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ELECTROCARDIOGRAPHY TO
DIFFERENTIATE ACUTE MYOCARDIAL
INFARCTION FROM BUNDLE BRANCH
BLOCK OR LEFT VENTRICULAR
HYPERTROPHY

[0001] This application claims the benefit of U.S. Provi-
sional Application 62/082,836, filed on Nov. 21, 2014,
[0002] The following relates generally to cardiac care arts,
electrocardiograph arts, and related arts.

[0003] Acute myocardial infarction (AMI) occurs when
blood flow to the heart is blocked, usually due to an obstruc-
tive lesion in a coronary artery, leading to heart muscle injury
because of lack of oxygen. AMI is colloquially referred to as
a “heart attack”. Elevation of the ST segment of the electro-
cardiogram (ECG) is associated with AMI, and hence is also
referred to as ST Elevation Myocardial Infarction (STEMI).
STEMI requires immediate, aggressive treatment to restore
blood flow to the heart in order to prevent permanent injury or
death. On the other hand, AMI that is not associated with ST
elevation (i.e., NSTEMI) is generally considered a less acute
condition requiring less aggressive treatment.

[0004] Diagnosis of AMI relies upon physical symptoms
such as chest pain in combination with ECG analysis. As just
noted, an elevated ST segment is the conventional diagnostic
of AMI—however, AMI is not the only condition that impacts
ST level. Other conditions that can lead to ST segment devia-
tion include bundle branch block (BBB) and left ventricular
hypertrophy (LVH). The BBB condition refers to a defect in
electrical conduction through the heart from its natural pace-
maker, the sinoatrial node. BBB can be classified based on
which side of the heart is affected, the left bundle (LBBB) or
right bundle (RBBB). LBBB generally causes ST elevation in
the right precordial leads V1, V2 and V3, while RBBB causes
ST depression in those leads. The ST level is usually not used
to diagnose BBB—rather, a broadened QRS complex is usu-
ally considered to be diagnostic of BBB. The LVH condition
refers to a thickening of the myocardial muscle of the left
ventricle of the heart. LVH also leads to ST elevation in the
right precordial leads, but again this is usually not relied upon
(at least solely) to diagnose LVH. Rather, a combination of
the S and R deflections of the ECG are typically used as
diagnostics, for example using the Sokolow-Lyon index, Cor-
nell voltage criteria, or Romhilt-Estes criteria. Another term
sometimes used is “Interventricular Conduction Delay”
(IVCD), which is diagnosed when the QRS complex duration
is greater than 100 milliseconds. BBB is the common source
of IVCD, although LVH can also cause such broadening of
the QRS complex.

[0005] A patient with BBB or LVH is at enhanced risk for
a heart attack. Accordingly, rapid and accurate diagnosis of
AMI in the presence of BBB or LVH is a critical task for
clinical practice.

[0006] Detection of acute MI from other confounders,
especially BBB and LVH, has long been a challenging issue
for ECG diagnosis. Various approaches have been proposed
to identify AMI (i.e. STEMI) in the presence of BBB and/or
LVH. Typically, these methods examine the amplitude ratio
among the ST segment, Q-wave, R-wave or S-wave on each
ECG lead. The performance of AMI differentiation tests typi-
cally suffers from a trade-off between sensitivity and speci-
ficity. For instance, 80% specificity usually accompanies
15% sensitivity in LBBB diagnosis. In other words, for
patients with LBBB, most acute MI cannot be identified
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immediately, leading to delay in AMI treatment and conse-
quent irreversible heart damage or death.

[0007] The following discloses a new and improved sys-
tems and methods that address the above referenced issues,
and others.

[0008] Inaccordance with one aspect, a cardiac monitoring
system is disclosed. An electrocardiograph (ECG) monitor is
configured for operative connection with a plurality of ECG
electrodes. The ECG monitor includes a display device and an
electronic data processing component configured to perform
ECG analysis of ECG traces for a plurality of ECG leads
acquired by the ECG monitor. The ECG analysis includes the
operations of determining whether the ECG traces satisfy a
set of ST Elevation Myocardial Infarction (STEMI) criteria,
and analyzing the ECG traces to detect a confounding cardiac
condition that is not AMI but also produces ST deviation.
Conditional on the STEMI criteria being satisfied and not
detecting the confounding cardiac condition, an AMI alarm is
displayed on the display device of the ECG monitor. Condi-
tional on the STEMI criterion being satisfied and also detect-
ing the confounding cardiac condition, the ECG analysis
includes the further operations of: converting the ECG traces
to a three-dimensional vector cardiograph (3D-VCQG) signal;
computing an angle between (1) an ST vector characterizing
the ST segment of the 3D-VCG signal and (2) a terminal QRS
vector characterizing a terminal portion of the QRS complex
of the 3D-VCG signal; and conditional on the computed
angle being less than a threshold angle, displaying the AMI
alarm on the display device of the ECG monitor. The terminal
portion of the QRS complex of the 3D-VCG signal may be the
last one-third of the QRS complex of the 3D-VCG signal. In
a suitable approach, the converting operation comprises con-
verting the ECG traces to said 3D-VCG signal comprising a
vector sum of lead vectors in a three-dimensional space
wherein each lead vector has magnitude corresponding to a
lead voltage and lies along an anatomical direction corre-
sponding to a spatial orientation of the lead voltage. In a case
in which the ECG traces are 12-lead ECG traces, the convert-
ing operation suitably further comprises calculating the lead
voltages comprising Frank lead voltages from the 12-lead
ECG traces. The confounding cardiac condition may include
one or more of: left bundle branch block (LBBB), right
bundle branch block (RBBB), left ventricular hypertrophy
(LVH), and Interventricular Conduction Delay (IVCD). In
some embodiments the confounding cardiac condition is
detected if the QRS complex exceeds a duration threshold. In
some more specific embodiments, the ST vector is a vector of
the 3D-VCG lying in the ST segment of the 3D-VCG signal
(for example, in the middle of the ST segment), and the
terminal QRS vector is a vector of the 3D-VCG lying in the
terminal portion of the QRS complex of the 3D-VCG signal
(for example, the vector of maximum magnitude in the ter-
minal portion of the QRS complex of the 3D-VCG signal). In
some more specific embodiments, the threshold angle is in the
range [130°,170°] inclusive.

[0009] In accordance with another aspect, a non-transitory
storage medium stores instructions readable and executable
by an electronic data processing device to perform an elec-
trocardiographic (ECG) monitoring method operating on
ECG traces acquired from a subject using a plurality of ECG
leads. The ECG monitoring method comprises determining
whether the subject has acute myocardial infarction (AMI) by
determining whether one of the following is satisfied: (1) the
ECG traces satisfy an ST Elevation Myocardial Infarction
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(STEMI) criterion and the ECG traces do not indicate the
subject has a confounding cardiac condition that is not AMI
and that produces ST elevation, or (2) the ECG traces satisfy
the STEMI criterion and the ECG traces also indicate the
subject has the confounding cardiac condition and a three-
dimensional vector cardiograph (3D-VCG) signal generated
from the ECG traces acquired from the subject includes an ST
vectorin the ST segment of the 3D-VCG signal and a terminal
QRS vector of maximum magnitude in a terminal portion of
the QRS complex of the 3D-VCG signal for which the angle
between the ST vector and the terminal QRS vector is less
than a threshold angle. The ECG monitoring method may
further comprise outputting a human-perceptible AMI alarm
in response to determining the subject has AMI. In some
embodiments the threshold angle is in the range [130°,170°]
inclusive. The 3D-VCG signal is suitably a vector sum of
ECG lead vectors in a three-dimensional space. In some
embodiments the confounding cardiac condition includes
both left bundle branch block (LBBB) and left ventricular
hypertrophy (LVH). In some embodiments the confounding
cardiac condition includes Interventricular Conduction
Delay (IVCD) indicated by the QRS complex having duration
longer than a threshold duration wherein the duration thresh-
old is at least 100 milliseconds.

[0010] In accordance with another aspect, a non-transitory
storage medium stores instructions readable and executable
by an electronic data processing device to perform an elec-
trocardiographic (ECG) monitoring method operating on
ECG traces acquired from a subject using a plurality of ECG
leads. The ECG monitoring method comprises determining
whether the subject has acute myocardial infarction (AMI) by
determining whether: (i) the ECG traces satisfy an ST Eleva-
tion Myocardial Infarction (STEMI) criterion and (ii) the
ECG traces also indicate the subject has the confounding
cardiac condition and (iii) a vector angle difference between
an ST vector in the ST segment and a terminal QRS vector of
maximum magnitude in a terminal portion of the QRS com-
plex is less than a threshold angle wherein the ST vector and
the terminal QRS vector reside in a three-dimensional space
defined by an orthogonal set of basis vectors generated from
the ECG traces acquired from the subject. The ECG monitor-
ing method further comprises outputting a human-percep-
tible AMI alarm in response to determining the subject has
AMI.

[0011] In accordance with another aspect, a method is dis-
closed for determining acute myocardial infarction (AMI).
The method comprises: obtaining ECG traces from a subject;
identifying a deviation of the ST portion of the ECG traces;
converting the ECG traces into a three-dimensional vector
cardiogram (3D VCG) signal having a QRS vector and an ST
vector; calculating a vector angle between the QRS vector
and the ST vector; and classifying the subject as AMI or
non-AMI based upon the calculated vector angle. In some
more specific embodiments, the ST vector corresponds to a
middle segment of the single ST portion of the 3D-VCG,
and/or the QRS vector corresponds to a terminal part of the
QRS portion of the 3D-VCG, such as the vector of maximum
voltage magnitude in the terminal part of the QRS portion of
the 3D-VGC. Ina specific embodiment, the classification step
classifies the subject as AMI if the calculated vector angle is
less than 150 degrees, and if otherwise, classifies the subject
as non-AMI.

[0012] One advantage resides in improved detection of
acute myocardial infarction (AMI) by electrocardiography
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(ECG) in the presence of confounding conditions such as
bundle branch block (BBB), left ventricular hypertrophy
(LVH), and/or Interventricular Conduction Delay (IVCD).
[0013] Another advantage resides in improved sensitivity
in detection of AMI by ECG in the presence of confounding
conditions.

[0014] Another advantage resides in improved specificity
in detection of AMI by ECG in the presence of confounding
conditions.

[0015] Still further advantages will be appreciated to those
of ordinary skill in the art upon reading and understanding the
following detailed description.

[0016] Theinvention may take form in various components
and arrangements of components, and in various steps and
arrangements of steps. The drawings are only for purposes of
illustrating the preferred embodiments and are not to be con-
strued as limiting the invention.

[0017] FIG. 1 diagrammatically illustrates an electrocar-
diograph (ECG)-based patient monitoring and cardiac diag-
nosis system configured to differentiate acute myocardial
infarction (AMI) from confounding conditions including
bundle branch block (BBB) and left ventricular hypertrophy
(LVH).

[0018] FIG. 2 diagrammatically illustrates typical ECG
traces in the presence of AMI, left bundle branch block
(LBBB), right bundle branch block (RBBB), and LVH.
[0019] FIG. 3 diagrammatically illustrates a suitable
method performed by the ECG analyzer of the system of FIG.
1.

[0020] FIGS. 4-6 present Receiver Operating Curve (ROC)
plots for the disclosed AMI differentiation test as described
herein.

[0021] It is recognized herein that the hard trade-off
between sensitivity and specificity in AMI differentiation
tests is that all these methods are based on observation on
each individual ECG lead (or channel). The myocardial elec-
trical activity represented by a single ECG lead constitutes a
spatial projection of the three-dimensional cardiac activity,
and exhibits waveform instability due to the deviations in
anatomy from patient-to-patient and over time for a single
patient, as well as deviations in electrode location from
patient to patient. Disclosed herein are improved AMI differ-
entiation tests that operate on relative vector comparisons
(e.g. angles between vectors, vector magnitude ratios) of
vector features computed in a three-dimensional vector car-
diograph (3D-VCG) space. In the 3D-VCG space, deviations
in anatomy and electrode placement translate into small-
angle rotations or other small deviations or distortions in the
three-dimensional space. As a consequence, instability is sub-
stantially reduced and so both sensitivity and specificity are
improved. The disclosed approaches also have intuitive inter-
pretation which assists physicians in diagnosis, and are
readily implemented in a multi-leads diagnostic ECG acqui-
sition/analysis system.

[0022] With reference to FIG. 1, a subject 8 (e.g. a hospital
patient, a patient at an emergency medical facility, a patient
visiting his or her physician for a physical, a cardiac screerning
subject, or so forth) is connected with an electrocardiograph
(ECG) monitor 10 by ECG electrodes. The illustrative
embodiment employs a conventional 12-lead ECG in which
six chest electrodes V1, . . ., V6 are connected to the chest, a
left arm electrode LA is connected to the left arm, a right arm
electrode RA is connected to the right arm, and a left leg
electrode LL is connected to the left leg. A ground electrode
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is also connected, in the illustrative example as a right leg
electrode RL. Voltages between defined pairs of these elec-
trodes define the various leads (or channels) of the 12-lead
ECG, as presented in Table 1.

TABLE 1

Standard 12-Lead ECG

Lead Type Lead Calculation

I Limb LA-RA

I Limb LL-RA

I Limb LL-LA

AVR Augmented RA - (LA +LL)2
AVL Augmented LA-(RA+LL)2

AVF Augmented LL-(RA+LA)2

Vi Precordial V1-(RA+LA+LL)3
V2 Precordial V2-(RA+LA+LL)3
V3 Precordial V3i-(RA+LA+LL)Y3
V4 Precordial V4 -(RA+LA+LL)3
Vs Precordial V5-(RA+LA+LL)3
Ve Precordial V6- (RA+LA+LL)Y3

While the illustrative 12-lead ECG is a standard ECG con-
figuration, various modified electrode configurations may
alternatively be employed, such as the Mason-Likar ECG in
which the limb electrodes are moved off the limbs toward the
body center-of-mass, e.g. onto the torso, or a reduced-elec-
trodes configuration such as the EASI system (where the
leads of the 12-lead ECG can be computed using suitable
mathematical transforms). It will also be appreciated that
electrode placement onto the subject 8 is generally a manual
process and the precise electrode positions will vary from
subject to subject due to individual differences in subject
anatomy, individual differences in the medical caregiver’s
expertise in electrode placement, and so forth.

[0023] The ECG monitor 10includes a display device 12 on
which acquired ECG data and information derived from ECG
analysis are displayed. The display device 12 may be a liquid
crystal display (LCD) display device, a plasma display
device, an organic light emitting diode (OLED) display
device, or so forth. The ECG monitor 10 further includes an
electronic data processing component 14 which is diagram-
matically represented in FIG. 1 by a dashed box. The elec-
tronic data processing component 14 may, for example, com-
prise an electronic microprocessor or microcontroller and
ancillary components such as operatively connected read-
only memory (ROM) and/or random access memory (RAM)
and/or flash memory and/or hard disk drive and/or optical
disk drive, et cetera, storing instructions executable by the
microprocessor or microcontroller to perform ECG-related
functions including implementing an ECG recorder 18 and an
ECG analyzer 20. The electronic data processing component
14 is also operatively connected with the display device 12 to
display ECG lead traces, ECG analysis results such as the
heart rate (HR), and so forth. It will also be appreciated that
the ECG analyzer 20 may be embodied as a non-transitory
storage medium storing instructions readable and executable
by an electronic data processing device (such as the electronic
data processing component 14 of the ECG monitor 10) to
perform the ECG analyses performed by the ECG analyzer
20. The non-transitory storage medium may, for example,
comprise a hard disk drive or other magnetic storage medium,
a flash memory, read-only memory (ROM), electronically
programmable read-only memory (EPROM), or other elec-
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tronic storage medium, an optical disk or other optical storage
medium, various combinations thereof, or so forth.

[0024] In some embodiments the ECG monitor 10 may
comprise a multi-parameter physiological monitor that moni-
tors ECG as well as other physiological parameters such as
blood pressure via a blood pressure sensor, peripheral capil-
lary oxygen saturation (Sp0O,) via a SpO, sensor, respiration
rate via a respiratory sensor, or so forth.

[0025] The ECG recorder 18 records voltage samples as a
function of time for each lead of the 12-lead ECG. To this end,
the ECG recorder 18 acquires the potentials on the two elec-
trodes of the lead (for example, electrodes LA and RA for
Lead I) for each time interval and computes the lead voltage
for the time interval as the difference (e.g. the voltage of Lead
Tequals LA-RA). In an Inset A of FIG. 1, a typical ECG trace
for Lead I for a subject with a healthy heart is diagrammati-
cally shown over one cardiac cycle (i.e. one heart beat). This
typical ECG trace includes features (also called “waves”
labeled as P, QRS, T, and U according to convention. The
P-wave represents the depolarization and contraction of both
atria, the QRS complex represents the depolarization and
contraction of the ventricles, and the T-wave represents the
repolarization of the ventricles. After ventricular depolariza-
tion, normal myocardial cells are at nearly the same potential.
Therefore in the absence of any cardiac pathology, the end of
depolarization (that is, the termination of the QRS complex,
also called the “J-point”) and the beginning of repolarization
(that is, the beginning of the T-wave) are normally isoelectric.
In the ECG, this region is called the ST segment, and is nearly
flat and at nearly zero potential for a normal, healthy heart.
The ECG traces for other leads follow similar patterns, but
with differences in wave amplitudes and/or polarities and/or
widths and/or detailed shapes.

[0026] InanInsetB ofFIG.1,thecorresponding ECG trace
for a subject in acute myocardial infarction (AMI) is shown.
A principal observed difference as compared with the “nor-
mal” ECG trace of Inset A is that the ST segment is elevated—
that is, the ST segment has a positive “ST deviation” as
indicated in Inset B. The ST deviation is conventionally
reported in millivolts (mV) or millimeters (mm), the latter
assuming that 1 mm corresponds to 0.1 mV. An elevated ST
level (i.e. a positive ST deviation) is an indicator of AMI.
Depending upon the specific STEMI criteria being applied
and factors such as the particular lead under consideration and
the gender of the subject 8, an ST elevation of greater than
0.15 mV to 0.2 mV is considered diagnostic of AMI.

[0027] With continuing reference to F1G. 1 and with further
reference to FIG. 2, this AMI diagnostic can be confounded
by other conditions, such as LBBB or LVH, that also produce
ST elevation. As shown in FIG. 2, each of the AMI, LBBB,
and LVH conditions produce ST elevation (that is, a positive
ST deviation). RBBB, on the other hand, produces ST depres-
sion (that 1s, a negative ST deviation). These confounding
conditions complicate interpretation of the ECG for diagnos-
ing AML

[0028] With continuing reference to FIG. 1, the ECG ana-
lyzer 20 performs ECG analysis including differentiation of
AMI from confounding BBB and/or LVH conditions. The
illustrative ECG analyzer 20 includes a heart rate (HR) analy-
sis component 22 that computes heart rate from the periodic-
ity of the ECG trace. Various approaches can be used, such as
measuring the R-wave separation in successive cardiac
cycles. A bundle branch block (BBB) analysis component 24
analyzes the ECG to detect BBB and, if detected, to differen-
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tiate between left bundle branch block (LBBB) and right
bundle branch block (RBBB). In one suitable approach, BBB
is diagnosed if the QRS complex is broader than some thresh-
old (which may be a function of heart rate as this affects the
total duration of one cardiac cycle). The detailed shape of the
QRS complex is analyzed to differentiate between LBBB and
RBBB. Features of other waves, such as the T wave, may also
be used in the ECG analysis to diagnose BBB. A left ven-
tricular hypertrophy (LVH) analysis component 26 analyzes
the ECG to detect LVH, for example based on a combination
of the S and R points of the ECG using the Sokolow-Lyon
index, Cornell voltage criteria, Romhilt-Estes system, or
another suitable LVH diagnostic criterion. Although notillus-
trated, the ECG analyzer 20 may include other analysis com-
ponents for diagnosing other cardiac conditions.

[0029] With continuing reference to F1G. 1 and with further
reference to FIG. 3, an AMI analysis component 30 analyzes
the ECG to detect acute myocardial infarction (AMI). Where
appropriate, the AMI analysis performed by the AMI analysis
module 30 includes differentiating AMI from confounding
BBB and/or LVH conditions by a vector analysis performed
on a three-dimensional vector cardiograph (3D-VCG), in a
VGC space, computed from the ECG data by a 3D-VCG
generator 32. FIG. 3 diagrammatically shows an illustrative
AMI diagnostic process suitably performed by the compo-
nents 30, 32. In an operation 40, the ST segment deviation is
quantified in one, two, several, or all ECG lead traces, and in
an operation 42 the ST segment deviation in the one or more
leads is compared with thresholds in accordance with a
STEMI criterion to determine whether the ST deviation is
indicative of AMI. Various STEMI criteria have been promul-
gated in the relevant medical literature, and may beused in the
operation 42. In one suitable STEMI criterion, AMI is diag-
nosed if (in the absence of QRS confounders) an ST elevation
at the J point observed in two contiguous leads is greater than
orequal to 0.2 mV (for men) or 0.15 mV (for women) in leads
V2-V3 and/or 0.1 mV in other leads. Alpert et al., “The
universal definition of myocardial infarction: a consensus
document: Ischaemic heart disease”, Heart vol. 94 pages
1335-41 (2008). If the STEMI criteria are not met in the
operation 42, then it is concluded in an operation 44 that AMI
is not indicated.

[0030] The STEMI criteria applied in the operation 42 are
appropriate in the absence of QRS confounders. Alpertet al.,
supra. Accordingly, if in the operation 42 it is found that the
STEMI criteria are met, it cannot be immediately concluded
that AMI is indicated—rather, the elevated ST segment could
be due to a confounding condition such as LBBB or LVH.
Accordingly, in an operation 46 the ECG analyses to detect
BBB and LVH are performed, for example by the BBB and
LVH analysis components 24, 26 as already described. In an
operation 48, the outputs of the BBB and L VH analysis com-
ponents 24, 26 are inspected to determine whether the subject
8 is diagnosed with either BBB or LVH. If the operation 48
concludes that neither BBB nor LVH is present, then there are
no confounding conditions and it is concluded in an operation
50 that AMI is indicated.

[0031] On the other hand, if the operation 48 indicates that
either BBB or LVH, or both, are diagnosed in the subject 8,
then there is the possibility that the positive result for the
STEMI criterion in the operation 42 is actually due to the
confounding condition, rather than being due to AMI. In this
case, the AMI analysis component 30 proceeds with the
VCG-based AMI differentiation process. To this end, in an
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operation 60 the 3D-VCG generator 32 is invoked to convert
the ECG signals from the leads of the 12-lead ECG to a
3D-VCG signal. Vector cardiography (VCG) describes the
electrical activity of the heart as an ECG vector (as a function
of time) in a three-dimensional VCG space. See, e.g. Robert
B. Northrup, NONINVASIVE INSTRUMENTATION AND
MEASUREMENT IN MEDICAL DIAGNOSIS (CRC Press
2002) chapter 4. In a conventional VCG coordinate system for
the human anatomy, the x-axis runs horizontally from the
right hand to the left hand through the chest, the y-axis runs
vertically from head to feet, and the z-axis runs from the chest
to the back. In FIG. 1, these x, y, z axes are diagrammatically
shown superimposed on the subject 8 using dashed axis lines
(with the z axis perpendicular to the paper). In this coordinate
system, the sagittal (or median) plane is the y-z plane passing
vertically through the center of the body, the coronal (or
horizontal) plane is the x-z plane, and the frontal plane is the
x-y plane. The ECG vector of the 3D-VCG is defined in the
VCG coordinate system as a vector sum of component (or
lead) vectors in the three-dimensional VCG space with each
component (lead) vector having magnitude corresponding to
a lead voltage and lying along an anatomical direction corre-
sponding to the spatial orientation of the lead voltage. It will
be appreciated that small errors in positioning of the elec-
trodes on the subject 8 will merely result in slight deviation of
the corresponding lead vector in the VCG space and conse-
quent slight distortion of the 3D-VCG signal. The summation
of the constituent ECG lead vectors to generate the 3D-VCG
signal can employ various mathematical approaches. In a
suitable approach for generating the 3D-VCG signal, the
three-dimensional VCG signal is calculated from standard
12-lead ECG by the EASI coefficient transform to Frank
leads so as to resolve the three orthogonal components of the
3D-VCG signal.

[0032] Based on clinical observations, it has been deter-
mined that AMI can be differentiated from BBB and LVH
based on comparison of the ST vector, denoted herein as ST,
and the terminal (or end) QRS vector, denoted herein as
tQRS. These vectors can be compared in terms of the angle
between them, denoted herein as <(ST-tQRS). These vectors
can additionally or alternatively be compared in terms of their
magnitude ratio, denoted herein as (ISTI/[tQRSI). In the ECG
trace of a subject with a healthy heart, the ST segment is
substantially flat (see FIG. 1, Inset A); however, in the case of
an ST segment deviation due to a cardiac pathology, the ST
segment can have substantial curvature (see FIG. 1, Inset B
and F1G. 2). Accordingly. the vector ST should be defined in
some standard way. In the illustrative embodiments, the vec-
tor ST is defined as the middle vector of the ST segment—that
is, the vector at the point halfway between the S and T points.
The termination or end of the QRS segment also should be
defined in a standard way. In the illustrative embodiments, the
terminal QRS vector (tQRS) is defined as the vector of maxi-
mum magnitude in a terminal portion (e.g. the last one-third)
of the QRS segment of the VCG signal generated from the
acquired ECG traces. Other standard definitions for the ST
and terminal QRS vectors are contemplated. More generally,
an ST vector is defined that characterizes the ST segment of
the 3D-VCG signal, and a QRS vector is defined that charac-
terizes the QRS complex of the 3D-VCG signal.

[0033] Based on clinical observations, it has been found
that the angle €(ST-tQRS) is especially useful for differen-
tiating AMI from confounding BBB and/or LVH conditions.
Using the aforedescribed illustrative definitions of the ST and
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tQRS vectors, it was found that an effective test for differen-
tiating AMI is as follows: If €(ST-tQRS)>150° then the ST
segment deviationis not dueto AMI; whereas, if 4/(ST-tQRS)
<150° then the ST segment deviation is due to AMI. While an
AMT/confounder differentiation threshold of 150° (that is,
150 degrees) is used in these examples, it will be appreciated
that the precise threshold may be adjusted to achieve a desired
trade-off between sensitivity and specificity. Additionally, if
the ST and/or tQRS vectors are defined differently, then the
threshold may need to be adjusted accordingly. Thus, more
generally the AMI differentiation test can be stated as:

If €(ST-tQRS)><Th then AMI is not indicated

If € (ST-tQRS)=<Th then AMI is indicated

where <Th is a threshold angle, e.g. <Th=150° in the illus-
trative embodiments. In general, increasing threshold <'Th
provides a higher likelihood of the test indicating AMI (that
is, higher sensitivity, i.e. reduced likelihood of missing an
actual AMI case). On the otherhand, decreasing the threshold
< Th provides a lower likelihood of the test indicating AMI
(that is, higher specificity. i.e. reduced likelihood of misdiag-
nosing a case which is not AMI as AMI). For the conventional
VCG space of FIG. 1, clinical observations indicate that a
suitable range for the threshold <<Th is in the range [130°,
170°] inclusive (that is, including the end-points 130° and)
170°, although setting << Th below 130° or above 170° is also
contemplated.

[0034] In another variant AMI test, it is contemplated to
employ different thresholds for differentiating AMI from
BBB and LVH, respectively. The AMI differentiation test in
this case becomes:

If BBB and € (ST-tQRS)><Thg, then AMI is not indicated
If BBB and < (ST-tQRS)=<Thgz then AMI is indicated
IfLVH and € (ST-tQRS)><Th, ;,,, then AMI is not indicated
If LVH and € (ST-tQRS)=<«Th, ,,, then AMI is indicated

In one suitable embodiment, <Th,;,=130° and
< Th,,;=170°, although other threshold values are contem-
plated to achieve desired sensitivity and specificity, or to
accommodate different VCG systems, or so forth. (There may
be an ambiguity if both BBB and LVH are present—in this
case, given the acute nature of AMI it is generally preferable
to indicate AMI if €<(ST-tQRS) is less than either of the two
angles € Thy,,, €Th, ;).

[0035] Thus, with returning reference to FIGS. 1 and 3, in
an operation 62 the AMI analysis component 30 computes the
angle between the vectors ST and tQRS, that is, computes the
angle 4(ST-tQRS). In an operation 64, the AMI analysis
component 30 compares this angle against the threshold
angle < Th. If <(ST-tQRS)><Th then in an operation 66 it is
concluded that AMI is not indicated; otherwise, in an opera-
tion 68 is it concluded that AMI is indicated. (In the variant
embodiment in which different thresholds < Thgg, and
< Th,,, are used, the appropriate threshold for use in opera-
tion 64 is selected based on the output of the BBB and LVH
tests performed in the operation 46, as indicated by the data
flow arrow 70 in FIG. 3). and If AMI is indicated, then the
ECG monitor 10 provides a suitable human-perceptible indi-
cation of possible AMI in the subject 8, such as displaying a
suitable text message on the display device 12, possibly high-
lighted by flashing, a distinctive font (e.g. red) and/or a dis-
tinctive background color, or so forth. The human-perceptible
indication of possible AMI in the subject 8 optionally also
includes an audible indication, such as generating an audio
alarm using a speaker (not shown) of the ECG monitor 10.
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[0036] While the AMI analysis component 30 differenti-
ates AMI from confounding BBB and LVH conditions, this
does not preclude the possibility that the subject § may have
some combination of AMI. BBB, and LVH. Indeed, if the
AMI analysis process of FIG. 3 reaches operation 60 then the
subject 8 is diagnosed as having BBB and/or LVH, in accord
with the result of operation 46. In the illustrative configura-
tion of the ECG monitor 10 of FIG. 1, providing a human-
perceptible indication of any diagnosed BBB condition is
handled by the BBB analysis component 24, while providing
a human-perceptible indication of any diagnosed LVH con-
dition is handled by the LVH analysis component 26. How-
ever, integrated configurations are also contemplated—for
example the BBB and LVH components 24, 26 may be inte-
grated with the component 30. From a clinical perspective,
however, AMI is a more critical condition than either BBB or
[LVH, and accordingly if the AMI is diagnosed in combination
with either BBB or LVH (or both) then the ECG monitor is
preferably configured to emphasize the AMI alarm over the
BBB or LVH alarm, or may be configured to suppress the
BBB or LVH alarm entirely if AMI is diagnosed.

[0037] The AMI test described with reference to FIG. 3
relies upon the ECG monitor 10 providing the BBB and LVH
tests 24, 26 in order to perform the operation 46. In an alter-
native embodiment, the operation 46 tests for Interventricular
Conduction Delay (IVCD), for example diagnosing IVCD if
the QRS complex duration is greater than 100 milliseconds
(or some other threshold, e.g. 130 milliseconds in some
embodiments). IVCD is a suitable surrogate for BBB and, to
alesser extent, for LVH. In this variant AMI test, the operation
48 then determines whether IVCD is present based on the test
run in the (modified) operation 46: IFTVCD is not present then
AMI is indicates as per operation 50; if IVCD is present then
processing flows to operation 60 to generate the 3D-VCG
signal which is then analyzed as previously described. Thus,
this variant AMI test can be performed without leveraging the
BBB and LVH tests 24, 26.

[0038] The disclosed AMI differentiation tests are based on
comparison of vectors (e.g. angle between the vectors) of the
3D-VCG signal generated from the ECG traces. Because of
this, the choice of VCG coordinate system is arbitrary, e.g.
while inillustrative FIG. 1 the X, y, and z axes are as indicated,
in other embodiments the x-axis may be designated as the axis
running vertically from head to feet, et cetera. The component
(i.e. lead) vectors are preferably defined in the VCG space to
generally correspond to the physical directions of the corre-
sponding ECG voltage measurements (which in turn are
defined by the positions of the electrodes used to measure the
lead voltage), but exact correspondence between the physical
voltage orientation and the corresponding component vector
direction in VCG space is not necessary. Differences between
the physical voltage orientation and the corresponding com-
ponent vector direction in the VCG space are suitably accom-
modated by adjustment of the threshold ‘Th based on a train-
ing set of clinical observations converted to the chosen VCG
space.

[0039] With reference to FIGS. 4-6, Receiver Operating
Curve (ROC) plots are presented illustrating efficacy of the
disclosed AMI differentiation approaches. In each ROC, the
dashed line oriented at 45° represents a test with Area Under
Curve (AUC) of 0.5 corresponding to the results of a “random
guessing” test.

[0040] The ROC of FIG. 4 compares AMI detection in the
presence of LBBB using the approach disclosed herein (la-
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beled “Simon” in FIG. 4 and having AUC=0.72) with two
tests from the literature: the “Sga” test having AUC=0.59
described in Sgarbossa et al., “Electrocardiographic Diagno-
sis of Evolving Acute Myocardial Infarction in the presence
of Left Bundle-Branch Block”, The New England Journal of
Medicine vol. 334 no. 8 pp. 481-487 (1996); and “Sga+10%”
test having AUC=0.62, which is a variant of the SGA test.
[0041] The ROC of FIG. 5 shows AMI detection in the
presence of IVCD (defined here as a QRS complex duration
of greater than 130 milliseconds) using the approach dis-
closed herein. The AUC is 0.77.

[0042] The ROC of FIG. 6 shows AMI detection in the
presence of LVH using the approach disclosed herein. The
AUC 15 0.62.

[0043] Intheillustrative embodiments, the ST vector char-
acterizing the ST segment and the terminal QRS vector char-
acterizing the terminal portion of the QRS complex are
defined in a 3D-VCG space. However, these vectors may
more generally reside in athree-dimensional space defined by
an orthogonal set of basis vectors generated from the ECG
traces acquired from the subject. For example, in another
embodiment, the anatomical directions are determined by the
voltage differences between different leads of the 12-lead
ECG. Differences in anatomical direction of the terminal
portion of the QRS and the anatomical direction of the ST
segment then direct the AMI decision. Another example
method for determining direction vector differences between
the ST segment and terminal QRS is to use the first three
principal components of the ECG signal derived from 12-lead
ECG. The first three principal components suitably form a set
of orthogonal basis functions. For instance, principal compo-
nent analysis (PCA) can be used to calculate eigenvalues and
eigenvectors (which may be approximate or “pseudo”-eigen-
values and “pseudo”-eigenvectors, depending upon the type
of PCA employed) from the 12 leads of the 12-lead ECG. The
first three principal components (eigenvectors) make up an
orthogonal set of basis functions as the Frank X,Y and Z are
orthogonal. Those three principal components can be used in
place of Frank X, Y and Z to calculate vector angle differences
and vector magnitude differences.

[0044] The invention has been described with reference to
the preferred embodiments. Modifications and alterations
may occur to others upon reading and understanding the
preceding detailed description. It is intended that the inven-
tion be construed as including all such modifications and
alterations insofar as they come within the scope of the
appended claims or the equivalents thereof.

1. A cardiac monitoring system comprising:

an electrocardiograph (ECG) monitor configured for
operative connection with a plurality of ECG electrodes,
the ECG monitor including a display device and an
electronic data processing component configured to per-
form ECG analysis of ECG traces for a plurality of ECG
leads acquired by the ECG monitor including the opera-
tions of:

determining whether the ECG traces satisfy an ST Eleva-
tion Myocardial Infarction (STEMI) criterion;

analyzing the ECG traces to detect a confounding cardiac
condition that is not acute myocardial infarction (AMI)
and that produces ST deviation;

conditional on the STEMI criterion being satisfied and not
detecting the confounding cardiac condition, displaying
an AMI alarm on the display device of the ECG monitor;
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conditional on the STEMI criterion being satisfied and also

detecting the confounding cardiac condition, perform-

ing the further operations of’

converting the ECG traces to a three-dimensional vector
cardiograph (3D-VCG) signal;

computing an angle between (1) an ST vector character-
izing the ST segment of the 3D-VCG signal and (2) a
terminal QRS vector characterizing a terminal portion
of the QRS complex of the 3D-VCG signal; and

conditional on the computed angle being less than a
threshold angle, displaying the AMI alarm on the
display device of the ECG monitor.

2. The cardiac monitoring system of claim 1 wherein the
converting operation comprises:

converting the ECG traces to said 3D-VCG signal com-

prising a vector sum of lead vectors in a three-dimen-
sional space wherein each lead vector has magnitude
corresponding to a lead voltage and lies along an ana-
tomical direction corresponding to a spatial orientation
of the lead voltage.

3. The cardiac monitoring system of claim 2 wherein the
ECG traces for the plurality of ECG leads acquired by the
ECG monitor are 12-lead ECG traces and the converting
operation further comprises:

calculating the lead voltages comprising Frank lead volt-

ages from the 12-lead ECG traces.

4. The cardiac monitoring system of claim 1 wherein the
confounding cardiac condition includes one or more of: left
bundle branch block (LBBB), right bundle branch block
(RBBB), left ventricular hypertrophy (LVH), and Interven-
tricular Conduction Delay (IVCD).

5. The cardiac monitoring system of claim 1 wherein the
operation of analyzing the ECG traces to detect the confound-
ing cardiac condition comprises:

detecting the confounding cardiac condition if the QRS

complex exceeds a threshold duration.

6. The cardiac monitoring system of claim 1 wherein:

the operation of analyzing the ECG traces to detect the

confounding cardiac condition includes analyzing the
ECG traces to detect a bundle branch block (BBB) con-
dition and analyzing the ECG traces to detect a left
ventricular hypertrophy (LVH) condition; and

the AMI alarm is displayed on the display device of the

ECG monitor conditional on the computed angle being
less than (i) a threshold angle < Th it BBB is detected
or (i1) a threshold angle <Th, ,,; if LVH is detected.

7. The cardiac monitoring system of claim 1 wherein:

the ST vector is a vector of the 3D-VCG lying in the ST

segment of the 3D-VCG signal; and

the terminal QRS vector is a vector of the 3D-VCG lying in

the terminal portion of the QRS complex of the 3D-VCG
signal.
8. The cardiac monitoring system of claim 1 wherein:
the ST vector is the vector of the 3D-VCG lying in the
middle of the ST segment of the 3D-VCG signal; and

the QRS vector is the vector of the 3D-VCG of maximum
magnitude in the terminal portion of the QRS complex
of the 3D-VCG signal.

9. The cardiac monitoring system of claim 8 wherein the
threshold angle is in the range [130°,170°] inclusive.

10. The cardiac monitoring system of claim 1 wherein the
threshold angle is in the range [130°,170°] inclusive.
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11. The cardiac monitoring system of claim 1 wherein the
terminal portion of the QRS complex of the 3D-VCG signal
is the last one-third of the QRS complex of the 3D-VCG
signal.

12. A non-transitory storage medium storing instructions
readable and executable by an electronic data processing
device to perform an electrocardiographic (ECG) monitoring
method operating on ECG traces acquired from a subject
using a plurality of ECG leads, the ECG monitoring method
comptrising:

determining whether the subject has acute myocardial inf-

arction (AMI) by determining whether:

(i) the ECG traces satisfy an ST Elevation Myocardial

Infarction (STEMI) criterion and

(i) the ECG traces also indicate the subject has the con-

founding cardiac condition and
(iii) a vector angle difference between an ST vector in the
ST segment and a terminal QRS vector of maximum
magnitude in a terminal portion of the QRS complex is
less than a threshold angle wherein the ST vector and the
terminal QRS vector reside in a three-dimensional space
defined by an orthogonal set of basis vectors generated
from the ECG traces acquired from the subject; and

outputting a human-perceptible AMI alarm in response to
determining the subject has AMI.

13. The non-transitory storage medium of claim 12
wherein the threshold angle is in the range [130°,170°] inclu-
sive.

14. The non-transitory storage medium of claim 12
wherein the confounding cardiac condition includes both left
bundle branch block (L.BBB) and left ventricular hypertrophy
(LVH).

15. The non-transitory storage medium of claim 12
wherein the confounding cardiac condition includes Inter-
ventricular Conduction Delay (IVCD) indicated by the QRS
complex having a duration longer than a threshold duration
wherein the threshold duration is at least 100 milliseconds.

16. The non-transitory storage medium of claim 12
wherein condition (iii) is:

(i11) a three-dimensional vector cardiograph (3D-VCG)

signal generated from the ECG traces acquired from the
subject includes an ST vector in the ST segment of the
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3D-VCG signal and a terminal QRS vector of maximum
magnitude in a terminal portion of the QRS complex of
the 3D-VCG signal for which the angle between the ST
vector and the terminal QRS vector is less than a thresh-
old angle.

17. The non-transitory storage medium of claim 16
wherein the 3D-VCG signal is a vector sum of ECG lead
vectors in a three-dimensional space.

18. The non-transitory storage medium of claim 12
wherein the ECG monitoring method further comprises:

defining the three-dimensional space in which the ST vec-

tor and the terminal QRS vector reside by performing
principal component analysis (PCA) to calculate eigen-
values and eigenvectors from the ECG traces acquired
from the subject, wherein the orthogonal set of basis
vectors comprise the first three eigenvectors generated
by the PCA.

19. A method for determining acute myocardial infarction
(AMI) comprising:

obtaining ECG traces from a subject;

identifying a deviation of the ST portion of the ECG traces;

converting the ECG traces into a three-dimensional vector

cardiogram (3D-VCG) signal having a QRS vector and
an ST vector;

calculating a vector angle between the QRS vector and the

ST vector; and

classifying the subject as AMI or non-AMI based upon the

calculated vector angle.

20. The method of claim 19 wherein the ST vector corre-
sponds to a middle segment of the single ST portion of the
3D-VCG.

21. The method of claim 19 wherein the QRS vector cor-
responds to a terminal part of the QRS portion of the
3D-VCG.

22. The method of claim 21 wherein the QRS vector cor-
responds to the vector of maximum voltage magnitude in the
terminal part of the QRS portion of the 3D-VGC.

23. The method of claim 19 wherein the classification step
classifies the subject as AMI if the calculated vector angle is
less than 150 degrees, and if otherwise, classifies the subject
as non-AMI.
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