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receive myoelectric signals of user's body from test 93]
electrodes, and standard 12-lead ECG signals of user's body

generate, based on myoelectric signals, training differential | 932

voltages corresponding respectively to training differential
leads

generate, based on training differential voltages, subsets of 33
training differential voltages

for each subset of training differential voltages, establish, | 934
based on training data, training dynamic system model, and
generate, based on three corresponding training differential
voltages, a corresponding set of twelve-lead signals using
training dynamic system model

compare twelve-lead signals of each st respectively with | 935
standard 12-lead ECG signals so as to

obtain comparison results corresponding respectively to
subsets of training differential voltages

determine, based on comparison results and locations of L S36
training differential leads, one training dynamic system |
model as dynamic system model

FIG.3
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METHOD AND SYSTEM FOR GENERATING
TWELVE-LEAD ELECTROCARDIOGRAM
SIGNALS USING THREE DIFFERENTIAL
VOLTAGES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to Taiwanese Appli-
cation No. 103142878, filed on Dec. 9, 2014, the contents of
which are hereby incorporated by reference.

FIELD

[0002] The disclosure relates to generation of twelve-lead
electrocardiogram (ECG), and more particularly to a method
and system for generating twelve-lead ECG signals using
three differential leads.

BACKGROUND

[0003] A twelve-lead electrocardiogram has become a
widely used non-invasive standard in diagnosing heart dis-
eases, such as ischemic heart disease and acute myocardial
infarction.

[0004] FIG. 1 illustrates a conventional twelve-lead elec-
trocardiogram system for a human body. In the conventional
twelve-lead electrocardiogram system, ten electrodes (RL,
LL,RA,LA,V,-V)are attached to the surface of the human
body, wherein the electrodes (V,-V) are positioned on the
chest of the human body, and the electrodes (RL, LL, RA,
LA) are positioned on the limbs of the human body. The
electrode (RL) is used as a reference ground, and heart poten-
tials (VF, vR, vL, v1-v6) sensed respectively by the electrodes
(LL,RA,RL,V,-V ) areinput to anapparatus 200, namely an
electrocardiograph. The apparatus 200 produces twelve-lead
electrocardiogram that includes six waveforms of limb leads,
named as I, I1, III, aVR, aVL and aVF, and six waveforms of
chest leads, named as V1, V2, V3, V4, V5 and V6, with the
following definitions.

TABLE 1
Lead Definition
1 vL - vR
I vF -vR
I vF - vL
aVR vR - (vL + vF)/2
aVL vL - (VR + vF)/2
aVF vF - (vL + vR)/2
Vi vl - (vR + vL + vF)/3
V2 v2 - (vR+vL +vE)/3
V3 v3 - (vR+vL +vEF)/3
V4 v4 - (VR + vL + vE)/3
Vs v5 - (VR +vL + vE)/3
V6 v6 - (VR + vL + vE)/3

[0005] Theleads (I,11, V1-V6) are regarded as independent
leads, and the leads (III, aVR, aVL, aVF) are regarded as
non-independent leads.

[0006] However, mounting and maintaining attachment of
such ten electrodes (RL, LL, RA, LA, V,-V,) to record the
twelve-lead electrocardiogram are almost impractical. For a
patient, it is very difficult to do this for long-term bedside
monitoring because the number of the electrodes (RL, LL,
RA,LA,V,-V,) and the conventional configuration severely
restrict the mobility of the patient.
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SUMMARY

[0007] Therefore, an object of the disclosure is to provide a
method and system for generating twelve-lead electrocardio-
gram (ECQG) signals using three differential electrode pairs
that are suitable for long-term ECG measurement and moni-
toring of a user’s body with relatively high accuracy and
without restriction to mobility of the user.

[0008] According to one aspect of the disclosure, there is
provided a method of generating twelve-lead electrocardio-
gram (ECG) signals to be implemented by a signal processor.
The method of this disclosure includes the steps of:

[0009] a) receiving three differential voltages, each of
which is defined as a potential difference between two corre-
sponding myoelectric signals sensed respectively by two cor-
responding electrodes that constitute a corresponding differ-
ential electrode pair and that are disposed on a chest of a
user’s body at predetermined specific locations; and

[0010] D) generating, based on the differential voltages, the
twelve-lead ECG signals, which include twelve synthesized
lead signals, using a pre-established dynamic system model
that is associated with the specific locations of the electrodes
constituting the differential electrode pair on the chest of the
user’s body and that is configured with temporal and spatial
correlations among the signals of the twelve leads of an ECG,
which include eight independent leads and four non-indepen-
dent leads.

[0011] According to another aspect of the disclosure, there
is provided a system for generating twelve-lead electrocar-
diogram (ECG) signals. The system of this disclosure
includes:

[0012] three signal sensing devices attachable to a chest of
a user’s body, each of the signal sensing devices including
two spaced apart electrodes that cooperatively constitute a
corresponding differential electrode pair and that are to be
disposed on the chest of the user’s body at predetermined
specific locations, and being configured to sense two myo-
electric signals of the user’s body through the electrodes
thereof so as to generate a corresponding distinct differential
voltage that is defined as a potential difference between the
myoelectric signals; and

[0013] asignal processing terminal for receiving the differ-
ential voltages respectively therefrom in a wireless manner,
the signal processing terminal being operable to generate,
based on the differential voltages, the twelve-lead ECG sig-
nals, which include twelve synthesized lead signals, using a
pre-established dynamic system model that is associated with
the specific locations of the electrodes constituting the differ-
ential electrode pair of the signal sensing devices on the chest
of the user’s body and that is configured with temporal and
spatial correlations among the signals of the twelve leads of
an ECG, which include eight independent leads and four
non-independent leads.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Other features and advantages of the disclosure will
become apparent in the following detailed description of the
embodiments with reference to the accompanying drawings,
of which:

[0015] FIG. 11is a schematic view illustrating mounting and
configuration of a conventional twelve-lead electrocardio-
gram system for a human body;
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[0016] FIG. 2 is a schematic block diagram illustrating the
first embodiment of a system for generating twelve-lead elec-
trocardiogram (ECG) signals according to the disclosure;
[0017] FIG. 3 illustrates a training procedure of how to
establish a dynamic system model used in the first embodi-
ment;

[0018] FIG. 4 is a schematic view exemplarily illustrating
an arrangement of electrodes of three differential electrode
pairs of the first embodiment on a chest of a user’s body;
[0019] FIG. 5 is a schematic view exemplarily illustrating
another arrangement of the electrodes of the three differential
electrode pairs of the first embodiment on the chest of the
user’s body;

[0020] FIG. 6 is a schematic block diagram illustrating the
second embodiment of a system for generating twelve-lead
ECG signals according to the disclosure; and

[0021] FIG. 7 is a schematic block diagram illustrating the
third embodiment of a system for generating twelve-lead
ECG signals according to the disclosure.

DETAILED DESCRIPTION

[0022] Before the disclosureis described in greater detail, it
should be noted herein that like elements are denoted by the
same reference numerals throughout the disclosure.

[0023] Referring to FIG. 2, the first embodiment of a sys-
tem 100 for generating twelve-lead electrocardiogram (ECG)
signals (interchangeably referred to as synthesized twelve-
lead ECG signals herein) according to this disclosure is
shown to include three signal sensing devices 1 and a signal
processing terminal 2. The synthesized twelve-lead ECG sig-
nals may be subsequently used to form an ECG to be dis-
played on a monitor for view by, e.g., a medical staff.
[0024] Thesignal sensing devices 1 are attachable to a chest
of auser’s body (not shown). In this embodiment, each signal
sensing device 1 exemplarily includes two spaced apart elec-
trodes 11, a differential voltage generating module 12, and a
short-distance wireless communication module 13.

[0025] For each signal sensing device 1, the electrodes 11
are placed at predetermined specific locations on the chest of
the user’s body and arranged in a manner that a distance
therebetween ranges, for example, from 10 cm to 15 cm, and
cooperatively constitute a corresponding differential elec-
trode pair to sense two myoelectric signals, of the user’s body.
For example, the locations of the electrodes 11 of the differ-
ential electrode pairs of the signal sensing devices 1 are
around a heart of the user’s body. The differential voltage
generating module 12 is connected electrically to the elec-
trodes 11, and receives the myoelectric signals from the elec-
trodes 11 so as to generate a corresponding differential volt-
age that is defined as a potential difference between the
myoelectric signals. The short-distance wireless communica-
tion module 13, such as a ZigBee module, is connected to the
differential voltage generating module 12, and is operable to
transmit the differential voltage from the differential voltage
generating module 12 via short-distance wireless communi-
cation.

[0026] Inthisembodiment, the signal processing terminal 2
exemplarily includes a short-distance wireless communica-
tion module 21 that communicates with the short-distance
wireless communication modules 13 of the signal sensing
devices 1 in a short-distance wireless manner, a signal pro-
cessor 22 that is coupled to the short-distance wireless com-
munication module 21, and a storage unit 23 thatis coupled to
the signal processor 22. It is noted that the signal processing
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terminal 2 may be implemented as a mobile device, for
example, a smart phone, a tablet computer or the like, carried
on the user.

[0027] Prior to operation of the system 100 on the user,
initially, the signal processor 22 of the signal processing
terminal 2 cooperates with a plurality of additional test elec-
trodes, for example, twenty-four test electrodes (E) shown in
FIG. 4, to perform a training procedure on establishing a
dynamic system model, which is associated with the patient
and which is to be used in the system 100 of the first embodi-
ment when generating the synthesized twelve-lead ECG sig-
nals for the user. In this embodiment, referring to FIG. 4, the
test electrodes (E) are applied to the chest of the user’s body
at separate points. More specifically, the test electrodes (E)
may be two-dimensionally arranged in a manner that a dis-
tance between any two adjacent test electrodes (E) ranges, for
example, from 10 cm to 15 cm. After completion of the
training procedure, the placement locations of the electrodes
11 that constitute the differential electrode pairs of the signal
sensing devices 1 on the chest of the user’s body can be
determined. The training procedure includes the following
steps.

[0028] Instep S31, the signal processor 22 receives a plu-
rality of training myoelectric signals, which are sensed
respectively by the test electrodes (E) during a training period
of, for example, 10 seconds, and twelve standard lead signals
measured from the user’s body during the training period. It
should be appreciated that the twelve standard lead signals
cooperatively constitute a standard twelve-lead ECG.

[0029] Instep S32,the signal processor 22 generates, based
on the training myoelectric signals, a plurality of training
differential voltages that correspond respectively to a plural-
ity of training differential electrode pairs, each of which con-
sists of arespective adjacent pair of the test electrodes (E) that
are disposed at respective distinct locations on the chest of the
user’s body. Each of the training differential voltages is
defined as a potential difference between two of the training
myoelectric signals sensed by two corresponding adjacent
ones of the test electrodes (E).

[0030] Instep S33,the signal processor 22 generates, based
on the training differential voltages, a plurality of different
training differential voltage subsets, each containing three
corresponding ones of the training differential voltages.
[0031] In step S34, for each of the training differential
voltage subsets, the signal processor 22 establishes, based on
the three training differential voltages and on the twelve stan-
dard lead signals, a training dynamic system model that is
associated with three of the training differential electrode
pairs which correspond respectively to the three training dif-
ferential signals and that is configured with temporal and
spatial correlations among the twelve leads of a typical (i.e.,
conventionally defined) twelve-lead ECG, which include
eight independent leads and four non-independent leads, and
generates, based on the three corresponding ones of the train-
ing differential voltages and on the training dynamic system
model, a corresponding set of twelve synthesized lead sig-
nals, which include eight independent synthesized lead sig-
nals corresponding respectively to the eight independent
leads of the typical twelve-lead ECG, and four non-indepen-
dent synthesized lead signals corresponding respectively to
the four non-independent leads of the typical twelve-lead
ECG. It is noted that, for each of the training differential
voltage subsets, the three corresponding training differential
voltages generated based on those training myoelectric sig-
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nals that are measured within a portion of the training period,
for example, the first three seconds of the period of ten sec-
onds and the twelve standard lead signals measured within the
same portion of the training period constitute training data
that is used to establish the training dynamic system model,
and the three corresponding training differential voltages
generated based on those training myoelectric signals that are
measured within the rest of the training period are used to
generate the corresponding set of the twelve synthesized lead
signals.

[0032] In this embodiment, for each of the training differ-
ential voltage subsets, the training dynamic system model can
be defined by the following expressions (1), (2) and (3):

x[n]=Hsn]+win] 6
smp=fsmitsm-11%, . .. spp-L+117F )
FIE[H3><8O3><8(L—1)] 3
[0033] where x[n] is a 3x1 vector and represents the three

corresponding ones of the training differential voltages at
time 1, §[n] is an 8Lx1 vector and represents signals at time n
that correspond respectively to the eight independent leads
(i.e., the leads (I, II, V1-V6)) of the twelve leads, that char-
acterize the temporal and spatial correlations among the eight
independent leads and that conform to an L*-order autore-
gression (AR(L)) model, L is a predetermined order number
that equals, for example, 3, H is a 3x8L matrix and is associ-
ated with a transformation matrix Hs, ; obtained from the
training data, and w[n] is a 3x1 noise vector at time n and is
obtained from the training data.

[0034] Using the AR(L) model, §[n] can be further dynami-
cally represented by the following expression (4)

Sn]=F3[n-1]+Bvfn] 4

[0035] where F is an 8Lx8L matrix and characterizes the
temporal and spatial correlations among the eight indepen-
dent leads of the twelve leads, B is an 7L.x8 noise power
matrix, and v[n] is an 8x1 noise vector at time n. In this
embodiment, using Wiener-Hopof equation, F can be
obtained based on the training data. In this case, for each of
the individual training differential voltage subsets, the corre-
sponding set of the twelve synthesized lead signals can be
generated based on x[n], §[n] and H using filtering process-
ing.

[0036] When expressions (3) and (4) are introduced into
expression (1) while the noise is filtered out through filtering
operation by, for example, a Kalman filter, for each of the
individual training differential voltage subsets, the eight inde-
pendent lead signals $[n] of the corresponding set of twelve
synthesized lead signals can be represented by the following
expression

$[n]=F3fu-11+K ) (xfn]-HF3 fn-11)

[0037] where K[n] is an 8Lx3 filter gain matrix at time n.
Thus, the four non-independent lead signals of the corre-
sponding set of twelve synthesized lead signals can be gen-
erated based on S[n].

[0038] In step S35, the signal processor 22 compares the
corresponding set of twelve synthesized lead signals of each
of the training differential voltage subsets respectively with
the twelve standard lead signals within the rest (i.e., the later
seven seconds) of the period of ten seconds, so as to obtain
comparison results corresponding respectively to the differ-
ent training differential voltage subsets. In this embodiment,
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for each of training differential voltage subsets, twelve cor-
relation coefficients (CCs) each between a corresponding one
of the synthesized lead signals of the corresponding set of the
twelve synthesized lead signals and a corresponding one of
the twelve standard lead signals measured within the rest of
the period of ten seconds, and/or, for example, a smallest one
(CC,,,,) of the correlation coefficients (CCs) cooperatively
serve as a cotresponding comparison result.

[0039] Instep S36,the signal processor 22 selects, based on
the comparison results of all the training differential signal
subsets, one of the training dynamic system models estab-
lished in step S34 as the dynamic system model for the user,
and takes the locations of the test electrodes (E) constituting
the three corresponding ones of the training differential elec-
trode pairs associated with said one of the training dynamic
system models to be the specific locations of the electrodes 11
ofthe differential electrode pairs of the signal sensing devices
1. It is noted that the three training differential signals of the
training differential voltage subsets associated with said one
of the training dynamic system models may be regarded as
three target differential voltages. The three corresponding
ones of the training differential electrode pairs associated
with said one of the training dynamic system models, i.e.,
those corresponding respectively to the three target differen-
tial voltages, may be regarded as three target differential
electrode pairs. The twelve correlation coefficients (CCs)
associated with the three target differential voltages are rela-
tively large, i.e., generally greater than 0.95.

[0040] According to experimental results, the three target
differential electrode pairs may be arranged as shown in FIG.
4 or 5, with each element indicated by the label (L) represent-
ing a corresponding signal sensing device 1 including a cor-
responding differential electrode pair.

[0041] That is to say, the placement locations of the elec-
trodes 11 that constitute the differential electrode pairs of the
signal sensing devices 1 correspond to the center locations on
the user’s chest to which the six test electrodes (E) that are
overlapped by the elements (L) in FIGS. 4 and 5 are placed
and the placement orientations of the signal sensing devices 1
are as shown by the elements (L). In other words, the specific
locations of the electrodes 11 of the signal sensing devices 1
may be at a position between the upper right side edge of the
heart of the user’s body and a collarbone of the user’s body, on
the lower left side edge of the heart of the user’s body, and on
the right side of the heart of the user’s body, respectively. It
should be noted that, since a human body is generally less
susceptible to fat accumulation at these locations, noise inter-
ference caused by fat can be reduced. In addition, the signal
sensing devices 1 can be sized similarly to a medium adhesive
tape. Therefore, the signal sensing devices 1 are suitable for
all users having different body types. Furthermore, from the
experimental results, since all the correlation coefficients
(CCs) associated with the target differential voltages are gen-
erally greater than 0.95, the dynamic system model used in
the first embodiment can ensure the accuracy of the twelve
synthesized lead signals generated, i.e., the substantially
close resemblance between the synthesized twelve-lead ECG
signals including the twelve synthesized lead signals and
typical twelve-lead ECG signals acquired using ten elec-
trodes in the conventional way.

[0042] Referring again to FIG. 2, upon receipt of the dif-
ferential voltages respectively from the signal sensing
devices 1 through short-distance wireless communication,
the short-distance wireless communication module 21 trans-
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mits the differential voltages to the signal processor 22. Thus,
the signal processor 22 generates, based on the differential
voltages, the synthesized twelve-lead ECG signals using the
dynamic system model in the above manner. The synthesized
twelve-lead ECO signals associated with the user’s body are
then stored in the storage unit 23.

[0043] FIG. 6 illustrates the second embodiment of a sys-
tem 100" for generating twelve-lead ECG signals according to
this disclosure, which is a modification of the first embodi-
ment. Unlike the first embodiment, the system 100" further
includes a cloud server 3 connected to a communication
network 5, such as the Internet.

[0044] In this embodiment, the cloud server 3 includes a
storage unit 31. In addition, the signal processing terminal 2
omits the storage unit 23 of the first embodiment shown in
FIG. 2, and further includes a communication module 24
connected to the communication network 5. Thus, in use, the
(synthesized) twelve-lead ECG signals generated by the sig-
nal processor 22 and associated with the user’s body are
transmitted to the cloud server 3 through the communication
module 24 and the communication network 5 such that the
cloud server 3 enables the storage unit 31 to store the (syn-
thesized) twelve-lead ECG signals associated with the user’s
body. In this case, the cloud server 3 can collect and record
ECG data associated with the user’s body so as to further
evaluate cardiac function of the user’s body, thereby achiev-
ing remote monitoring of the cardiac function of the user’s
body.

[0045] It is noted that, in other embodiments, the system
100" of this disclosure may include a plurality of sets of the
three signal sensing devices 1, and a plurality of the signal
processing terminals 2 corresponding respectively to the sets
of the three signal sensing devices 1. In other words, the
system 100' of this disclosure can support ECG measurement
and monitoring for many users or patients with heart disease.
In this case, the cloud server 3 can be set in medical institutes
or related health management agencies so as to simulta-
neously monitor heart conditions of the multiple users or
patients with heart disease.

[0046] FIG. 7 illustrates the third embodiment of a system
100" for generating twelve-lead ECG signals according to
this disclosure, which is a modification of the first embodi-
ment.

[0047] In this embodiment, the signal processing terminal
is implemented as a cloud server 3' that is connected to a
communication network 5, such as the Internet, and that
includes the signal processor 22, and a storage unit 32
coupled to the signal processor 22.

[0048] In addition, the system 100" further includes a
mobile device 4, for example, a smart phone, a tablet com-
puter or a wearable electronic device having wireless com-
munication capability. The mobile device 4 includes a short-
distance wireless communication module 41 similar to the
short-distance wireless communication modules 13, 21 of
FIG. 2, a communication module 43 connected to the com-
munication network 5, and a processing unit 42 coupled to the
short-distance wireless communication module 41 and the
communication module 43. It is noted that the mobile device
4 should be carried on the user’s body or be disposed within
a predetermined communication range of the signal sensing
devices 1 attached to the user’s body.

[0049] In use, the mobile device 4 receives the differential
voltages from the signal sensing devices 1 through the short-
distance wireless communication module 41. The processing
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unit 42 transmits, through execution of, for example, an appli-
cation pre-installed in the mobile device 4, the differential
voltages to the cloud server 3' (i.c., the signal processing
terminal) via the communication module 43 and the commu-
nication network 5. Thereafter, the signal processor 22 of the
cloud server 3' generates the (synthesized) twelve-lead ECG
signals based on the differential voltages from the mobile
device 4 using the dynamic system model, and then enables
the storage unit 32 to store the (synthesized) twelve-lead ECG
signals thus generated. In this case, similar to the cloud server
3 of FIG. 6, the cloud server 3' can collect and record ECG
data associated with the user’s body so as to further evaluate
cardiac function of the user’s body, thereby achieving remote
monitoring of the cardiac function of the user’s body.
[0050] Similar to the system 100" of the second embodi-
ment, the system 100" can also support ECG measurement
and monitoring for many users or patients with heart disease.
It is noted that, unlike the second embodiment of FIG. 6, only
one signal processor 22 included in the cloud server 3' is used
to generate and process the twelve-lead ECG signals associ-
ated with the multiple users or patients with heart disease.
[0051] To sum up, for each user or patient to be monitored,
the system 100, 100", 100" of this disclosure utilizes the three
signal sensing devices 1, which are sized to facilitate attach-
ment to the user’s body respectively at specific locations, to
acquire three differential voltages, and then generates, based
on the differential voltages, the (synthesized) twelve-lead
ECG signals using the dynamic system model, which is pre-
established for the user/patient through the aforesaid training
procedure of this disclosure.

[0052] In addition, since each signal sensing device 1 may
be designed to have a compact size of about 10 cm to 15 cm
in length, it may be easily attached to the chest of the user’s
body so that the electrodes 11 thereof are located at the
specific locations less susceptible to fat accumulation,
thereby effectively reducing noise interference caused by fat.
Therefore, the twelve-lead ECG signals generated by the
system 100, 100", 100" have relatively high accuracy. Accord-
ingly, the electrocardiogram generated based on the twelve-
lead ECG signals has high resemblance to a typical twelve-
lead electrocardiogram generated in the conventional manner
using ten electrodes.

[0053] Moreover, the differential voltages from the signal
sensing devices 1 are transmitted to the signal processor 22
using wireless communication. In such a configuration, it is
possible to attach the signal sensing devices 1 to the user’s
body for a long time. Therefore, the system 100, 100', 100" is
suitable for long-term ECG measurement and monitoring of
the user’s body without restriction to mobility of the user.
[0054] On the other hand, in some embodiments, dueto the
presence of the cloud server 3, 3', the system 100", 100" of the
disclosure can simultaneously support ECG measurement
and monitoring for many users or patients with heart disease.
[0055] While the disclosure has been described in connec-
tion with what are considered the exemplary embodiments, it
is understood that this disclosure is not limited to the dis-
closed embodiments but is intended to cover various arrange-
ments included within the spirit and scope of the broadest
interpretation so as to encompass all such modifications and
equivalent arrangements.

1. A method of generating twelve-lead electrocardiogram
(ECG) signals to be implemented by a signal processor, said
method comprising the steps of:
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a) receiving three differential voltages, each of which is
defined as a potential difference between two corre-
sponding myoelectric signals sensed respectively by
two corresponding electrodes that cooperatively consti-
tute a corresponding differential electrode pair that are
disposed on a chest of a user’s body at predetermined
specific locations; and

b) generating, based on the differential voltages, the
twelve-lead ECG signals, which include twelve synthe-
sized lead signals, using a pre-established dynamic sys-
tem model that is associated with the specific locations
of the electrodes constituting the differential electrode
pairs on the chest of the user’s body and that is config-
ured with temporal and spatial correlations among
twelve leads of an ECG, which include eight indepen-
dent leads and four non-independent leads.

2. The method as claimed in claim 1, further comprising,

prior to step a), the steps of:

1) receiving a plurality of training myoelectric signals,
which are sensed respectively by a plurality of test elec-
trodes disposed on the chest of the user’s body respec-
tively at separate points during a training period, and
twelve standard lead signals measured from the user’s
body during the training period,

ii) generating, based on the training myoelectric signals, a
plurality of training differential voltages that correspond
respectively to a plurality of training differential elec-
trode pairs, each of which consists of a respective adja-
cent pair of the test electrodes that are disposed at
respective distinct locations on the chest of the user’s
body, each of the training differential voltages being
defined as a potential difference between two of the
training myoelectric signals sensed by two correspond-
ing adjacent ones of the test electrodes;

1i1) generating, based on the training differential voltages, a
plurality of different training differential voltage sub-
sets, each containing three corresponding ones of the
training differential voltages;

1v) for each of the training differential voltage subsets,
establishing, based on the three corresponding ones of
the training differential voltages and on the twelve stan-
dard lead signals, a training dynamic system model that
is associated with the three corresponding ones of the
training differential electrode pairs and that is config-
ured with temporal and spatial correlations among the
twelve leads of the ECG, and generating, based on the
three corresponding ones of the training differential
voltages and the training dynamic system model, a cor-
responding set of twelve synthesized lead signals, which
contain eight independent synthesized lead signals cor-
responding respectively to the eight independent leads
of the ECG, and four non-independent synthesized lead
signals corresponding respectively to the four non-inde-
pendent leads of the ECG; and

v) comparing the corresponding set of the twelve synthe-
sized lead signals of each of the training differential
voltage subsets respectively with the twelve standard
lead signals so as to obtain comparison results corre-
sponding respectively to the training differential voltage
subsets; and

vi) determining, based on the comparison results and the
locations of the test electrodes constituting the training
differential electrode pairs, one of the training dynamic
system models established in step iv) as the dynamic
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system model used in step b), and determining the loca-
tions at which the test electrodes constituting the three
corresponding ones of the training differential electrode
pairs associated with said one of the training dynamic
system models are disposed as the specific locations of
the electrodes constituting the differential electrode
pairs in step a).

3. The method as claimed in claim 2, wherein, in step 1), the
number of the test electrodes is twenty-four, and the test
electrodes are two-dimensionally arranged in a manner that a
distance between any two adjacent ones of the test electrodes
ranges from 10 cm to 15 cm.

4. The method as claimed in claim 2, wherein, in step iv),
for each of the training differential voltage subsets, the train-
ing dynamic system model is defined by the following expres-
sions

xfm]=Hin]+wn]
Sf=[spn]Ts =107 L s-L+1]T]T

FI:/HSxSOSxS(L—l)]a

where x[n] is a 3x1 vector and represents the three corre-
sponding ones of the training differential voltages at time n,
§[n] is an 8Lx1 vector and represents signals at time n that
correspond respectively to the eight independent leads, that
characterize the temporal and spatial correlations among the
eight independent leads of the twelve leads and that conform
to an L”-order autoregression (AR(L)) model, L is a prede-
termined order mumber, H is a 3x8L matrix and is associated
with a transformation matrix H,, 4 obtained from the three
corresponding ones of the training differential voltages and
the twelve standard lead signals, and w[n] is a 3x1 noise
vector at time n and is obtained from the three corresponding
ones of the training differential voltages and the twelve stan-
dard lead signals.

5. The method as claimed in claim 4, wherein §[n] is
dynamically represented, using the AR(L) model, by

$fu]=F3fn-1]+Bv[n],

where F is an 8L.x8L matrix and characterizes the temporal
and spatial correlations among the eight independent leads of
the twelve leads, B is an 8Lx8 noise power matrix, and v[n] is
an 8x1 noise vector at time n.

6. The method as claimed in claim 5, wherein, in step iv),
for each of the individual training differential voltage subsets,
the corresponding set of the twelve synthesized lead signals is
generated based on x[n], §[n] and H using filtering process-
ing.

7. The method as claimed in claim 6, wherein, in step iv),
for each of the individual training differential voltage subsets,
eight independent synthesized lead signals $[n] of the corre-
sponding set of the twelve synthesized lead signals is repre-
sented by

$ =8 [n-11+K [n|(x[nj-EF3fn-1]),

where K[n] is an 8L.x3 filter gain matrix at time n, and four
non-independent synthesized lead signals of the correspond-
ing set of the twelve synthesized lead signals are generated
based on §[n].
8. The method as claimed in claim 2, wherein, in step vi):
correlation coefficients between the corresponding set of
the twelve synthesized lead signals associated with said
one of the training dynamic system models and the
twelve standard lead signals are relatively large; and



US 2016/0157744 Al

the specific locations of the electrodes constituting the
differential electrode pairs are around the heart of the
user’s body.

9. The method as claimed in claim 8, wherein the specific
locations of the electrodes constituting a first one of the dif-
ferential electrode pairs are between the upper right side edge
of the heart of the user’s body and a collarbone of the user’s
body, the specific locations of the electrodes constituting a
second one of the differential electrode pairs are on the lower
left side edge of the heart of the user’s body, and the specific
locations of the electrodes constituting a third one of the
differential electrode pairs are on the right side of the heat of
the user’s body.

10. A system for generating twelve-lead electrocardiogram
(ECG) signals, comprising:

three signal sensing devices attachable to a chest ofa user’s

body, each of said signal sensing devices including two
spaced apart electrodes that cooperatively constitute a
corresponding differential electrode pair and that are to
be disposed on the chest of the user’s body at predeter-
mined specific locations, and being configured to sense
two myoelectric signals through said electrodes thereof
so as to generate a corresponding differential voltage
that is defined as a potential difference between the
myoelectric signals; and

a signal processing terminal for receiving the differential

voltages respectively therefrom in a wireless manner,
said signal processing terminal being operable to gener-
ate, based on the differential voltages, the twelve-lead
ECG signals, which include twelve synthesized lead
signals, using a pre-established dynamic system model
that is associated with the specific locations of said elec-
trodes of said signal sensing devices on the chest of the
user’s body and that is configured with temporal and
spatial correlations among twelve leads of an ECG,
which include eight independent leads and four non-
independent leads.

11. The system as claimed in claim 1Q, wherein, for each of
said signal sensing devices, a distance between said elec-
trodes ranges from 10 cm to 15 cm.

12. The system as claimed in claim 10, wherein the
dynamic system model is established in advance based on
training data that includes three training differential voltages,
which have been generated respectively by said signal sens-
ing devices disposed respectively at the specific locations
during a training period, and twelve standard lead signals
measured from the user’s body during the training period.

13. The system as claimed in claim 12, wherein the
dynamic system model is defined by the following expres-
sions

xm]=H3pm]+wn]

smi=fsmitsm-11%, ... sfn-L+1]11F

HE[stsosxS(L—l)]:

where x[n] is a 3x1 vector and represents the three training
differential voltages at time n, §[n] is an 8Lx1 vector and
represents signals at time n that correspond respectively to the
eight independent leads, that characterize the temporal and
spatial correlations among the eight independent leads and
that conforms to an L”-order autoregression (AR(L)) model,
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L is a predetermined order number, 1 is a 3x8L matrix and is
associated with a transformation matrix H,, ¢ obtained from
the training data, and w[n] is a 3x1 noise vector at time n and
is obtained from the training data.

14. The system as claimed in claim 13, wherein §[n] is
dynamically represented, using the AR(L) model, by

$fu]=F3fn-1]+Bvfn],

where F is an 8L.x8L matrix and characterizes the temporal
and spatial correlations among the eight independent leads of
the twelve leads, B is an 8L.x8 noise power matrix, and v[n] is
an 8x1 noise vector at time n.

15. The system as claimed in claim 14, wherein the twelve
synthesized lead signals are generated based on x[n], §[n] and
[ using filtering processing.

16. The system as claimed in claim 15, wherein eight §[n]
of the twelve synthesized lead signals corresponding respec-
tively to the eight independent leads are represented by

$ 1] =F$ fu-11+K ) (xfnj-EF3{n-11)

where K[n] is an 8L.x3 filter gain matrix at time n, and the
remaining four of the twelve synthesized lead signals corre-
sponding respectively to the four non-independent leads are
generated based on §[n].

17.The system as claimed in claim 10, wherein the specific
locations of said electrodes of said signal sensing devices on
the chest of the user’s body are disposed around a heart of the
user’s body.

18. The method as claimed in claim 17, wherein the spe-
cific locations of said electrodes of a first one of said signal
sensing devices are at a position between the upper right side
edge of the heart of the user’s body and a collarbone of the
user’s body, the specific locations of said electrodes of a
second one of said signal sensing devices are on the lower left
side edge of the heart of the user’s body and the specific
locations of said electrodes of a third one of said signal
sensing devices are on the right side of the heart of the user’s
body.

19. The system as claimed in claim 10, wherein said signal
processing terminal is a mobile device that is carried on the
user’s body and that receives the differential voltages from
said signal sensing devices via short distance wireless com-
munication.

20. The system as claimed in claim 19, further comprising
a cloud server that communicates with said mobile device
through a communication network;

wherein said mobile device transmits the twelve-lead ECG

signals generated thereby to said cloud server via said
communication network such that said cloud server col-
lects and records the twelve-lead ECG signals so as to
evaluate cardiac function of the user’s body.

21. The system as claimed in claim 10, further comprising
a mobile device that receives the differential voltages from
said signal sensing devices via short distance wireless com-
munication and that is connected to said signal processing
terminal through a communication network for transmitting
the differential voltages thereto;

wherein said signal processing terminal is a cloud server

that further stores the twelve-lead ECG signals gener-
ated thereby so as to evaluate cardiac function of the
user’s body.
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