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(57) Abstract: A method for assessing repolarization abnormalities is disclosed. At least two repolarization signals are identified
from a set of ECG signals. PCA analysis is performed on the at least two repolarization signals to extract at least eigenvectors ev;
and ev,. A maximum vector MV is determined based on a transformed ECG signal in a plane defined by ev; and ev,. A repolar-
ization duration is determined which is based on the maximum vector MV. A system for assessing repolarization abnormalities is
also disclosed. The system has a processor configured to determine a repolarization duration which is based on a maximum vector
MYV from transformed ECG repolarization signals in a plane defined by eigenvectors ev; and ev, which result from PCA analysis on
the ECG repolarization signals. The system also has a data input coupled to the processor and a user interface coupled to either the

processor or the data input.
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METHOD AND SYSTEM FOR ASSESSING REPOLARIZATION

ABNORMALITIES

FIELD
[0001] The claimed invention relates to the assessment of repolarization abnormalities of
the heart, and more particularly to a methods and systems which assess repolarization
abnormalities based on determination of one or more repolarization durations based in part on

a threshold percentage of a maximum heart vector.

RELATED APPLICATIONS
[0002] This patent application claims priority to provisional U.S. patent application
60/778,088, entitled "Assessment of Repolarization Abnormalities from an
Electrocardiographic Signal”, filed March 2, 2006. Provisional U.S. patent application
60/778,088 is hereby ofﬁdially incorporated by reference in its entirety.

BACKGROUND
[0003] The electrocardiogram (ECG) is based on the electrical activity of the heart
muscle cells. In the resting stage, the inside of the cardiac cells has a negative charge
compared to the outside of the cells. The resulting voltage difference between the internal
and the external spaces of the cell membrane is called transmembrane potential. The
discharging of this ‘Voltage is known as depolarization and is associated with the start of the
contraction of the heart muscle cell fibers. After contraction of the ventricles, the heart
muscle cells redevelop substantially the same voltage over the cell membrane. This recovery
phase is called the repolarization process of the heart ventricles. An ECG measured from the
skin surface measures a total electrical component created by the depolarization and
repolarization of the heart's muscular cells.
[0004] The repolarization of the heart is made possible in part by ion channels within the
myocardial cells of the heart which allow an ion current to redistribute charge. It is highly
important that the regulation of the ion currents during the ventricular repolarization process
occurs without interference, since a delay in this process or any 6ther abnormalities can lead
to a substantially increased risk for sudden cardiac death.
[0005] Recently, several important drugs have been removed from the market after it
was revealed that these drugs were causing repolarization abnormalities in certain patients. It

was determined that these repolarization abnormalities were induced by pharmacological
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compounds reducing the rapidly activating delayed rectifier potassium current (Ix;) of the
myocardial cells. The undesirable effect of these repolarization abnormalities was not fully
identified in the existing safety assessment studies, which were mainly interested on a time
interval which was not necessarily indicative of a change in repolarization morphology. The
U.S. Food and Drug Agency (FDA) currently recommends that all pharmaceutical companies
test the safety of all new compounds for their potential QT proloﬁging effect. The QT
interval of an ECG encompasses a portion of the repolarization interval. Unfortunately, there
is no standard for the measurement of a QT interval, and various techniques used to measure
QT interval are not sensitive enough to properly identify a drug associated with a very small
yet potentially deadly prolongation of the QT interval. Furthermore, as previously
mentioned, QT interval does not quantify changes in the morphology (which includes both
amplitude and duration) of the repolarization interval. Consequently, there is a need for other
electrocardiographic markers besides QT prolongation for the identification of repolarization

abnormalities.

SUMMARY
[0006] A method for assessing repolarization abnormalities is disclosed. At least two
repolarization signals (at least one repolarization signal from a first location and at least a
second repolarization signal from a second location) are identified from a set of
electrocardiogram (ECQG) signals. Principal component analysis is performed on the at least
two repolarization signals to extract at least eigenvectors ev; and ev,. A maximum vector
MV is determined based on a transformed ECG signal in a plane defined by ev; and evy. A
repolarization duration is determined which is based on the maximum vector MV.
[0007] A computer readable medium having stored thereon instructions for assessing
repolarization abnormalities, which, when executed by a processor, causes the processor to
perform the steps according to the previous method is disclosed.
{0008] A system for assessing repolarization abnormalities is disclosed. The system has
a processor configured to determine a repolarization duration which is based on a maximum
vector MV from transformed ECG repolarization signals in a plane defined by eigenvectors
evy and ev, which result from principal component analysis on the ECG repolarization
signals. The system also has a data input coupled to the processor and configured to provide
the processor with the ECG data. The system further has a user interface coupled to either

the processor or the data input.
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[0009] A data signal for transmission over a transmission medium is disclosed. The data
signal includes a repolarization duration selected from the group consisting of early
repolarization duration (ERD), late repolarization duration (LRD), and total repolarization
duration (TRD). |

[00010] A method for analyzing an effect of a pharmacological agent on heart
repolarization is also disclosed. A first set of ECG signals is obtained. At least two
repolarization signals are identified from the first set of ECG signals. Principal component
analysis is performed on the at least two repolarization signals from the first set of ECG
signals to extract at least first eigenvectors evy.y and evy,. A first maximum vector MV is
determined based on a first transformed ECG signal in a first plane defined by evy.; and evy.,.
A first repolarization duration is determined which is based on the first maximum vector
MV,. The pharmacological agent is administered. A second set of ECG signals is obtained.
At least two repolarization signals are identified from the second set of ECG signals.
Principal component analysis is performed on the at least two repolarization signals from the
second set of ECG signals to extract at least second eigenvectors eva.; and eva.. A second
maximum vector MV; is determined based on a second transformed ECG signal in a second
plane defined by ev,.; and evy.,. A second repolarization duration is determined which is
based on the second maximum vector MV,. A repolarization abnormality is detected based
on the first repolarization duration and the second repolarization duration.

[00011]  Itis at least one goal of the claimed invention to provide an improved
electrocardiographic marker besides QT prolongation for the identification of repolarization

abnormalities.

BRIEF DESCRIPTION OF THE DRAWINGS
[00012]  FIG. 1 schematically illustrates an ECG signal over one heart beat.
[00013]  FIG. 2 illustrates one embodiment of a method for assessing repolarization
abnormalities.
[00014]  FIG. 3 illustrates one example of an embodiment of a T-loop plotted in a
preferential plane.
[00015]  FIGS. 4A and 4B illustrate examples of primary and secondary components of an
ECG signal plotted versus time.
[00016]  FIG. 5 schematically illustrates one embodiment of a system for assessing

repolarization abnormalities.
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[00017]  FIG. 6 schematically illustrates another embodiment of a system for assessing
repolarization abnormalities.

{00018] FIG.7 schematicaﬂy illustrates a further embodiment of a system for assessing
repolarization abnormalities.

[00019]  FIG. 8 illustrates one embodiment of a method for analyzing an effect of a
pharmacological agent on heart repolarization.

[00020]  FIG. 9 schematically illustrates another embodiment of a system for assessing
repolarization abnormalities.

[00021]  FIG. 10 illustrates one example of test results comparing clinical and scalar
models for assessing repolarization abnormalities with one embodiment of a new vectorial
model for assessing repolarization abnormalities.

[00022] It will be appreciated that for purposes of clarity and where deemed appropriate,
reference numerals have been repeated in the figures to indicate corresponding features, and
that the various elements in the drawings have not necessarily been drawn to scale in order to

better show the features.

DETAILED DESCRIPTION
[00023] A surface electrocardiogram (ECG) may be measured by an ECG capture device
which can have one or more leads which are coupled to a person's body in various locations.
The electrical activity occurring within individual cells throughout the heart produces a
cardiac electrical vector which can be measured at the skin's surface by the ECG capture
device leads. The signal registered at the skin's surface originates from many simultaneously
propagating activation fronts at different locations, each of which affects the size of the total
component. One type of ECG capture device is a twelve-lead signal device, although ECG
capture devices of any number of leads may be used to gather a set of ECG signals for use in
assessing repolarization abnormality.
[00024]  FIG. 1 schematically illustrates an embodiment of an ECG showing one heart
beat and some of the labels which are commonly assigned to various portions of the ECG
signal. The QRS complex 20 is associated with the depolarization of the heart ventricles.
The QT interval 28 and the T-wave 22 are associated with repolarization of the heart
ventricles. The ST segment 24 falls between the QRS complex 20 and the T-wave 22. The J
point 26 is located where the QRS complex 20 joins the ST segment 24. For reference, the
QT interval 28 discussed above and used in pre-existing FDA drug testing is illustrated.

Unfortunately, QT interval 28 has been shown to be a less reliable and less precise
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measurement of repolarization abnormalities than desired, and therefore a better method is
needed.

[00025]  FIG. 2 illustrates one embodiment of a such a method for assessing repolarization
abnormalities. At least two repolarization signals are identified 30 from a set of ECG signals.
The ECG signals may be obtained from a variety of ECG capture devices as discussed above.
The ECG signals may be obtained in "real-time" from a subject, or the ECG signals may be
obtained from a database (which should be understood to include memory devices) storing
previously obtained ECG signals.

[00026]  Each repolarization signal generally includes the T-wave 22, and there are
various ways to identify 30 the repolarization signals. The repolarization signals can be
identified 30 using a match template filter. Alternatively, each repolarization signal can be
identified 30 as starting from the J point 26 and ending at a point relative to a following R-
peak. For example, the repolarization signal could be defined as starting from point J 26 and
ending at a point 220 milliseconds prior to the following R-peak. Other embodiments could
use other times prior to the following R-peak besides 220 milliseconds. Some methods to
identify 30 or define the repolarization signals may include QRS complex detection, although
this is not strictly necessary. k

[00027]  Although a minimum of two repolarization signals are needed for the analysis, it
is preferable to have more than two signals. One example of a suitable number of
repolarization signals is twelve signals, but fewer or more signals could be used in other
embodiments. The identification of the repolarization signals from other ECG leads may be
accomplished using the techniques described above or by using the time location(s) of
repolarization intervals from a first ECG lead to identify the corresponding repolarization
intervals from other ECG leads.

[00028]  Prior to identifying 30 the at least two repolarization signals from a set of ECG
signals, it may be necessary in some embodiments to filter 31 the set of ECG signals. Some
sources of ECG data may already be filtered, however, in which case this step would not be
necessary. In cases where the ECG data is not pre-filtered, filtering 31 of the ECG signals is
recommended to remove baseline wander in the signals. One suitable method of filtering the
ECG signals to remove baseline wander is digital low-pass FIR filtering. Another suitable
method of filtering the ECG signals to remove baseline wander is to subtract a baseline
estimation arrived-at using spline interpolation.

[00029]  In other embodiments, the filtering 31 may include statistical combinations of

multiple beats from the ECG signals. As a non-limiting example, a median beat may be
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created from a number of consecutive beats from each lead. In some embodiments, one or
more leading beats may be discarded. In other embodiments, one or more trailing beats may
be discarded. In further embodiments, only beats with a stable heart rate may be taken into
account; An example of a suitable definition of beats with a stable heart rate is when the
heart rate for a given beat varies less than ten percent in beafs of the previous two minutes. In
other embodiments other percentages, time-frames, and definitions of a stable heart rate may
be used without deviating from the scope of the claimed invention.

[00030]  Once the at least two repolarization signals are identified 30, principal component
analysis 32 can be done on the repolarization signals to extract eigenvectors ev; and eva.
Principal component analysis (PCA) is a way of identifying patterns in data, and is especially
useful in dealing with multi-dimensional data, such as multiple repolarization signals from
multiple ECG leads. PCA analysis is a mathematical technique which those skilled in the art
will be familiar with, and results in a matrix of eigenvectors. As a summary of the PCA
analysis, first, the mean is subtracted from each of the data dimensions. This produces a data
set whose mean is zero. Next, a covariance matrix is calculated for the data. If the data has
n-dimensions, then the covariance matrix will be a square n-by-n matrix. Mathematical
constructs called eigenvectors and eigenvalues may be calculated for a square matrix, and so
next, a set of eigenvectors and eigenvalues are calculated for the covariance matrix. For the
n-by-n covariance matrix, there will be n eigenvectors. The eigenvectors are drthogonal to
each other, and each has a corresponding eigenvalue. The eigenvectors can be thought of as a '
representation of the multi-dimension data. The eigenvector with the highest eigenvalue is
the principal component of the data set. The eigenvectors may be sorted from highest to
lowest, and the eigenvectors with the two highest eigenvalues may be referred to as ev; and
ev, respectively.

[00031]  Once the PCA analysis 32 has been completed, a maximum vector MV may be
determined 34 based on a transformed ECG signal in a preferential plane defined by ev; and

evy. Mathematically, MV is detected at time &=Tyy, where equation 1 is fulfilled:

Equation 1) MV = max<VECG(t) ~VECG(T, )>,

where VECG(¢) = evi (1) + v (¢), and Tq is the time coinciding with the beginning of

the QRS complex. So, in conclusion, Equation 1 can be rewritten as:
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‘ MV = max<\/ {evl(t) —ev (T, )}2 + {ev2 {(ty— evz(Tg)}z > , and

=Twmvy 1s defined as the value for £ where Equation 1 is fulfilled.

[00032]  Although not necessary to the determination 34 of the maximum vector MV, a
graphical representation of MV in the plane defined by ev; and ev, is illustrated in FIG. 3 and
labeled Vmax.
[00033]  Referring again to FIG. 2, once the maximum vector MV has been determined, a
repolarization duration which is based on the maximum vector MV is determined 36. The
repolarization duration may be determined 36 by taking an arbitrary threshold percentage of
the magnitude of MV and projecting the threshold mégnitude relative to an endpoint of MV
to determine a beginning point and an ending point on the transformed ECG signal in the
plane defined by ev; and evs. An example of this process can be seen graphically in FIG. 3.
In the example of FIG. 3, the arbitrary threshold percentage of the magnitude of MV is 30%.
This threshold magnitude of 30% MV (or 30% Vmax) is projected in a circle or arc 38
around the endpoint of MV, which is labeled Vmax. Where the projected threshold 38
crosses 40 the transformed ECG signal 42 (or T-loop) on a first side of the endpoint of MV,
we can define a beginning point. Since the data points are samples in time, the beginning
point may be designated as the closest true data point 44 to the crossing point 40.
Alternatively, the beginning point may be an interpolated data point based on the two closest
~ data points 44 and 46. Where the projected threshold 38 crosses 48 the transformed ECG
signal 42 (or T-loop) on a second side of the endpoint of MV, we can define an ending point.
Since the data points are samples in time, the ending point may be designated as the closest
true data point 50 to the crossing point 48. Alternatively, the ending point may be an
interpolated data point based on the two closest data points 50 and 52.
[00034]  Repolarization durations may be defined in three different ways: As an early
repolarization duration (ERD), as a late repolarization duration (LRD), and/or as a total

fepolarization duration (TRD).
[00035] 1) Early Repolarization Duration (ERDyq) can be defined as follows:

ERDyey, = Tamy-Tg, where Tg is the value for ¢ where Equation 2 is fulfilled:
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Equation 2) |[VECG() ~VECG(T,,, )| = MV - x% , with t < Ty

The determination of ERDye, may also be seen graphically in FIGS. 3, 4A, and 4B. In
the example of FIGS. 3, 4A, and 4B, the threshold percentage is 30%, so the parameter being
determined in this example is ERD3Q%. It should be understood, however, that other
threshold percentages may be used in other embodiments. A peak time corresponds to the
endpoint of MV in FIG. 3. The term "peak” does not necessarily refer to a peak voltage in a
plot of voltage versus time. Instead, the work "peak" refers to the occurrence of the
maximum heart vector. A beginning time corresponds to the beginning point 40 or 44 as
discussed above, depending on whether an exact or interpolated data point is used. The
ERDjy, is the time difference between the peak time and the beginning time. The time
values corresponding to the peak time 54 and the beginning time 56 are shown in FIGS. 4A
and 4B, which are a plot of the primary component ev; signal data over time and a plot of the
secondary component ev; signal data over time, respectively. The time axis may be
expressed in actual time units or in samples per second which can easily be converted to time
with a knowlédge of the sampling rate. ERDsgq, is illustrated in FIGS. 4A and 4B as the
difference between the peak time 54 and the beginning time 56, the beginning time being
determined by the threshold percentage as described above. Although both the ev; plot of
FIG. 4A and the ev; plot of FIG. 4B are illustrated, only one ev plot needs to be generated if a

graphical method is used to determine a repolarization duration.
[00036]  2) Late Repolarization Duration (LRD,q,) can be defined as follows:

LRD,9 = TL-Twmv, where Ty, 1s the value for # where equation 3 is fulfilled:
Equation 3) [VECG(f) - VECG(T,,, )| = MV - x% , with t > Ty

The determination of LRDys, may also be seen graphically in FIGS. 3, 4A, and 4B. In
the example of FIGS. 3, 4A, and 4B, the threshold percentage is 30%, so the parameter being
determined in this example is LRDsgs. It should be understood, however, that other
threshold percentages may be used in other embodiments. A peak time corresponds to the
endpoint of MV in FIG. 3. An ending time corresponds to the ending point 48 or 50 as
discussed above, depending on whether an exact or interpolated data point is used. The

LRDsgy is the time difference between the ending time and the peak time. The time values
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corresponding to the peak time 54 and the ending time 58 are shown in FIGS. 4A and 4B.
LRDsge, is illustrated in FIGS. 4A and 4B as the difference between the ending time 58 and
the peak time 54, the ending time being determined by the threshold percentage as described

above.

[00037] 3} Total Repolarization Duration (TRDyy,), can be defined as the sum of ERDyy,
and LRDyq,. It should be noted that ERD, LRD, and TRD may be calculated for an infinite
variety of percentages. A change in ERD, LRD, and/or TRD at a given threshold percentage
x% has been shown to be indicative of a repolarization abnormality, as will be discussed in
greater detail later in this specification. It should also be noted that ERD and LRD may be
determined at the same threshold percentages or at different threshold percentages. Similarly,
TRD may be determined by adding an ERD and LRD value determined based on the same
threshold percentage, or TRD may be determined by adding an ERD and LRD value
determined based on different threshold percentages.

[06038] The ERD, LRD, and TRD parameters may be advantageously used to quantify
abnormalities of the electrocardiographic signals induced by pharmacological compounds
reducing various ion kinetics including the rapidly activating delayed rectifier potassium
current of the myocardial cells (Igy). The ERD, LRD, and TRD markers can assist in
identifying abnormal electrophysiological phenomenon associated with drug cardiotoxicity.
The ERD, LRD, and TRD markers are interval duration measurements (which correlate to
changes in morphology of the repolarization interval) realized inside a specific portion of the
electro- and vecto- cardiographic signal recorded on or from within the human body (in the
case of an implantable or partially implantable device). Based on the principal component
analysis of the ECG signal, specific intervals of the vectocardiographic representation of the
repolarization loop are determined when projected in its preferential plane. Based on a two-
dimension geometric threshold applied to the maximum vector magnitude of the
vectocardiographic representation of the repolarization process, an interval is delimited. The
point around which the two-dimension threshold is applied is the time point where the
vectocardiographic vector is the largest. The duration of the early, late, and/or total part of
this interval may be determined. The determination of ERD, LRD, and/or TRD may be done
for each cardiac beat or the determination can be made for median cardiac cycles.

[060039]  FIG. 5 schematically illustrates an embodiment of a system 60 for assessing
repolarization abnormalities. The system has a processor 62 which is configured to

determine a repolarization duration which is based on a maximum vector MV from
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transformed ECG repolarization signals in a plane defined by eigenvectors ev; and ev, which
result from principal component analysis on the ECG repolarization signals. Embodiments of
suitable processes and method steps to make the determination of MV have already been
discussed above. The processor 62 may be a computer executing machine readable
instructions which are stored on a CD, a magnetic tape, an optical drive, a DVD, a hard drive,
a flash drive, a memory card, a memory chip, or any other computer readable medium. The
processor 62 may alternatively or additionally include a laptop, a microprocessor, an
application specific integrated circuit (ASIC), digital components, electrical components, or
any combination thereof. The processor 62 may be a stand-alone unit, or it may be a
distributed set of devices.

[00040] A data input 64 is coupled to the processor 62 and configured to provide the
processor with ECG data. An ECG capture device 66 may optionally be coupled to the data
input 64 to enable the live capture of ECG data. Examples of ECG capture devices include,
but are not limited to, a twelve-lead ECG device, an eight-lead ECG device, a two lead ECG
device, a Holter device, a bipolar ECG device, and a uni-polar ECG device. Similarly, a
database 68 may optionally be coupled to the data input 64 to provide previously captured
ECG signal data to the processor. Database.68 can be as simple as a memory device holding
raw data or formatted files, or database 68 can be a complex relational database. Depending
on the embodiment, none, one, or multiple databases 68 and/or ECG capture devices 66 may
be coupled to the data input 64. The ECG capture device 66 may be coupled to the data input
64 by a wired connection, an optical connection, or by a wireless connection. Suitable
examples.of wireless connections may include, but are not limited to, RF connections using
an 802.1 l.x protocol or the Bluetooth ® protocol. The ECG capture device 66 may be
configured to transmit data to the data input 64 only during times which do not interfere with
data measurement times of the ECG capture device 66. If interference between wireless
transmission and the measurements being taken is not an issue, then transmission can occur at
any desired time. Furthermore, in embodiments having a database 68, the processor 62 may
be coupled to the database 68 for storing results or accessing data by bypassing the data input
64.

[00041]  The system 60 also has a user interface 70 which may be coupled to either the
processor 62 and/or the data input 64. The user interface 70 can be configured to display the
ECG signal data, the T-loop plotted in the preferential plane as discussed above, and/or
calculated parameters such as ERD, LRD, and TRD at one or more threshold percentages.

The user interface 70 may also be configured to allow a user to select ECG signals from a
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database 68 coupled to the data input 64, or to start and stop collecting data from an ECG
capture device 66 which is coupled to the data input 64,

[00042]  FIG. 6 schematically illustrates another embodiment of a system 72 for assessing
repolarization abnormalities. In this embodiment, the processor 62 is set-up to be a remote
processor which is coupled to the data input 64 over a network 74. The network 74 may be a
wired or wireless local area network (LAN or WLAN) or the network 74 may be a wired or
wireless wide area network (WAN, WWAN) using any number of communications protocols
to pass data back and forth. Having a system 72 where the processor 62 is located remotely
allows multiple client side data inputs 64 to share the resources of the processor 62. ECG
signals may be obtained by the data input 64 from a database 68 and/or an ECG capture
device 66 under the control of a user interface 70 coupled to the data input 64. | The ECG
signal data may then be transferred over the network 74 to the processor 62 which can then
determine one or more repolarization duration parameters ERD, LRD, and TRD for one or
more threshold percentages and transmit data signals 76 having one or more of the ERD,
LRD, and/or TRD parameters to the client side. Such data transmissions may take place over
a variety of transmission media, such as wired cable, optical cable, and air. In this
embodiment, the remote processor 62 can be used to help keep the cost of the client-side
hardware down, and can facilitate any upgrades to the processor or the instructions being
carried out by the processor, since there is a central upgrade point.

[00043]  FIG. 7 schematically illustrates a further embodiment of a system 78 for
assessing repolarization abnormalities. In this embodiment, a data input 64, a user interface
70, and a database 68 are coupled to the processor 62. An ECG capture dévice 66 is coupled
to the data input 64. The system 78 also has a pharmacological agent administrator 80 which
is coupled to the processor 62. The pharmacological agent administrator 80 may be
configured to administer a pharmacological agent to a patient when enabled by the processor
62. The system 78 of FIG. 7, and its equivalents, may be useful in automating the analysis of
the effects of pharmacological agents on heart repolarization. Repolarization duration
parameters ERD, LRD, and/or TRD may first be determined at one or more threshold
percentages. Then, the processor can instruct the pharmacological agent administrator 80 to
administer a pharmacological agent. Then, repolarization duration parameters ERD, LRD,
and/or TRD may be determined a second time at one or more threshold percentages.
Changes in the one or more repolarization duration parameters are indicative of a change in
the T-wave morphology, since changes in both the amplitude and the duration of the

repolarization interval will affect the repolarization duration parameters ERD, LRD and
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TRD. Different threshold percentages for which ERD, LRD, and TRD are determined may
be more applicable than others for the screening of a particular pharmacological agent or
heart condition. Therefore, although only one threshold percentage can be used in some
embodiments, it will sometimes be recommended to determine ERD, LRD, and/or TRD at
multiple threshold percentages. v
[00044]  FIG. 8 illustrates one embodiment of a method for analyzing an effect of a
pharmacological agent on heart repolarization. A first set of ECG signals is obtained 82. At
least two repolarization signals are identified 84 from the first set of ECG signals. Principal
component analysis 86 is performed on the at least two repolarization signals to extract at
least first eigenvectors evy.) and evy. A first maximum vector MV is determined 88 based
on a first transformed ECG signal in a first plane defined by evy.; and ev;,. A first
repolarization duration is determined 90 which is based on the first maximum vector MV.
The pharmacological agent is administered 92. A second set of ECG signals is obtained 94.
At least two repolarization signals are identified 96 from the second set of ECG signals.
Principal component analysis 98 is bperformed on the at least two repolarization signals from
the second set to extract at least second eigenvectors eva.; and eva.a. A second maximum
vector MV, is determined 100 based on a second transformed ECG signal in a second plane
defined by ev,.; and evz.. A second repolarization duration is determined 102 which is based
on the second maximum vector MV,. A repolarization abnormality is detected 104 based on
~ the first repolarization duration and the second repolarization duration. Suitable examples of
repolarization durations include ERD, LRD, and/or TRD at one or more threshold
percentages as discussed previously.
{00045]  FIG. 9 schematically illustrates another embodiment of a system 106 for
assessing repolarization abnormalities. Similar to other embodiments, the system has a
processor 62 which is coupled to a data input 64. An ECG capture device 108 is coupled 110
to the data input. The coupling 110 may be wired or wireless. The ECG capture device 108
is configured so that at least a portion of the ECG capture device 108 is implantable in a
subject's body 112. The processor 62 and the data input 64 are external to the subject's body
112 in this embodiment, however, in other embodiments, the processor 62 and/or the data
input 64 could be partially or entirely implanted in the subject's body 112. The system 106 of
FIG. 9 may optionally have a treatment device 114 coupled to the processor 62. In this case,
the processor 62 may be configured to activate the treatment device to attempt to correct a
repolarization abnormality indicated by one or more repolarization duration parameters ERD,

LRD, and TRD based on one or more threshold percentages. Suitable examples of treatment
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devices 114 include, but are not limited to a pharmacological agent administrator and a
defibrillator. The treatment device 114 may also be partially or completely implanted inside
of the subject 112,

[00046]  Repolarization duration parameters, as discussed above, based on a vectorial
model have been used in validations with encouraging results. Two studies have shown that
such measurements are statistically increased in the cardiac signal of an individual exposed to

a pharmacological agent reducing the Ig; currents.

First validation :

[00047]

An analysis realized on the data from a study involving sotalol, a drug
modifying Ig, ion currents, revealed early changes of the repolarization loop prior to the

identification of a prolongation of the interval QT as shown in Table 1.

A on drug - 42'-48' after 48'-54" after 54'-1h after 1h-1h 6' after
baseline dosing dosing dosing dosing
QTc L II (ms) 4,0(16) 4.1(16) 4.3(16)* 13(17)*
ERDc 50% 5.1(14)* 4.9(14)* 4.4(12) 9.5(16)**
(ms)
LRDc 50% 1.1(6.2)* 0.6(5.2)* 0.3(6.5) 4.0 (5.9)**
(ms)

Table 1: * p<0.05, ** p<=0.002, median value and their standard deviation
between parenthesis. ERD and LRD were corrected using individual correction formula
based on 6-hour continuous data.

[00048]  The analysis of the T-loop morphology provide new insight into I,-related
changes of the repolarization process induced by the drug sotalol known as an Iy,
blocking agent. These changes are detected prior to a significant prolongation of the

interval QT.

Second Validation

[00049]

FIG. 10 illustrates one example of test results comparing clinical and scalar
models for assessing repolarization abnormalities with one embodiment of a new vectorial
model for assessing repolarization abnormalities. This set of data gathers recordings from
40 individuals (18 females) in whom 4 recordings were acquired over a period of two

days following a parallel-study design (2 recordings at specific hour of the day). The

13



WO 2007/103778 PCT/US2007/063150

first day was baseline (2 recordings), and during the second day each individual
received a dose of moxifloxacin (n=20) or a dose of placebo (n=20). The individuals
had 1 recording acquired before dosing and one ECG acquired 2 hours after dosing. -
There were no differences in age between placebo and moxifloxacin groups: 28+7 vs.
26+8 yrs, respectively. Gender was evenly distributed in each group.

[00056]  Figure 10 illustrates ROC curves for the 3 models developed on 160 ECGs.
The model using vectorial factors is the most discriminant one. The term "AUC" = area
under the ROC curve.

[00051] Following the statistical strategy based on logistic regression models, we
implemented 3 models: 1) a clinical model including (QT/QTc¢, RR. Age and gender), 2) a
scalar model including the clinical factors and a set of measurements from lead 11 (see
Table 2 below), and 3) a vectorial model considering the clinical factors in addition to a set
of vectorial factors. The model selection was based on the best subset selection using the
AIC criterion. The selected models are described in Table 2. The three models were
compared using receiver operating characteristics (ROC) curves provided in Figure 3. The

factors selected in these models are given in Table 2.

AUC Factors
Clinical Model 0.70 QT
Clinical Model (QT.) 0.69 QT.
Scalar Model 0.81 QTapex, Tmag
Vectorial Model ‘ 0.85 QT, ERD3qe4, TRD3g94

Table 2: list of the parameters included in the best models based on the A(C

criterion. All selected values have a p value < 0.05 in their respective logistic models.

[00052]  One may note that RR interval is not selected in the model, this is ‘explained
by the fact that moxifloxacin does not affect heart rate. The use of Tmag. (magnitude
of T-wave in lead II) and QTapex interval is associated with an approximately 11%
increase of the area under the ROC curve (AUC). Using the vectorial parameters
TRD3p¢ and LRD3g9, is associated with a 15% improvement based on AUC. These novel
parameters bring complementary information to QT prolongation when induced by a
drug modifying the Ik, current in myocardial cells.

[00053]  The advantages of a method and system for assessing repolarization

abnormalities have been discussed herein. Embodiments discussed have been described by
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way of example in this specification. It will be apparent to those skilled in the art that the
forgoing detailed disclosure is intended to be presented by way of example only, and is not
limiting, Various alterations, improvements, and modifications will occur and are intended to
those skilled in the art, though not expressly stated herein. These alterations, improvements,
and modifications are intended to be suggested hereby, and are within the spirit and the scope
of the claimed invention. Additionally, the recited order of processing elements or
sequences, or the use of numbers, letters, or other designations therefore, is not intended to
limit the claims to any order, except as may be specified in the claims. Accordingly, the

invention is limited only by the following claims and equivalents thereto.
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What is claimed is:

1. A method for assessing repolarization abnormalities, comprising:

identifying at least two repolarization signals from a set of electrocardiogram (ECG)
signals;

principal component analysis on the at least two repolarization signals to extract at
least eigenvectors ev; and evs;

determining a maximum vector MV based on a transformed ECG signal in a plane
defined by ev; and evy; and

determining a repolarization duration which is based on the maximum vector MV.

2. The method of claim 1, further comprising:
filtering the set of ECG signals.

3. The method of claim 2, wherein filtering the set of ECG signals comprises low-

pass FIR filtering the ECG signals.

4. The method of claim 2, wherein filtering the set of ECG signals comprises

removing a wandering baseline.

5. The method of claim 2, further comprising: detecting at least one QRS complex in

the set of ECG signals.

6. The method of claim 5, wherein identifying at least two repolarization signals from
the set of ECG signals comprises defining each of the at least two repolarization signals as

starting from a point J and ending at a point relative to a following R peak.

7. The method of claim 6, wherein the point relative to the following R peak

comprises a point which is an arbitrary point in time prior to the following R peak.
8. The method of claim 7, wherein the arbitrary point in time prior to the following R

peak comprises a point which is approximately 220 milliseconds prior to the following R

peak.
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9. The method of claim 2, wherein filtering the set of ECG signals comprises

statistically combining multiple beats from the ECG signals.

10. The method of claim 9, wherein statistically combining multiple beats from the
ECG signals comprises creating a set of median beats, each median beat from one of the BCG

signals.

11. The method of claim 2, wherein filtering the set of ECG signals comprises

discarding one or more leading beats from the ECG signals.

12. The method of claim 2, wherein filtering the set of ECG signals comprises

discarding one or more trailing beats from the ECG signals.

13. The method of claim 2, wherein filtering the set of ECG signals comprises

discarding beats which do not have a corresponding stable heart rate.

14. The method of claim 13, wherein discarding beats which do not have a
corresponding stable heart rate comprises discarding beats which have a heart rate that varies

by more than a certain percentage in a previous arbitrary time frame.

15. The method of claim 14, wherein the certain percentage is ten percent and the

arbifrary time frame is two minutes.

16. The method of claim 1, wherein principal component analysis on the at least two
repolarization signals to extract at least eigenvectors ev; and ev, comprises:

subtracting a mean from the at least two repolarization signals to produce a data set
with a mean of zero;

calculating a covariance matrix for the data set;

calculating a set of eigenvectors and corresponding eigenvalues for the covariance
matrix;

determining that a first eigenvector from the set of eigenvectors with the largest
corresponding eigenvalue is the eigenvector evy; and

determining that a second eigenvector from the set of eigenvectors with the second-

largest corresponding eigenvalue is the eigenvector ev,.
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17. The method of claim 1, wherein determining the maximum vector MV comprises

determining MV = max<VECG(t) —VECG(T, )> ,

where VECG(t) = e O+ evs (t), and Tq is a time coinciding with a beginning of the

QRS complex.

18. The method of claim 17, wherein determining the repolarization duration which
is based on the maximum vector MV comprises determining an early repolarization duration
(ERD) at a threshold percentage x% of MV, such that:

ERDyy; = Tymy-Tg, where Ty is a value for ¢ where the following equation is fulfilled:

WECG(t) -VECG(T,,)| = MV - x% , with £ < Tv.

19. The method of claim 17, wherein determining the repolarization duration which
is based on the maximum vector MV comprises determining a late repolarization duration

(LRD) at a threshold percentage x% of MV, such that:
LRDyo = Tr-Tymy, where Ty is a value for ¢ where the following equation is fulfilled:

WVECG(t) ~VECG(T,, )| = MV - x% , with 1> Tagy.

20. The method of claim 17, wherein determining the repolarization duration which

is based on the maximum vector MV comprises determining:

a) an early repolarization duration (ERD) at a first threshold percentage x1% of MV,
such that:

ERDy19 = Tmy-TE, where Tg is a value for t where the following equation is fulfilled:
WECG(t) ~VECG(T,,, )| = MV - x1% , with ¢ < Ty;

b) a late repolarization duration (LRD) at a second threshold percentage x2% of MV,
such that:

LRD;50, = Ty-Tyy, where Ty is a value for ¢ where the following equation is fulfilled:
[VECG(t) = VECG(T,,, )| = MV - x2%, with ¢ > Tyv; and

¢) a total repolarization duration (TRD) such that TRD = ERDyje;, + LRDy2y .

18



WO 2007/103778 PCT/US2007/063150

21. The method of claim 20, wherein the first threshold percentage x1% and the

second threshold percentage x2% are equal.

22. The method of claim 20, wherein the first threshold percentage x1% and the

second threshold percentage x2% are not equal.

23. The method of claim 1, further comprising:

constructing a T-loop based on a plot of a transformed ECG signal in a plane defined

by ev; and evy;

24. The method of claim 23, wherein determining the maximum vector MV
comprises determining a vector having a largest magnitude from a first sample point in the T-

loop to a second sample point in the T-loop.

25. The method of claim 1, wherein detennining the repolarization duration which is
based on the maximum vector MV comprises:

taking a threshold percentage of a magnitude of MV to determine a threshold
magnitude; and

projecting the threshold magnitude relative to an endpoint of MV to determine a
beginning point and an ending point on the transformed ECG signal in the plane defined by

evy and ev,.

26. The method of claim 25, wherein:

projecting the threshold magnitude around the endpoint of MV to determine the
beginning point on the transformed ECG signal in the plane defined by ev, and ev, comprises
determining the beginning point as a first sample point of the transformed ECG signal, the
beginning point being a point which is closest to the projected threshold magnitude on a first
side of the endpoint of MV; and

projecting the threshold magnitude around the endpoint of MV to determine the
ending point on the transformed ECG signal in the plane defined by ev; and ev, comprises
determining the ending point as a second sample point of the transformed ECG signal, the
ending point being a point which is closest to the projected threshold magnitude on a second

side of the endpoint of MV.
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27. The method of claim 25, wherein:

projecting the threshold magnitude around the endpoint of MV to determine the
beginning point on the transformed ECG signal in the plane defined by ev; and ev, comprises
determining the beginning point as an interpolated beginning point between a first sample
point and a second sample point of the transformed ECG signal on a first side of the endpoint
of MV, the first and second sample points being the two closest points to the projected
threshold magnitude on the first side of the endpoint of MV; and

projecting the threshold magnitude around the endpoint of MV to determine the
ending point on the transformed ECG signal in the plane defined by ev; and ev, comprises
determining the ending point as an interpolated ending point between a third sample point
and a fourth sample point of the transformed ECG signal on a second side of the endpoint of
MV, the third and fourth sample points being the two closest points to the projected threshold
magnitude on the second side of the endpoint of MV.

28. The method of claim 25, wherein determining the repolarization duration which
is based on the maximum vector MV comprises:

determining a beginning time corresponding to the beginning point;

determining a peak time corresponding to the endpoint of MV; and

determining an early repolarization duration (ERD) for the threshold percentage

which comprises a time difference between the peak time and the beginning time.

29. The method of claim 28, wherein determining the repolarization duration which
is based on the maximum vector MV further comprises:

determining an ending time corresponding to the ending point; and

determining a late repolarization duration (LRD) for the threshold percentage which

comprises a time difference between the ending time and the peak time.

30. The method of claim 29, wherein determining the repolarization duration which
is based on the maximum vector MV further comprises:
determining a total repolarization duration (TRD) for the threshold percentage

comprising the sum of ERD and LRD.
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31. The method of claim 1, wherein determining the repolarization duration which is
based on the maximum vector MV comprises:

taking a threshold percentage of a magnitude of MV to determine a threshold
magnitude; and

projecting the threshold magnitude relative to an endpoint of MV to determine a

beginning point on the transformed ECG signal in the plane defined by ev; and evs.

32. The method of claim 31, wherein:

projecting the threshold magnitude around the endpoint 0of MV to determine the
beginning point on the transformed ECG signal in the plane defined by evy and ev, comprises
determining the beginning point as a first sample point of the transformed ECG signal, the

beginning point being a point which is closest to the projected threshold magnitude on a first
side of the endpoint of MV.

33. The method of claim 31, wherein:

projecting the threshold magnitude around the endpoint of MV to determine the
beginning point on the transformed ECG signal in the plane defined by ev; and ev, comprises
determining the beginning point as an interpolated beginning point between a first sample
point and a second sample point of the transformed ECG signal on a first side of the endpoint
of MV, the first and second sample points being the two closest points to the projected
threshold magnitude on the first side of the endpoint of MV. '

34. The method of claim 31, wherein determining the repolarization duration which
is based on the maximum vector MV comprises: |

determining a beginning time corresponding to the beginning point;

determining a peak time corresponding to the endpoint of MV; and

determining an early repolarization duration (ERD) for the threshold percentage

which comprises a time difference between the peak time and the beginning time.
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35. The method of claim 1, wherein determining the repolarization duration which is
based on the maximum vector MV comprises:

taking a threshold percentage of a magnitude of MV to determine a threshold
magnitude; and

projecting the threshold magnitude relative to an endpoint of MV to determine an

ending point on the transformed ECG signal in the plane defined by ev; and evs.

36. The method of claim 35, wherein:

projecting the threshold magnitude around the endpoint of MV to determine the
ending point on the transformed ECG signal in the plane defined by ev, and ev, comprises
determining the ending point as a sample point of the transformed ECG signal, the ending

point being a point which is closest to the projected threshold magnitude on a second side of
the endpoint of MV.

37. The method of claim 35, wherein:

projecting the threshold magnitude around the endpoint of MV to determine the
ending point on the transformed ECG signal in the plane defined by ev; and ev, comprises
determining the ending point as an interpolated ending point between a first sample point and
a second sample point of the transformed ECG signal on a second side of the endpoint of
MV, the first and second sample points being the two closest points to the projected threshold
magnitude on the second side of the endpoint of MV.

38. The method of claim 37, wherein determining the repolarization duration which
is based on the maximum vector MV further comprises:

determining a peak time 601“responding to the endpoint of MV,

determining an ending time corresponding to the ending point; and

determining a late repolarization duration (LRD) for the threshold percentage which

comprises a time difference between the ending time and the peak time.
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39. The method of claim 1, wherein determining the repolarization duration which is
based on the maximum vector MV comprises:

taking a first threshold percentage of a magnitude of MV to determine a first threshold
magnitude;

taking a second threshold percentage of the magnitude of MV to determine a second
threshold magnitude;

projecting the first threshold magnitude relative to an endpoint of MV to determine a
beginning point on the transformed ECG signal in the plane defined by ev; and ev; and

projecting the second threshold magnitude relative to an endpoint of MV to determine

an ending point on the transformed ECG signal in the plane defined by ev; and ev,.

40. The method of claim 39, wherein:

projecting the first threshold magnitude around the endpoint of MV to determine the
beginning point on the transformed ECG signal in the i)Yame defined by ev; and ev; comprises
determining the beginning point as a first sample point of the transformed ECG signal, the
beginning point being a point which is closest to the pfoj ected first threshold magnitude on a
first side of the endpoint of MV; and

projecting the second threshold magnitude around the endpoint of MV to determine

~ the ending point on the transformed ECG signal in the plane defined by ev; and evy

comprises determining the ending point as a second sample point of the transformed ECG
signal, the ending point being a point which is closest to the projected second threshold
magnitude on a second side of the endpoint of MV,
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41. The method of claim 39, wherein:

projecting the first threshold magnitude around the endpoint of MV to determine the
beginning point on the transformed ECG signal in the plane defined by ev; and ev, comprises
determining the beginning point as an interpolated beginning point between a first sample
point and a second sample point of the transformed ECG signal on a first side of the endpoint
of MV, the first and second sample points being the two closest points to the projected first
threshold magnitude on the first side of the endpoint of MV; and

projecting the second threshold magnitude around the endpoint of MV to determine
the ending point on the transformed ECG signal in the plane defined by ev; and ev,
comprises determining the ending point as an interpolated ending point between a third
sample point and a fourth sample point of the transformed ECG signal on a second side of the
endpoint of MV, the third and fourth sample points being the two closest points to the
projected second threshold magnitude on the second side of the endpoint of MV.

42. The method of claim 39, wherein determining the repolarization duration which
is based on the maximum vector MV comprises:

determining a beginning time corresponding to the beginning point;

determining a peak time corresponding to the endpoint of MV; and

determining an early repolarization duration (ERD) for the first threshold percentage

which comprises a time difference between the peak time and the beginning time.

43. The method of claim 42, wherein determining the repolarization duration which
is based on the maximum vector MV further comprises:

determining an ending time corresponding to the ending point; and

determining a late repolarization duration (LRD) for the second threshold percentage

which comprises a time difference between the ending time and the peak time.

44. The method of claim 43, wherein determining the repolarization duration which
is based on the maximum vector MV further comprises:

determining a total repolarization duration (TRD) comprising the sum of ERD and
LRD.
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45. A computer readable medium having stored thereon instructions for assessing
repolarization abnormalities, which, when executed by a processor, causes the processor to

perform the steps according to claim 1.

46. A system for assessing repolarization abnormalities, comprising:

a processor configured to determine a repolarization duration which is based on a
maximum vector MV from transformed ECG repolarization signals in a plane defined by
eigenvectors ev; and ev, which result from principal component analysis on the ECG
repolarization signals from ECG data;

a data input coupled to the processor and configured to provide the processor with the
ECG data; and

a user interface coupled to either the processor or the data input.

47. The system of claim 46, wherein the processor is configured to be at least

partially implantable in a subject's body.
48. The system of claim 46, further comprising a database coupled to the processor.
49. The system of claim 46, further comprising a database coupled to the data input.

50. The system of claim 46, further comprising an ECG capture device coupled to the

data input.

51. The system of claim 50, wherein the ECG capture device is selected from the
group consisting of a Holter monitor; a twelve-lead monitor; an 8 lead monitor; a monitor

using a bipolar lead system, and a monitor using a unipolar lead system.

52. The system of claim 50, wherein the ECG capture device is coupled to the data

input by a wireless connection.
53. The system of claim 52, wherein the ECG capture device is configured to

transmit data to the data input during times which do not interfere with data measurement

times of the ECG capture device.
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54. The system of claim 50, wherein at least a portion of the ECG capture device is

implantable in a subject's body.

55. The system of claim 54, further comprising a treatment device coupled to the
processor, and wherein the processor is further configured to activate the treatment device to

attempt to correct a repolarization abnormality indicated by the repolarization duration.

56. The system of claim 55, wherein the treatment device is implantable in the

subject's body.

57. The system of claim 55, wherein the treatment device comprises a

pharmacological agent administrator.
58. The system of claim 55, wherein the treatment device comprises a defibrillator.

59. The system of claim 46, wherein the processor and the data input are coupled

together via a network,

60. The system of claim 46, further comprising:
an ECG capture device coupled to the data input; and

a pharmacological agent administrator coupled to the processor.

61. The system of claim 60, wherein the processor is further configured to:
administer a pharmacological agent with the pharmacological agent administrator;
capture a post-administration set of ECG signals; and

determine a post-administration repolarization duration based on at least two ECG

signals in the post-administration set of ECG signals.

62. The system of claim 61, wherein the proceésor is further configured to:

prior to administering the pharmacological agent, capture a pre-administration set of
ECG signals; and

determine a pre-administration repolarization duration based on at least two ECG

signals in the pre-administration set of ECG signals.
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63. The system of claim 62, wherein the processor is further configured to compare
the pre-administration repolarization duration with the post-administration repolarization

duration.

64. The system of claim 46, wherein the repolarization duration comprises an early
repolarization duration (ERD) determined by:

taking a first threshold percentage of a magnitude of MV to determine a first threshold
magnitude;

projecting the first threshold magnitude relative to an endpoint of MV to determine a
beginning point on the transformed ECG signal prior to the endpoint of MV;

determining a beginning time corresponding to the beginning point;

determining a peak time corresponding to the end point of MV; and

determining the ERD for the first threshold percentage, the ERD comprising a time

difference between the peak time and the beginning time.

65. The system of claim 64, wherein the repolarization duration also comprises a late
repolarization duration (LRD) further determined by:

taking a second threshold percentage of the magnitude of MV to determine a second
threshold magnitude; ;

projecting the second threshold magnitude relative to the endpoint of MV to
determine an ending point on the transformed ECG signal after the endpoint of MV;

determining an ending time corresponding to the ending point; and

determining the LRD for the second threshold percentage, the LRD comprising a time

difference between the ending time and the peak time.

66. The system of claim 65, wherein the repolarization duration further comprises a

total repolarization duration (TRD) which comprises the sum of the ERD and the LRD.

67. The system of claim 65, wherein the first threshold percentage equals the second
threshold percentage.

68. The system of claim 46, wherein the user interface is configured to display the
ECG data.
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69. The system of claim 46, wherein the user interface is configured to display a T-

loop plotted in a preferential plane.

70. The system of claim 46, wherein the user interface is configured to display a

primary component the ECG repolarization signals versus time.

71. The system of claim 46, wherein the user interface is configured to display a
calculated parameter selected from the group consisting of ERD, LRD, and TRD, the

calculated parameter being determined for at least one threshold percentage.

72. The system of claim 46, wherein the user interface is configured to allow a user

to select the ECG data from a database.

73. The system of claim 46, wherein the user interface is configured to allow a user

to start and stop collecting data from an ECG capture device.

74. A data signal for transmission over a transmission medium, the data signal
comprising: a repolarization duration selected from the group consisting of early
repolarization duration (ERD), late repolarization duration (LRD), and total repolarization

duration (TRD).

75. The data signal for transmission over the transmission medium of claim 74,
wherein the transmission medium is selected from the group consisting of a wire cable, an

optical cable, and the air.
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76. A method for analyzing an effect of a pharmacological agent on heart
repolarization, comprising:

obtaining a first set of ECG signals;

identifying at least two repolarization signals from the first set of ECG signals;

principal component analysis on the at least two repolarization signals from the first
set of ECG signals to extract at least first eigenvectors evy.; and evy.p;

determining a first maximum vector MV based on a first transformed ECG signal in
a first plane defined by evy.; and evy;

determining a first repolarization duration which is based on the first maximum vector
MVy;

administering the pharmacological agent;

obtaining a second set of ECG signals;

identifying at least two repolarization signals from the second set of ECG signals;

principal component analysis on the at least two repolarization signals from the
second set of ECG signals to extract at least second eigenvectors evs.; and eva.g;

determining a second maximum vector MV, based on a second transformed ECG |
signal in a second plane defined by evs.; and evo;

determining a second repolarization duration which is based on the second maximum
vector MV,; and

detecting a repolarization abnormality based on the first repolarization duration and

the second repolarization duration.
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77. A method for assessing repolarization abnormalities, comprising:

a) low-pass FIR filtering a set of at least two ECG signals;

b) discarding one or more leading beats from the ECG signals;

¢) discarding one or more trailing beats from the ECG signals;

d) discarding beats from the ECG signals which have a heart rate that varies by more
than ten percent in beats of the previous two minutes;

e) identifying at least two repolarization signals from the at least two ECG signals by
defining each of the at least two repolarization signals as starting from a point J and ending at
a point which is approximately 220 milliseconds prior to a following R peak;

) principal component analysis on the at least two repolarization signals to extract at
least eigenvectors ev; and ev,, wherein the principal component analysis comprises:

1) subtracting a mean from the at least two repolarization signals to
produce a data set with a mean of zero;

2) calculating a covariance matrix for the data set;

3) calculating a set of eigenvectors and corresponding eigenvalues for
the covariance matrix;

4) determining that a first eigenvector from the set of eigenvectors
with the largest corresponding eigenvalue is the eigenvector evy; and

| 5) determining that a second eigenvector from the set of eigenvectors

with the second-largest corresponding eigenvalue is the eigenvector evy;

g) determining a maximum vector MV based on a transformed ECG signal in a plane

defined by ev; and evy; such that MV = max<VECG(t) ~VECG(T, )>,

where VECG(t) = en () + evs (1), and Tq is a time coinciding with a
beginning of a QRS complex for the transformed ECG signal;

h) determining an early repolarization duration (ERD) which is based on the

maximum vector MV at a threshold percentage x% of MV, such that:
ERDye, = Tmy-Tg, where Tk is a value for ¢ where the following
equation is fulfilled: [VECG(t) -VECG(T,, )| = MV - x%, with ¢ < Tyy;

1) determining a late repolarization duration (LRD) which is based on the maximum

vector MV at the threshold percentage x% of MV, such that:

30
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LRDyo, = Tr-Tmy, where Ty is the value for # where the following
equation is fulfilled: |VECG(t) - VECG(Ty, )| = MV - x%, with > Tyyy; and

j) determining a total repolarization duration (TRD) which is based on the maximum
vector MV at the threshold percentage x% of MV, such that:
TRDyo, = ERDxé; + LRDyoy .

31



WO 2007/103778 PCT/US2007/063150

1/10

QRS COMPLEX
{ 20

R 24
ST
SEGMENT

< 8 L g
QT INTERVAL
28

FIG. 1



WO 2007/103778 PCT/US2007/063150

FILTERING A SET OF ECG | o
SIGNALS A

IDENTIFYING AT LEAST TWO
REPOLARIZATION SIGNALS FROM A SETOF | 30
ECG SIGNALS L/

A\

PCA ANALYSIS ON THE TWO OR MORE
REPOLARIZATION SIGNALS TO 32
EXTRACT EIGENVECTORS ev; AND ev; L/

A4

- DETERMING A MAXIMUM VECTOR, MV, BASED ON | 54
A TRANSFORMED ECG SIGNAL IN A PLANE j
DEFINED BY evqy AND ev,

A

DETERMINING A REPOLARIZATION DURATION WHICH IS js
BASED ON THE MAXIMUM VECTOR, MV

FIG. 2



PCT/US2007/063150

WO 2007/103778

[Aw] ‘as

z oy 9| ) Zy 90 90 ¥o  Z0

. i 1 ] § 1

u m N T ot t—tsen . LO[EIO ASID0[NLE

foloy W o NP )

i XBUL A & %Epﬁmm;/ ,.

- / \ : : ! i

>_>_\ 0§ 8y



WO 2007/103778 PCT/US2007/063150

500

‘Tand

vV max

4/10

FIG. 4A




WO 2007/103778 PCT/US2007/063150

=
] ] } =

K

g

3
” C
- 3 el 3
1 o

;

;

3

4

A

4

J
‘ o
» } e
x &

™

= |

43
;.m

ﬁ o
» - S
$ -+

-
A m
~ S—— < < <
: w0 N
(@) ' ©)
- @‘-—% 9 L

200

100




WO 2007/103778 PCT/US2007/063150

68
S DATA-
62 BASE
PROCESSOR / ad
DATA ) 66
INPUT |~ = —====-—~ -{ :
]
1
t 70 ! ECG CAPTURE
r) ! DEVICE
1
USER ;
INTERFACE [~~~ ~~~—-
FIG. 5
72\
02 74 64
PROCESSOR L
DATA
INPUT
ECG CAPTURE USER
DEVICE INTERFACE
66~/ 70_/

FIG. 6



WO 2007/103778

7710

PCT/US2007/063150

64

\

ECG CAPTURE

DEVICE

B~
62 74
~ ¢
DATA
PROCESSOR INPUT
68
USER
DATA- INTERFACE
BASE
66—

FIG. 7

PHARMACOLOGICAL
AGENT .
ADMINISTRATOR

)

70



WO 2007/103778 PCT/US2007/063150

8/10

827_| AFIRST SET OF ECG SIGNALS IS OBTAINED

- AT LEAST TWO REPOLARIZATION SIGNALS ARE IDENTIFIED FROM
THE THE FIRST SET OF ECG SIGNALS

]

PRINCIPAL COMPONENT ANALYSIS IS PERFORMED ON THE AT
LEAST TWO REPOLARIZATION SIGNALS TO EXTRACT AT LEAST
FIRST EIGENVECTORS EV4.1 AND EVy;

A FIRST MAXIMUM VECTOR MV IS DETERMINED BASED ON A
FIRST TRANSFORMED ECG SIGNAL IN A FIRST PLANE DEFINED BY
EV44 AND EVi2

l

A FIRST REPOLARIZATION DURATION IS DETERMINED WHICH IS
BASED ON THE FIRST MAXIMUM VECTOR MV;.

THE PHARMACOLOGICAL AGENT IS ADMINISTERED.

A SECOND SET OF ECG SIGNALS'1S OBTAINED
I

AT LEAST TWO REPOLARIZATION SIGNALS ARE IDENTIFIED FROM
THE THE SECOND SET OF ECG SIGNALS.

PRINCIPAL COMPONENT ANALYSIS IS PERFORMED ON THE AT
LEAST TWO REPOLARIZATION SIGNALS FROM THE SECOND SET
TO EXTRACT AT LEAST SECOND EIGENVECTORS EV,.1 AND EV2.p

A SECOND MAXIMUM VECTOR MV; IS DETERMINED BASED ON A
SECOND TRANSFORMED ECG SIGNAL IN A SECOND PLANE
DEFINED BY EV2.4 AND EVy.,.

A SECOND REPOLARIZATION DURATION IS DETERMINED WHICH IS
BASED ON THE SECOND MAXIMUM VECTOR MV,

A REPOLARIZATION ABNORMALITY IS DETECTED BASED ON THE
FIRST REPOLARIZATION DURATION AND THE SECOND
REPOLARIZATION DURATION

FIG. 8



WO 2007/103778

106

62*\

N\

PROCESSOR

64
DATA
. INPUT

9/10

106

FIG. 9

112

PCT/US2007/063150

108 k\\\\\
ECG

CAPTURE

DEVICE

TREATMENT
DEVICE

)

114




PCT/US2007/063150

WO 2007/103778

a0t

Ayaiylaeds - 0ot

as Ge 04 ]

i i ESR £ -

0% ar

ie i

0L ©Old

i 178 Gi

(68'0=001Y} BP0 [BLOII8A -- o=
(18 0=00Y) |BRON B[R 3G 0

(02 0=0019) [BPOR [RAUYD —o—

N

Ea S r

?ﬁﬂﬁ
(Hiananﬁ;eev
P X

Qo G

|
¢
8

t
e T

OL /0l

g i el

= e e e Vt a1

¥

gl

ag

nat




LT RBFROF) AT HEERRENHENRS
NIF(2E)E EP1996073A2
HiES EP2007757784

FRIRE(ZFFB)A(E) FHUHERZE
RF(EFR)AGE) T AE
HARBEEAIRAGE) FOHERE

[FRIRBAA COUDERC JEAN PHILIPPE
VAGLIO MARTINO

RAAN COUDERC, JEAN-PHILIPPE
VAGLIO, MARTINO

IPCH %S A61B5/0468 A61B5/0452 A61B5/00
CPCH %S A61B5/0452 A61B5/7253
e 11/680896 2007-03-01 US

60/778088 2006-03-02 US

H 2N FF 3Rk EP1996073A4
SNER4E Espacenet
BEGR)

DT —HIEEERRENSEZ. N—HAECGESHRINEEDIRINE
WILES. NEDANEWRESHITPCAD T , UEDREUF IR E
ev &lIt;SUB&gt; 1 &lt;/ SUB&gt; Fev &It;SUB&gt; 2 &lt;/ SUB&gt;. EF
Hev &It;SUB&gt; 1 &lt;/ SUB&gt; Mlev &lt;SUB&gt; 2 &lt;/ SUB&gt; TE X
KM EFHTIRNECCESHERAXREMY, BEETREARXEMVH
SWLFERE, AT T —HATIIAERFENRSE. ZREES
A3EEE | ZAEERWRENBEERISENE  ZERISERNEE TR
HHBEE Eev &It;SUB&gL; 1 &lt;/ SUB&gt; Flev &lt;SUB&gt; 2 &lt;/
SUB&gLEN M FEHPHWTRWECCEMILESTHRREMEMV, LBEE
EWMESHPCADMER, ZREEEEBE I ESNEIRM ATB
SR EESBIE R ANASRE,

2008-12-03

2007-03-02

patsnap


https://share-analytics.zhihuiya.com/view/48ce82e0-9808-4e27-a925-3752bd794dde
https://worldwide.espacenet.com/patent/search/family/038472311/publication/EP1996073A2?q=EP1996073A2

