the processing system 301 is configured to compute the energy spectral
density and to compute the median frequency of the energy spectral density. The
median frequency represents an indicator quantity and is defined according to the

following:
|ESD {§§ df = {ESD {§ of,
froviny fm

where fy, is the median frequency, fmi, is the lower limit of the frequency area of the
energy spectral density, and fmax is the upper limit of the frequency area of the en-
ergy spectral density. In an apparatus according to an exemplifying and non-
limiting embodiment of the invention, the processing system 301 is configured to
set the indicator of cardiac condition to express cardiac abnormality when the me-
dian frequency f, exceeds a threshold value.

As mentioned above, the processing system 301 is configured to form the indica-
tor of cardiac condition on the basis of the one or more indicator quantities in ac-
cordance with the predetermined rule. In an apparatus according to an exemplify-
ing and non-limiting embodiment of the invention, the processing system 301 is
configured to determine one or more parameters of the predetermined rule on the
basis of the one or more indicator quantities in response to reception of a user
control signal from a user interface of the apparatus. The one or more parameters
of the predetermined rule can be for example one or more threshold values that
are compared to the one or more the indicator quantities. With the aid of the user
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control signal, the individual 306 can train the apparatus so that the one or more
parameters of the predetermined rule, e.g. one or more threshold values, are
tuned to be suitable for the individual 306. The training is carried out by controlling
the apparatus 300 to determine the one or more parameters on the basis of such
value or values of the one or more indicator quantities which correspond to the
normal state of the individual 306. For example, a threshold value can be a value
that is a predetermined percentage, e.g. 25%, greater than the corresponding indi-
cator quantity related to the normal state. For another example, the above-
mentioned predetermined rule can be a mathematical formula and one or more
parameters of the mathematical formula can be adjusted so that the probability of
cardiac abnormality given by the mathematical formula is zero when one or more
indicator quantities which correspond to the normal state are inputted to the math-

ematical formula.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the processing system 301 is configured to detect, from the rotation sig-
nal and/or another signal related to movements of the heart, the length of a time
interval from the AO-peak caused by an opening of the aortic valve to the AC-peak
caused by a subsequent closure of the aortic valve, and to form the indicator of
cardiac condition on the basis of the one or more indicator quantities and the de-
tected length of the time interval.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the indicator of cardiac condition is an indicator of cardiac ischemia.

In an apparatus according to an exemplifying and non-limiting embodiment of the

invention, the indicator of cardiac condition is an indicator of myocardial infarction.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the indicator of cardiac condition is an indicator of carditis.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the indicator of cardiac condition is an indicator of myocarditis.
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In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the indicator of cardiac condition is an indicator of pericarditis.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the indicator of cardiac condition is an indicator of perimyocarditis.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the indicator of cardiac condition is an indicator of myopericarditis.

In an apparatus according to an exemplifying and non-limiting embodiment of the
invention, the processing system 301 is configured to detect, from a suitable signal
related to the operation of a heart, the heartbeat rate and to form the indicator of
cardiac condition on the basis of the above-mentioned one or more indicator quan-
tities and the detected heartbeat rate. In this case, the indicator of cardiac condi-
tion is an indicator of ventricular tachycardia.

In an apparatus according to an exemplifying and non-limiting embodiment of the

invention, the processing system 301 is configured to:
- receive an electrocardiography “ECG” signal,

- detect the length of a time interval between the R-peak of the electrocardi-
ography signal and the highest peak of the rotation signal corresponding to
a same heartbeat period, and

- form the indicator of ventricular tachycardia on the basis of the one or more
indicator quantities, the detected heartbeat rate, and the detected length of
the time interval.

The specific examples provided in the description given above should not be con-
strued as limiting the scope and/or the applicability of the appended claims. Lists
and groups of examples provided in the description given above are not exhaus-
tive unless otherwise explicitly stated.
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What is claimed is:
1.  An apparatus comprising:

- a processing system for receiving a rotation signal indicative of rotational
movement of a chest of an individual, the rotation signal being at least partly
indicative of cardiac rotation,

wherein the processing system is configured to:

- form one or more indicator quantities each being derivable from an energy
spectral density based on one or more samples of the rotation signal each
having a temporal length,

- form an indicator of cardiac condition on the basis of the one or more indicator
quantities in accordance with a predetermined rule, and

- compute at least one of the following that represents one of the indicator
quantities: i) an estimate of energy of the rotation signal on a computation
time period, ii) an average frequency corresponding to a center-of-mass of
the energy spectral density, and iii) a median frequency of the energy spectral
density,

wherein the estimate of the energy of the rotation signal is defined according to
the following:

E= jmm%t = j’Esm () df,
T B

where E is the estimate of the energy, w(t) is the rotation signal, T is the
computation time period, t is time, ESD(f) is the energy spectral density, B is a
frequency area of the energy spectral density, and f is frequency;

wherein the average frequency corresponding to the center-of-mass of the
energy spectral density is defined according to the following:

Date Recue/Date Received 2022-10-31
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f ESD (f} df
|

f., =2 ‘
i _[ESD ( df
B

where fav is the average frequency, ESD(f) is the energy spectral density, B is
a frequency area of the energy spectral density, and f is frequency; and

wherein the median frequency of the energy spectral density is defined
according to the following:

J'EBD (h df = jEﬂm« (4 df,
frnin frn

where fm is the median frequency, ESD(f) is the energy spectral density, fmin is
a lower limit of a frequency area of the energy spectral density, fmax is an upper
limit of the frequency area of the energy spectral density, and f is frequency.

2. The apparatus according to claim 1, wherein the processing system is
configured to detect, from a signal related to movements of a heart, a length of a
time interval from an AO-peak caused by an opening of an aortic valve to an AC-
peak caused by a subsequent closure of the aortic valve, and to form the indicator
of cardiac condition on the basis of the one or more indicator quantities and the
detected length of the time interval.

3. The apparatus according to claim 1 or claim 2, wherein the processing system
is configured to determine one or more parameters of the predetermined rule on the
basis of the one or more indicator quantities in response to reception of a user
control signal from a user interface of the apparatus.

4. The apparatus according to any one of claims 1 to 3, wherein the apparatus
comprises a sensor element for measuring the rotation signal, the sensor element
being communicatively connected to the processing system.

5. The apparatus according to claim 4, wherein the sensor element is suitable for
measuring the rotation signal when being outside the chest and having a direct or
indirect mechanical contact with the chest.

Date Recue/Date Received 2022-10-31



30

6. The apparatus according to claim 4, wherein the sensor element is an
implantable element suitable for measuring the rotation signal when being placed
under a skin of the chest.

7. The apparatus according to any one of claims 1 to 6, wherein the indicator of
cardiac condition is an indicator of cardiac ischemia.

8. The apparatus according to claim 7, wherein the indicator of cardiac condition
is an indicator of myocardial infarction.

9. The apparatus according to any one of claims 1 to 8, wherein the indicator of
cardiac condition is an indicator of carditis.

10. The apparatus according to claim 9, wherein the indicator of cardiac condition
is an indicator of at least one of the following: myocarditis, pericarditis,
perimyocarditis, myopericarditis.

11. The apparatus according to claim 1, wherein the processing system is
configured to detect, from a signal related to operation of a heart, a heartbeat rate
and to form the indicator of cardiac condition on the basis of the one or more
indicator quantities and the detected heartbeat rate.

12. The apparatus according to claim 11, wherein the processing system is
configured to:

- receive an electrocardiography signal,

- detect a length of a time interval from an R-peak of the electrocardiography
signal to the highest peak of the rotation signal corresponding to a same
heartbeat period, and

- form the indicator of cardiac condition on the basis of the one or more
indicator quantities, the detected heartbeat rate, and the detected length of
the time interval.

13. The apparatus according to claim 11 or claim 12, wherein the indicator of
cardiac condition is an indicator of tachycardia.

Date Recue/Date Received 2022-10-31
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14. The apparatus according to claim 13, wherein the processing system is
configured to detect a heartbeat rate variation from the detected heartbeat rate and
to form the indicator of cardiac condition on the basis of the detected heartbeat rate
variation, the indicator of cardiac condition being indicative of whether the
tachycardia is ventricular tachycardia or atrial tachycardia.

15. An apparatus according to any one of claims 1 to 14, wherein the apparatus is
one of the following: a mobile phone, a tablet computer, a piece of clothing.

16. The apparatus according to any one of claims 1 to 15, wherein the apparatus
comprises a radio transmitter and the processing system is configured to control the
radio transmitter to transmit an alarm signal in response to a situation in which the
indicator of cardiac condition expresses cardiac abnormality.

17. A method comprising:

- receiving a rotation signal indicative of rotational movement of a chest of an
individual, the rotation signal being at least partly indicative of cardiac

rotation,

- forming one or more indicator quantities each being derivable from an energy
spectral density based on one or more samples of the rotation signal each
having a temporal length, and

- forming an indicator of cardiac condition on the basis of the one or more
indicator quantities in accordance with a predetermined rule,

wherein the method comprises computing at least one of the following that
represents one of the indicator quantities: i) an estimate of energy of the rotation
signal on a computation time period, ii) an average frequency corresponding to
a center-of-mass of the energy spectral density, and iii) a median frequency of
the energy spectral density,

wherein the estimate of the energy of the rotation signal is defined according to
the following:

Date Recue/Date Received 2022-10-31
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E= Im{t}gdt = J’ESD (D df,
T B

where E is the estimate of the energy, w(t) is the rotation signal, T is the
computation time period, t is time, ESD(f) is the energy spectral density, B is a
frequency area of the energy spectral density, and f is frequency;

wherein the average frequency corresponding to the center-of-mass of the
energy spectral density is defined according to the following:

_[f ESD () df

f,., =B ‘ ,
a [ESD (9 of
B

where fav is the average frequency, ESD(f) is the energy spectral density, B is
a frequency area of the energy spectral density, and f is frequency; and

wherein the median frequency of the energy spectral density is defined
according to the following:

fm fiman
[ESD (9 of= [ESD (9 a1,
fimiin fm

where fn is the median frequency, ESD(f) is the energy spectral density, fmin is @
lower limit of a frequency area of the energy spectral density, fmax i an upper
limit of the frequency area of the energy spectral density, and f is frequency.

18. A computer readable memory having recorded thereon instructions for
execution by a computer processing system to control the computer processing
system to:

- form one or more indicator quantities each being derivable from an energy
spectral density based on one or more samples of a rotation signal indicative
of rotational movement of a chest of an individual, the rotation signal being
at least partly indicative of cardiac rotation and each of the one or more
samples having a temporal length, and
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- form an indicator of cardiac condition on the basis of the one or more indicator
quantities in accordance with a predetermined rule, and

- compute at least one of the following that represents one of the indicator
quantities: i) an estimate of energy of the rotation signal on a computation
time period, ii) an average frequency corresponding to a center-of-mass of
the energy spectral density, and iii) a median frequency of the energy spectral

density,

wherein the estimate of the energy of the rotation signal is defined according to

the following:

E= j’mwﬂdt = j’ESD () df,
T B

where E is the estimate of the energy, o(t) is the rotation signal, T is the
computation time period, t is time, ESD(f) is the energy spectral density, B is a
frequency area of the energy spectral density, and f is frequency;

wherein the average frequency corresponding to the center-of-mass of the
energy spectral density is defined according to the following:

_[f ESD (ff df

fav = B 1
" [EsD (9 df
B
where fav is the average frequency, ESD(f) is the energy spectral density, B is
a frequency area of the energy spectral density, and f is frequency; and

wherein the median frequency of the energy spectral density is defined
according to the following:

J’EBD« () df = J'ESD« () df,
frriin frmi
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where fm is the median frequency, ESD(f) is the energy spectral density, fmin is a
lower limit of a frequency area of the energy spectral density, fmax iS an upper
limit of the frequency area of the energy spectral density, and f is frequency.

Date Recue/Date Received 2022-10-31
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